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Abstract 

Background: The cross‑sectional associations between physical activity, physical fitness and adiposity with risk 
factors for cardiometabolic disease (particularly novel ones such as inflammatory cytokines) and cognitive function 
across the period of adolescence are not well understood. Additionally, novel physical activity metrics that summarise 
activity volume and intensity in a continuous manner have not been investigated in this context. Therefore, this study 
investigated the cross‑sectional associations between physical activity, physical fitness and adiposity with risk factors 
for cardiometabolic disease and cognitive function. These associations were compared between younger and older 
adolescents.

Methods: Seventy younger (11‑12y, 35 girls) and 43 older (14‑15y, 27 girls) adolescents volunteered to take part 
in the study. Physical fitness (multi‑stage fitness test, MSFT) and adiposity (waist circumference) were determined, 
followed 7d later by resting blood pressure, a fasted blood sample (glucose, plasma insulin, IL6, IL10, IL15 and IL‑1β 
concentrations) and a cognitive function test battery. Habitual physical activity was monitored via hip‑worn acceler‑
ometers over this 7‑d period and the average acceleration (activity volume), and intensity gradient (intensity distribu‑
tion of activity) were determined.

Results: Average acceleration and intensity gradient were negatively associated with mean arterial blood pressure 
(β = ‑0.75 mmHg, p = 0.021; β = ‑10 mmHg, p = 0.006, respectively), and waist circumference was positively associated 
with IL‑6 concentration (β = 0.03%, p = 0.026), with stronger associations observed in older adolescents. Higher physi‑
cal fitness (MSFT distance) was positively associated with anti‑inflammatory IL‑15 concentration (β = 0.03%, p = 0.038) 
and faster response times on the incongruent Stroop task (β = ‑1.43 ms, p = 0.025), the one‑item level of the Stern‑
berg paradigm (β = ‑0.66 ms, p = 0.026) and the simple (β = 0.43 ms, p = 0.032) and complex (β = ‑2.43 ms, p = 0.020) 
levels of the visual search test, but these were not moderated by age group.
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Background
Although young people do not typically present with 
cardiometabolic diseases such as cardiovascular disease 
and type 2 diabetes [1], the risk factors for these condi-
tions are present during the early years of life [1, 2] and 
track into adulthood and influence lifelong health [3]. 
During adolescence, the body undergoes many develop-
mental changes [4], which can lead to a state of insulin 
resistance, and is further complicated by excess adiposity 
during this period [5]. Indeed, the number of adolescents 
with type 2 diabetes is increasing each year [6]. Thus, 
adolescence is a crucial time to identify the prevalence of 
risk factors for cardiometabolic disease, and their asso-
ciations with related behaviours and characteristics, such 
as adiposity and physical fitness, which are modifiable. 
In addition to cardiometabolic health, the importance 
of cognition during adolescence has been recognised, as 
it is related to lifelong physical and mental health [7], as 
well as academic performance [8]. However, despite the 
importance of cardiometabolic health and cognition dur-
ing adolescence, the associations between key modifiable 
lifestyle factors (such as physical activity, physical fitness, 
and adiposity) and risk factors for cardiometabolic dis-
ease and cognitive function during adolescence are rela-
tively unexplored.

The role of device-measured physical activity is of 
particular interest, given that physical activity is central 
to UK national [9] and global [10] guidelines for well-
being. Whilst it is generally accepted that physical activ-
ity has beneficial effects on traditional risk factors for 
cardiometabolic disease such as blood pressure [11, 12] 
and insulin sensitivity [12] in boys and girls between 
10–19 years of age; much less is known about the impact 
of physical activity on novel risk factors for cardiometa-
bolic disease. A key novel risk factor for cardiometabolic 
disease that has been studied more recently is elevated 
cytokine concentrations, a marker of low-grade chronic 
inflammation [1, 13]. In the few studies conducted to 
date, no association was found between physical activ-
ity and IL-6 concentration in boys and girls aged 13 – 17 
y [14, 15] and no studies have examined other cytokines 
related to low-grade inflammation (such as IL-1β, IL-10, 
IL-15). Additionally, the association between habitual 
physical activity and cognitive function during adoles-
cence is unclear, with some studies suggesting a beneficial 

association with the domains of inhibitory control and 
cognitive flexibility in boys and girls [16, 17], whilst oth-
ers did not find such associations [18]. A recent omnibus 
review highlighted the benefits of planned/structured 
physical activity for cognitive function in young peo-
ple, however the associations between device-measured 
physical activity and cognitive function were equivocal 
[19]. To the author’s knowledge, no studies have exam-
ined whether age group (i.e. younger, 11–12 years; older, 
14–15 years) moderate the associations with risk factors 
for cardiometabolic disease and cognitive function dur-
ing adolescence.

One possible explanation for the lack of association 
between device-measured physical activity and cardio-
metabolic health, and cognitive function, is the challenge 
of assessing device-measured physical activity; includ-
ing the divergent methodologies used and the numerous 
protocols for processing and categorising accelerometery 
data [20, 21]. To address this, Rowlands et  al. [22] have 
proposed two new metrics that continuously capture 
the volume (average acceleration) and intensity (inten-
sity gradient) of physical activity, overcoming some of 
the limitations of the more traditional cut-point based 
approaches. Recent studies have shown that these new 
metrics (both the average acceleration and intensity gra-
dient) are negatively and independently associated with 
BMI in 9–11 year-old boys and girls [23, 24] and a com-
posite score of metabolic syndrome risk in boys and girls 
aged 9–10 years [24]. Despite these initial promising find-
ings, there are currently no data in older adolescents (14–
18 years) and no data on the associations between these 
two new physical activity metrics (average acceleration 
and intensity gradient physical activity), and traditional 
metabolic risk factors such as insulin sensitivity. Further-
more, no studies have examined the associations between 
the new physical activity metrics and inflammatory risk 
factors for cardiometabolic disease (such as low-grade 
chronic inflammation), and no studies have examined the 
associations between the novel physical activity metrics 
and cognitive function.

There is a strong evidence base that physical fitness is 
beneficially associated with traditional risk factors for 
cardiometabolic disease, such as blood lipids [11, 25], 
HOMA-IR [14, 25, 26] and blood pressure [11] in boys 
and girls across adolescence. In addition, a small number 

Conclusions: The present study highlights the important role of physical activity (both the volume and intensity dis‑
tribution) and physical fitness for cardio‑metabolic health. Furthermore, the present study highlights the importance 
of physical fitness for a variety of cognitive function domains in adolescents, irrespective of age.
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of previous studies in boys and girls aged 13–14 y [27] 
and 11–12 y [28] have shown that lower physical fitness 
is associated with increased pro-inflammatory IL-6 [27, 
28] and IL-1β [28] concentrations, as well as a lower anti-
inflammatory IL-10 concentration [28]. However, there 
are no data on how the effect of physical fitness on tradi-
tional and novel risk factors for cardiometabolic disease 
may change across adolescence or if there are relation-
ships between physical fitness and other cytokines which 
reflect cardiometabolic disease risk. For example, IL-15 is 
an anti-inflammatory cytokine which is involved in adi-
pose tissue regulation [29] and improved insulin sensitiv-
ity [30], yet has not been examined in association with 
physical fitness.

Physical fitness is also beneficially associated with a 
range of cognitive function domains in healthy children 
[16, 31], children living with obesity [32] and adults [33]. 
Less is known about adolescents, but a small number 
of studies have shown that physical fitness is positively 
associated with academic performance [34], inhibitory 
control [35, 36] and working memory [36] in boys and 
girls aged 11–15 y. Furthermore, it is interesting that the 
relationships between device-measured moderate-to-
vigorous physical activity (MVPA) and cognitive function 
found by Aadland et  al. [16] no longer remained when 
physical fitness was considered; suggesting that physi-
cal fitness may be more important than habitual physical 
activity for cognition in adolescents. Thus, it is impor-
tant to address the possible independent impacts of both 
physical activity and physical fitness on cognitive func-
tion across adolescence.

Adiposity is recognised as an important risk factor for 
the development of cardiovascular disease and type 2 
diabetes [37]. In boys and girls aged 11–12, sum of four 
skinfolds was positively related to HOMA-IR and mean 
arterial pressure [28], and in boys and girls aged 13–17 
the sum of six skinfolds was positively related with 
C-reactive protein (CRP) [14]. Adiposity, measured by 
waist circumference, has also previously been assessed as 
an outcome related to cardiometabolic disease in adoles-
cents – commonly used in the formation of a composite 
risk score [11, 12, 25]. There has, however, been less con-
sideration as to how waist circumference influences novel 
risk factors for cardiometabolic disease in adolescents, 
such as low-grade chronic inflammation. Furthermore, 
there is growing evidence to suggest that adiposity may 
be detrimental for cognitive function, with worse execu-
tive function task performance seen in young adults with 
a higher BMI [38]. On top of this, focus on the associa-
tion between adiposity and cognitive function has been 
centred on children [39], with less attention in an adoles-
cent population. Some limited data in adolescents show 
that boys and girls, aged 13–15, with a higher BMI had 

worse performance on an attention and cognitive flexibil-
ity task [40].

Therefore, the purpose of the present study was to 
examine the associations between physical activity, 
physical fitness and adiposity, and risk factors for cardio-
metabolic disease and cognitive function in a sample of 
adolescents (age 11–15 years). Furthermore, the present 
study will also examine if these associations are modified 
by year group (year 7 (age 11–12 years) and year 10 (age 
14–15 years).

Methods
Experimental design
The study conformed to the Declaration of Helsinki 
and was approved by Nottingham Trent University 
Human Ethics Committee. Informed parental consent 
was obtained from the parents before enrolment onto 
the study. A health screen was completed by the parent/
guardian on behalf of the participant, which was checked 
by a lead investigator to ensure there were no medical 
conditions that would affect the young person’s participa-
tion in the study, which included any existing neurologi-
cal and/or underlying health conditions, such as family 
history of cardiovascular disease, diabetes, ADHD. All 
participants enrolled were considered healthy.

The study employed a cross-sectional design, con-
sisting of two main experimental trials that took place 
at the schools (East Midlands, UK; between May 2018 
and January 2020), separated by at least 7 d. In the first 
experimental trial, participants underwent anthropomet-
ric measurements (stature, sitting stature, body mass, 
waist circumference and skinfolds), as well as complet-
ing a 15 m multi-stage fitness test for the assessment of 
physical fitness. Following the completion of these meas-
ures, participants were then familiarised with the battery 
of cognitive function tests (described below). At the end 
of the first trial, Actigraph GT3X + accelerometers were 
given to participants to wear for the 7 d period between 
the two main trials, for the assessment of free-living 
physical activity. After the 7 d of activity tracking, partici-
pants attended the second main trial following an over-
night fast (from 10  pm the previous evening). This trial 
started with the assessment of blood pressure, followed 
by a capillary blood sample. Following this, participants 
were then fed a standardised breakfast providing 1.5  g 
per kg body mass of carbohydrate [41, 42], before com-
pleting the cognitive function test battery.

Participants
Seventy participants (35 girls) in year 7 and 43 partici-
pants (27 girls) in year 10 participated in the study. Stat-
ure and sitting stature were measured with a Leicester 
Height Measure (Seca, Hamburg, Germany) accurate 



Page 4 of 15Williams et al. BMC Pediatrics           (2022) 22:75 

to 0.1  cm and body mass was measured using a Seca 
770 digital scale (Seca, Hamburg, Germany) accurate 
to 0.1  kg. Stature and sitting stature were used to pre-
dict age from peak height velocity, following methods 
described previously [43]. Body mass and stature were 
used to determine body mass index (BMI), for which age- 
and sex-specific centiles were derived based on national 
reference values [44]. Skinfolds were taken at four sites 
(triceps, subscapular, supraspinale and front thigh), using 
methods previously described [28, 36]; with the sum of 
skinfolds used as the criterion measure. All descriptive 
characteristics of the participants can be seen in Table 1.

Measurements
Physical fitness
Participants completed the 15  m version of the multi-
stage fitness test (MSFT), which is a commonly used 
field-based measurement of physical fitness in youth 
[45]. The 15 m version starts at 6 km·h−1 and increases 
by 0.5 km·h−1 for every subsequent stage (approximately 
1 min per stage). Participants were fitted with a heart rate 
monitor (First Beat Technologies Ltd., Finland) prior to 
the start and heart rate was recorded continuously dur-
ing the MSFT. Participants were paced by an experienced 
member of the research team and were instructed to run 
until volitional exhaustion; verbal encouragement was 
provided. The total distance completed (m) was used as 
the performance criterion for the test.

Waist circumference.
Waist circumference was measured at the narrowest 

abdominal point, between the lower margin of the lowest 
palpable rib and the iliac crest, to the nearest 0.1 cm [46]. 
Waist circumference was used as the chosen surrogate of 
adiposity [47].

Blood pressure
Participants were seated quietly for 5  min prior to the 
measurement of blood pressure. Blood pressure was 
measured twice on the right arm, which was rested at 

chest height, in accordance with guidelines [48], using 
an automated sphygmomanometer (HBP-1300, Omron, 
Milton Keynes, UK). If systolic blood pressure differed 
by > 5  mmHg then a third measurement was taken. All 
blood pressure readings were interspersed by 1 min rest. 
The average was used if two measures were conducted, 
whereas the median was selected if a third measurement 
was required. Mean arterial blood pressure was deter-
mined using the following calculation: diastolic blood 
pressure + ([0.33*(systolic blood pressure – diastolic 
blood pressure]) [49].

Capillary blood sample
In order to increase capillary blood flow, participants’ 
hands were warmed via submersion in warm water prior 
to collection. A unistik single-use lancet (Unistik, Extra, 
21G gauge, 2.0 mm depth, Owen Mumford Ltd, UK) was 
used and the blood collected into a 300 μl EDTA coated 
microvette (Sarstedt Ltd, UK) and a 300 μl clotting acti-
vator coated microvette (Sarstedt Ltd, UK). A single 25 μl 
whole blood sample was also collected, using a pre-cal-
ibrated glass pipette (Hawksley Ltd, UK) and immedi-
ately deproteinised in 250  μl ice-cooled 2.5% perchloric 
acid in 1.5  ml plastic vials. The whole blood and EDTA 
coated microvettes were centrifuged at 4000 × g, for 
4 min at 4  °C (Eppendorph 541C, Hamburg, Germany). 
The microvette with clotting activator was allowed to rest 
at room temperature for 30 min before centrifugation at 
1000 × g for 15  min. Plasma and serum were extracted 
into 500 μl vials for subsequent analysis. All samples were 
frozen immediately at -20 °C and transferred to a -80 °C 
freezer as soon as possible.

Blood sample analysis
Blood glucose concentrations were measured in dupli-
cate (GOD/PAP method, GL364, Randox, Ireland) and 
plasma insulin concentrations were measured in singu-
lar (ELISA; Mercodia Ltd, Sweden), using commercially 
available methods and according to the manufacturer’s 

Table 1 Participant characteristics presented overall, and by sex, for both year groups. Data are presented as mean ± SD

BMI, body mass index APHV, Age from peak height velocity MSFT, multi-stage fitness test

Characteristic Overall Boys Girls

Year 7 (n = 70) Year 10 (n = 43) Year 7 (n = 35) Year 10 (n = 16) Year 7 (n = 35) Year 10 (n = 27)

Age (y) 11.4 ± 0.5 14.3 ± 0.5 11.4 ± 0.5 14.3 ± 0.4 11.3 ± 0.5 14.3 ± 0.5

Height (cm) 154.5 ± 7.9 169.0 ± 6.3 155.3 ± 8.7 174.1 ± 5.2 153.6 ± 6.9 166.1 ± 4.8

Body mass (kg) 45.8 ± 9.3 60.0 ± 9.6 45.6 ± 9.7 62.0 ± 10.1 46.0 ± 9.0 58.1 ± 9.2

BMI Percentile 63.9 ± 28.1 61.4 ± 29.4 64.3 ± 28.5 64.3 ± 29.5 63.5 ± 28.1 59.7 ± 29.7

APHV (y) ‑1.0 ± 0.8 1.9 ± 0.8 ‑1.6 ± 0.5 1.1 ± 0.4 ‑0.4 ± 0.6 2.3 ± 0.5

Sum of skinfolds (mm) 59.0 ± 25.7 60.6 ± 26.2 55.5 ± 24.3 49.3 ± 24.6 62.0 ± 26.1 66.4 ± 25.9
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instructions. Fasting blood glucose and plasma insulin 
concentrations were used to calculate the homeostatic 
model assessment of insulin resistance (HOMA-IR) [50]. 
The intra-assay coefficients of variation (%) for 8 repeat 
measurements were; blood glucose (3.8%) and plasma 
insulin (4.4%).

Plasma concentrations of IL-6, IL-10, IL-15 and IL-1β 
were determined using the Ella SimplePlex automated 
immunoassay (ProteinSimple, BioTechne, Oxford, UK), 
in line with the manufacturer’s instructions [51]. Sam-
ples and wash buffer were added to cartridge inlets, 
before being loaded into the machine. Briefly, sample is 
routed through separate microfluidic channels which are 
coated with analyte-specific antibodies. The channels 
are washed and then a detection antibody is applied. The 
detection antibody migrates through the microfluidic 
channel, into the Glass Nano Reactors (GNRs) whereby 
the sample is measured in triplicate. Concentrations are 
generated from the factory-calibrated standard curves 
that are preloaded into the cartridge. The microfluidic 
technology used by the Ella system allows for the simul-
taneous quantification of biomarkers without cross-reac-
tivity [51] and cytokine concentrations using this method 
have been strongly correlated with ELISA-based con-
centrations [51]. The intra-assay coefficients of variation 
(%) for 8 repeat measurements were; IL-6 (3.8%), IL-10 
(3.9%), IL-15 (2.9%) and IL-1β (2.5%).

Brain-derived neurotrophic factor (BDNF) concen-
trations were determined with a commercially available 
ELISA (Quantikine ELISA ®, R & D Systems Europe Ltd, 
UK) according to the manufacturer’s instructions. The 
intra-assay coefficient of variation (%) for 8 repeat meas-
urements was 7.3%.

Cognitive function tests
The cognitive function test battery lasted approximately 
15 min and consisted of the Visual Search Test (assessing 
visual perception), Stroop test (assessing executive func-
tion), Sternberg Paradigm (assessing working memory) 
and a Flanker task (assessing executive function) which 
were completed on a laptop computer (Lenovo Think-
Pad T450; Lenovo, Hong Kong), as previously described 
[41, 42]. Instructions for each test were presented prior 
to completion of the test and participants had an oppor-
tunity to ask questions before starting. Each test, and 
test level, were preceded by practice stimuli in order to 
re-familiarise participants with the test and negate any 
potential learning effects; the data for the practice stimuli 
were discarded. The participants completed the tests in a 
classroom, in silence and separated so that they could not 
interact during the tests. Sound cancelling headphones 
were also worn, to minimise external disturbances. The 
variables of interest from each test were the response 

times of correct responses and the proportion (%) of cor-
rect responses. This testing procedure has been used suc-
cessfully in a similar study population previously [36, 52].

Assessment of physical activity
Free-living, device-measured physical activity was 
assessed with ActiGraph GT3X + triaxial accelerom-
eters (Actigraph, Pensacola, FL, USA). Participants 
were instructed to wear the accelerometer at all times 
(24  h.d−1), with the monitor positioned on an elasticated 
waist band just above the right hip, for seven consecutive 
days. Participants were asked only to remove the accel-
erometer for any water-based activities, such as swim-
ming or showering. To ensure that the accelerometer was 
correctly placed, participants were fitted with the accel-
erometer by a member of the research team. The acceler-
ometers were initialised at a sampling rate of 90 Hz.

Processing of accelerometer data.
Data were downloaded using Actilife (v6.13.4; Acti-

graph, Pensacola, FL, USA) and saved in raw format 
(.gt3x files), before conversion to raw (.csv) file format 
for raw signal processing. The raw files were processed 
using RStudio (v1.2.1335; R Studio Team, 2020) using the 
GGIR v2.0–0 package (for a detailed explanation on the 
steps involved, please see Migueles et  al. [53]). Briefly, 
GGIR auto calibrates the file and identifies non-wear 
time [54]. The default setting for non-wear was used, 
whereby non-wear data was imputed by the average at 
similar time points on the other days of the week [54]. As 
a result, all accelerometery outcomes are based on com-
plete 24 h cycles (1440 min). The raw triaxial acceleration 
signals are then converted into a single, omnidirectional 
measure of acceleration accounting for gravity (1  g), 
termed the Euclidean Norm Minus One (ENMO) [54]. 
The ENMO is computed over 5 s epochs and expressed 
in milli-gravitational (mg) units, as previously described 
[22]. Participants’ accelerometery data were excluded 
if there was a post-calibration error greater than 0.01 g, 
there was less than 3 valid days (including 1 weekend 
day) of wear time (defined as ≥ 16 h per day), or data was 
not present for full 24  h wear cycles [22]. A total of 20 
accelerometery files were excluded from analysis (absent 
on data collection, n = 1; insufficient wear time, n = 16; 
calibration error > 0.01 g, n = 3).

Based on the descriptions provided by Rowlands et al. 
[22], the total volume of physical activity per day was 
expressed as the average acceleration (ENMO, mg). The 
intensity gradient was the metric of choice to describe 
the intensity of physical activity. For detailed informa-
tion on the inception, and description, of the intensity 
gradient see Rowlands et  al. [22]. Briefly, the intensity 
gradient describes the relationship between the log val-
ues of intensity (represented by intensity bins of 25  mg 
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resolution, i.e. 0 – 25 mg, 25 – 50 mg…3975 – 4000 mg) 
and time (accumulated time in each intensity bin). The 
intensity gradient is always negative, as this reflects the 
decrease in time spent in higher intensity activities. The 
average intensity gradient over a 24 h period was calcu-
lated for each participant, as well as the constant for the 
linear regression equation and the R2 value (indicative of 
the goodness of fit for the model). In brief, a less negative 
intensity means more time is spent doing higher inten-
sity activities whereas a more negative intensity gradient 
means less time is spent doing higher intensity activities.

Statistical analysis
All analyses were performed using RStudio (RStudio 
Team, 2020). Multiple linear regression was performed, 
using the “lme4” package [55], to examine associations 
between exposure variables; physical fitness (distance run 
on the MSFT), physical activity (average acceleration and 
intensity gradient) and adiposity (waist circumference) 
with outcome variables: risk factors for cardiometabolic 
disease and cognitive function. The models were first 
performed whilst adjusting for year group and sex, to 
determine the overall association of the exposure vari-
able of interest. Following this, an interaction term con-
sisting of year group and the exposure variable of interest 
(physical fitness, average acceleration, intensity gradi-
ent or adiposity) was included, to determine a moderat-
ing effect of year group on the relationship. All exposure 
variables were centred before entry into the models and 
residuals were assessed for conformity with the under-
lying assumptions of normality and homoscedasticity. 
Variance inflation factors (VIF) were used to assess col-
linearity (all VIF’s were < 5) and therefore satisfied this 
assumption [56]. Residual analyses were performed 
and if normality or homoscedasticity were violated, the 
dependent variable was log transformed and the residu-
als were checked thereafter. For models where the log 
version was used, the coefficients and 95% CI are pre-
sented as a % change for a 1-unit increase in the exposure 

variable. For all analyses, alpha for determining statistical 
significance was set at p < 0.05.

Results
Descriptive summaries, split by year group and sex, are 
presented below: exposure variables—physical activ-
ity, physical fitness and adiposity (Table  2); risk factors 
for cardiometabolic disease (Table 3); cognitive function 
outcomes and BDNF concentration (Table 4).

Associations between physical activity, physical fitness 
and adiposity with risk factors for cardiometabolic disease
The cross-sectional associations, adjusted for year group 
and sex, between exposure variables: physical fitness (dis-
tance covered on the MSFT), physical activity (average 
acceleration and intensity gradient) and adiposity (waist 
circumference) with outcome variables: risk factors for 
cardiometabolic disease are presented in Table 5.

Average acceleration was negatively associated with 
systolic, diastolic, and mean arterial blood pressure 
(Table  5). Specifically, a 1  mg higher average accelera-
tion was associated with lower blood pressure; 0.8 mmHg 
(systolic), 0.4  mmHg (diastolic) and 0.5  mmHg (MAP). 
Including the interaction term provided evidence that 
the association was modified by year group for diastolic 
blood pressure and mean arterial pressure. Specifically, 
the association with diastolic blood pressure (β = -0.653, 
p = 0.036) and MAP (β = -0.710, p = 0.021, Fig.  1A) was 
stronger in year 10 participants than in year 7 partici-
pants. There were no clear associations between average 
acceleration and the remaining risk factors for cardio-
metabolic disease (Table 5), nor were these associations 
moderated by year group (Year group by average accel-
eration interaction; all p > 0.05).

Intensity gradient was negatively associated with 
systolic and mean arterial blood pressure (Table  5). 
Specifically, a 1 AU higher intensity gradient was 
associated with lower blood pressure; 19  mmHg (sys-
tolic) and 10  mmHg (MAP). Including the interaction 

Table 2 Descriptive summary of physical activity, physical fitness and adiposity measurements, split by year group and sex. Data are 
mean ± SD and (range)

MSFT, Multi-Stage Fitness Test

Data are mean ± SD and (range)

Variable Year 7 Year 10

Boys Girls Boys Girls

Average Acceleration (mg) 17.7 ± 4.6 (11.4 – 29.6) 13.3 ± 3.4 (5.8 – 20.1) 14.2 ± 4 (7.5 – 20.7) 12.5 ± 3.4 (8.1 – 21.9)

Intensity Gradient (AU) ‑2.34 ± 0.14 (‑2.58 – ‑2.12) ‑2.51 ± 0.19 (‑2.83 – ‑2.13) ‑2.43 ± 0.23 (‑2.87 – ‑1.98) ‑2.57 ± 0.19 (‑2.86 – ‑2.23)

MSFT (m) 1395 ± 435 (720–2250) 1215 ± 435 (540–2550) 2295 ± 450 (1650–3240) 1380 ± 405 (720–2460)

Waist Circumference (cm) 65.8 ± 6.9 (56.7 – 84.0) 66.5 ± 7.4 (55.9 – 84.1) 72.8 ± 6.4 (62.8 – 91.6) 68.2 ± 6.4 (60.5 – 91.0)
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term provided evidence that the associations with 
systolic, diastolic and mean arterial blood pressure 
were modified by year group, whereby the associa-
tion was stronger in year 10 participants (systolic: 
β = -20.74, p = 0.013; diastolic: β = -13.37, p = 0.013; 
MAP: β = -16.03, p = 0.003; Fig.  1B). There were no 

clear associations between intensity gradient and the 
remaining risk factors for cardiometabolic disease 
(Table 5), nor were any of these associations moderated 
by year group (Year group*intensity gradient interac-
tion; all p > 0.05), with the exception of IL-1β concen-
tration. The association between intensity gradient 

Table 3 A descriptive summary of the risk factors for cardiometabolic disease, split by year group and sex. Data are mean ± SD and 
(range)

HOMA-IR, Homeostatic Model Assessment of Insulin Resistance IL, Interleukin

Variable Year 7 Year 10

Boys Girls Boys Girls

Systolic Blood Pressure (mmHg) 115 ± 12 (95 – 146) 115 ± 11 (96 – 139) 128 ± 13 (107 – 153) 124 ± 8 (105 – 146)

Diastolic Blood Pressure (mmHg) 69 ± 7 (59 – 84) 70 ± 7 (58 – 86) 73 ± 8 (56 – 85) 77 ± 6 (63 – 87)

Mean Arterial Pressure (mmHg) 84 ± 7 (72 – 99) 84 ± 7 (71 – 100) 91 ± 9 (72 – 107) 92 ± 6 (80 – 101)

Blood Glucose Concentration (mmol∙L−1) 4.02 ± 0.45 (3.10 – 5.0) 4.12 ± 0.59 (3.30 – 5.80) 4.43 ± 0.75 (3.0 – 5.50) 4.52 ± 0.53 (3.60 – 5.50)

Plasma Insulin Concentration (pmol∙L−1) 54.5 ± 32.3 (14.7 – 123.0) 67.7 ± 29.9 (22.8 – 123.0) 51.2 ± 25.8 (13.3 – 96.7) 60.2 ± 25.8 13.3 – 113.0)

HOMA‑IR (AU) 1.58 ± 0.91 (0.39 – 3.40) 2.09 ± 1.02 (0.55 – 4.38) 1.65 ± 0.99 (0.39 – 3.53) 2.00 ± 0.85 (0.35 – 3.82)

IL‑6 Concentration (pg∙ml−1) 1.70 ± 1.06 (0.53 – 4.68) 2.59 ± 1.33 (0.36 – 5.34) 1.38 ± 0.73 (0.59 – 3.39) 1.17 ± 0.55 (0.44 – 2.33)

IL‑10 Concentration (pg∙ml−1) 2.97 ± 0.90 (0.69–5.79) 3.88 ± 1.70 (0.97 – 8.27) 2.81 ± 0.59 (1.70 – 3.82) 2.65 ± 1.08 (1.25 – 6.09)

IL‑15 Concentration (pg∙ml−1) 2.45 ± 0.63 (1.28 – 3.85) 3.44 ± 1.11 (1.39 – 5.87) 2.94 ± 0.85 (1.78 – 5.4) 3.17 ± 1.17 (1.26 – 5.90)

IL‑1β Concentration (pg∙ml−1) 41.0 ± 25.5 (3.55 – 106.00) 38.4 ± 20.2 (7.37 – 74.80) 43.5 ± 23.6 (6.97 – 80.60) 30.2 ± 16.9 (5.65– 76.60)

Table 4 A descriptive summary of cognitive function outcomes and BDNF concentration, split by year group and sex. Data are 
mean ± SD (range)

RT, Response Time VST, Visual Search Test BDNF, Brain-Derived Neurotrophic Factor

Data are mean ± SD and (range)

Test Level Variable Year 7 Year 10

Boys Girls Boys Girls

Stroop Congruent RT (ms) 856 ± 118 (652—1116) 818 ± 141 (611–1211) 644 ± 68 (515–780) 663 ± 81 (516–846)

Accuracy (%) 96.0 ± 5.2 (75.0 – 100) 97.2 ± 3.9 (85.0 – 100) 97.5 ± 4.10(85.0 – 100) 96.3 ± 4.4(85.0 – 100)

Incongruent RT (ms) 1245 ± 229(905 – 1788) 1135 ± 216(799 – 1572) 837 ± 114(658 – 1010) 942 ± 171(680 – 1340)

Accuracy (%) 89.2 ± 7.8(62.5 – 97.5) 93.1 ± 6.3(77.5 – 100) 93.9 ± 4.9 (80.0 – 100) 93.9 ± 7.5 (62.5 – 100)

Flanker Congruent RT (ms) 610 ± 87 (448–801) 631 ± 165 (414–1171) 507 ± 69 (417–687) 491 ± 77 (365–738)

Accuracy (%) 96.9 ± 5.8 (76.7 – 100) 96.5 ± 7.3 (60.0 – 100) 98.1 ± 2.7 (93.3 – 100) 97.8 ± 3.3 (86.7 – 100)

Incongruent RT (ms) 666 ± 107 (468 – 906) 682 ± 185 476 – 1176) 550 ± 57 (461 – 709) 534 ± 88 (406 – 857)

Accuracy (%) 90.2 ± 14.9 (40.0 – 100) 89.6 ± 16.3 (36.7 – 100) 95.2 ± 4.7 (80.0 – 100) 95.5 ± 3.8 (83.3 – 100)

Sternberg paradigm One item RT (ms) 577 ± 93 (412–826) 563 ± 117 (408–896) 465 ± 62 (364–568) 468 ± 80 (363–730)

Accuracy (%) 91.7 ± 12.6 (50.0 – 100) 95.2 ± 7.1 (75.0 – 100) 94.1 ± 6.2 (75.0 – 100) 96.2 ± 6.8 (75.0 – 100)

Three item RT (ms) 750 ± 160 (377 – 1110) 692 ± 172 (397 – 1257) 556 ± 62 (463 – 662) 546 ± 87 (294 – 767)

Accuracy (%) 92.8 ± 10.4 (43.8 – 100) 91.5 ± 15.5 (12.5 – 100) 95.5 ± 3.6 (87.5 – 100) 92.4 ± 18.9 (3.1 – 100)

Five item RT (ms) 920 ± 171 (445 – 1477) 873 ± 182 (574 – 1594) 677 ± 88 (557 – 882) 677 ± 113 (518 – 130)

Accuracy (%) 86.7 ± 11.5 (50.0 – 100) 90.7 ± 8.4 (62.5 – 100) 92.8 ± 6.4 (81.2 – 100) 93.9 ± 5.9 (81.2 – 100)

Visual search Simple RT (ms) 592 ± 83 (474 – 819) 579 ± 70 (483 – 830) 512 ± 33 (471 – 568) 536 ± 37 (482 – 605)

Accuracy (%) 92.3 ± 10.9 (47.7 – 100) 95.4 ± 6.9 (65.6 – 100) 96.8 ± 4.6 (84.0 – 100) 97.8 ± 3.3 (91.3 – 100)

Complex RT (ms) 1573 ± 408 (777 – 2726) 1577 ± 546 (938 – 3130) 1375 ± 244 (927 – 1936) 1348 ± 324 (910 – 2132)

Accuracy (%) 87.2 ± 22.6 (10.1 – 100) 90.1 ± 18.0 (26.9 – 100) 98.7 ± 4.1 (26.9 – 100) 98.8 ± 3.1 (87.5 – 100)

BDNF Concentration (ng·ml−1) 30.9 ± 7.3 (12.6 – 45.6) 36.2 ± 11.1 (11.8 – 
58.5)

32.4 ± 8.8 (16.8 – 42.6) 32.7 ± 10.2 (13.3 – 47.9)
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and IL-1β concentration was dependent on year group 
(Year group*Intensity gradient interaction; β = -2 
(-86.5%), p = 0.010). Specifically, IL-1β concentration 
was negatively associated with intensity gradient for 
year 7 participants, whereas it was positively associated 
in year 10 participants (Fig. 1C).

Physical fitness was positively associated with IL-15 
concentration, whereby a 15 m (1 shuttle) higher MSFT 
performance was associated with a 0.3% higher IL-15 
concentration (Table 5). There was no moderating effect 
of year group on this relationship (Year group*MSFT 
interaction; p = 0.478). There were no clear associa-
tions between physical fitness and the remaining risk 
factors for cardiometabolic disease (Table 4), nor were 
these associations moderated by year group (Year 
group*MSFT interaction; all p > 0.05).

Waist circumference was positively associated with sys-
tolic blood pressure (Table 5). Specifically, a 1 cm higher 
waist circumference was associated with a 0.3  mmHg 
higher systolic blood pressure. There were no clear 
associations between waist circumference and any of 
the remaining risk factors for cardiometabolic diseases 
(Table 4), nor were any of these associations moderated 
by year group (Year group*waist circumference interac-
tion; all p > 0.05); with the exception of IL-6 concentra-
tion. For year 10 participants, waist circumference was 
positively associated with IL-6 concentration (β = 0.03% 
p = 0.026), whereas there was no clear evidence of an 
association for year 7 participants (p = 0.123, Fig. 2).

Associations between physical fitness, physical activity 
and adiposity with cognitive function
The cross-sectional associations, adjusted for year group 
and sex, between exposure variables: physical fitness 
(distance covered on the MSFT), physical activity (aver-
age acceleration and intensity gradient) and adiposity 
(waist circumference) with outcomes: cognitive function 
(response times) are presented in Table 6.

For average acceleration, intensity gradient and waist 
circumference there were no clear associations with per-
formance on any of the cognitive function tests or BDNF 
concentration (Table  6), nor were any of these relation-
ships moderated by year group (all p > 0.05).

Physical fitness was negatively associated with response 
time on the incongruent Stroop task, whereby a 15  m 
(1 shuttle) higher MSFT distance was associated with a 
1.43  ms faster response time (p = 0.025, Fig.  2A). There 
was no moderating effect of year group on this relation-
ship (Year group*MSFT interaction; p = 0.986). Further-
more, physical fitness was positively associated with 
accuracy on both the congruent (β = 0.04%, p = 0.011) 
and incongruent (β = 0.05%, p = 0.011) levels of the 
Stroop task, although these associations were not mod-
erated by year group (year group*MSFT interactions; 
congruent; p = 0.883. incongruent; p = 0.484). Physical 
fitness was negatively associated with response time on 
the one-item level of the Sternberg paradigm, whereby 
a 15 m (1 shuttle) higher MSFT distance was associated 
with a 0.66 ms faster response time (p = 0.036, Fig. 2B). 

Table 5 Cross‑sectional associations between physical fitness, physical activity and waist circumference and risk factors of 
cardiometabolic disease, when controlling for year group and sex. Coefficients (β) are presented in their unstandardised forms, unless 
otherwise stated, with 95% confidence intervals

MSFT, Multi-Stage Fitness Test CI, Confidence Interval HOMA-IR, Homeostatic Model Assessment of Insulin Resistance IL, Interleukin

Coefficient and CI are presented as a 1-unit change in the dependent variable for a 1-unit change in MSFT (15 m), average acceleration (1 mg), intensity gradient (1 
AU), waist circumference (1 cm)
a dependent variable is log transformed. For log transformed data, the coefficient and CI are presented as the % change for a 1-unit change in the predictor variables 
(MSFT, average acceleration, intensity gradient and waist circumference)

Significant associations are highlighted in bold (p < 0.05)

Dependent Variables MSFT Average Acceleration Intensity Gradient Waist Circumference

β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p

Systolic Blood Pressure (mmHg) ‑0.004 (‑0.008, 0.008) 0.106 -0.83 (-1.39, -0.29) 0.005 -19.10 (-30.68, -7.44) 0.002 0.32 (0.02, 0.61) 0.038
Diastolic Blood Pressure 
(mmHg)

‑0.002 (‑0.004, 0.0003) 0.222 -0.41 (-0.77, -0.04) 0.031 ‑6.84 (‑14.50, 0.83) 0.084 ‑0.02 (‑0.20, 0.15) 0.815

Mean Arterial Pressure (mmHg) ‑0.03 (‑0.06, ‑0.001) 0.113 -0.55 (-0.90, -0.19) 0.004 -10.92 (-18.45, -3.40) 0.006 0.09 (‑0.10, 0.27) 0.377

Blood Glucose (mmol·L−1) ‑0.0015 (‑0.004, 0.001) 0.118 ‑0.01 (‑0.04, 0.02) 0.488 ‑0.10 (‑0.74, 0.56) 0.785 0.01 (‑0.01, 0.02) 0.649

Plasma Insulin (pmol·L−1) ‑0.003 (‑0.18, 0.17) 0.971 0.05 (‑1.56, 1.66) 0.951 ‑24.70 (‑57.70, 8.28) 0.146 0.70 (‑0.19, 1.59) 0.125

HOMA-IR (AU) ‑0.002 (‑0.007, 0.004) 0.484 ‑0.02 (‑0.07, 0.04) 0.555 ‑0.93 (‑1.99, 0.13) 0.091 0.02 (‑0.01, 0.05) 0.115

IL-6a 0.15 (‑0.14, 0.44) 0.367 ‑0.60 (‑11.63, 11.81) 0.712 ‑6.20 (‑50.97, 79.46) 0.846 1.31 (‑0.27, 2.91) 0.093

IL-10a 0.09 (‑0.15, 0.33) 0.462 0.40 (‑1.75, 2.59) 0.711 16.42 (‑26.26, 83.80) 0.515 0.80 (‑0.18, 1.80) 0.162

IL-15a 0.30 (0.07, 0.54) 0.038 ‑0.70 (‑2.45, 1.09) 0.421 17.35 (‑18.98, 69.97) 0.402 ‑0.40 (‑1.37, 0.58) 0.359

IL-1βa 0.45 (‑0.14, 1.04) 0.061 2.33 (‑1.80, 6.63) 0.280 12.64 (‑51.13, 159.60) 0.780 0.60 (‑1.39, 2.63) 0.557
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There was no moderating effect of year group on this 
relationship (Year group*MSFT interaction; p = 0.241). 
Physical fitness was also negatively associated with 
response times during both levels of the visual search 
test. Specifically, a 15 m (1 shuttle) higher MSFT distance 
was associated with a 0.43 ms faster response time on the 
baseline level (p = 0.032) and a 2.43  ms faster response 
time on the complex level (p = 0.020, Fig. 2C & D). There 
was no moderating effect of year group on these relation-
ships (Year group*MSFT interaction; both p > 0.05). For 

the remaining cognitive function outcomes and BDNF 
concentration, there were no associations with physical 
fitness (Table 6), nor were these relationships moderated 
by year group (Year group*MSFT interaction; all p > 0.05).

Discussion
The main findings of the present study were that: physi-
cal fitness (distance covered on the MSFT) was positively 
associated with anti-inflammatory IL-15 concentration 
and accuracy on the congruent and incongruent Stroop 

Fig. 1 Cross‑sectional associations between physical activity metrics (average acceleration and intensity gradient) and waist circumference with 
blood pressure, as well as IL‑6 and IL‑1β concentrations. Separate lines are fit to show the year‑group specific relationships. (a) Association between 
average acceleration (mg) and mean arterial pressure (mmHg) for year 10 (open points: β = ‑0.71 mmHg, p = 0.021) and year 7 (solid points). (b) 
Association between intensity gradient (AU) and mean arterial pressure (mmHg) for year 10 (open points: β = ‑16 mmHg, p = 0.003) and year 7 
(solid points). (c) Association between intensity gradient (AU) and log‑transformed IL‑1β concentration for year 10 (open points) and year 7 (solid 
points: β = ‑86.5%, p = 0.010). (d) Association between waist circumference (cm) and log‑transformed IL‑6 concentration for year 10 (solid points: 
β = 0.03%, p = 0.026) and year 7 (open points)
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tasks, and negatively associated with response times 
across cognitive domains (indicating that higher fit par-
ticipants displayed faster response times); and that physi-
cal activity volume (average acceleration) and physical 
activity intensity (intensity gradient) were negatively 
associated with blood pressure (systolic, diastolic and 
MAP). Furthermore, the present study also demonstrates 
that boys spent more time in high intensity physical 
activity compared to girls (as reflected by a less negative 
intensity gradient value), and that boys and year 10 par-
ticipants had a higher physical fitness (as measured by 
distance covered on the MSFT) compared to girls and 

year 7 participants respectively. Furthermore, the dif-
ference in physical fitness between boys and girls was 
greater in year 10 participants than year 7 participants. In 
addition, year 7 girls had higher cytokine concentrations 
(IL-6 and IL-10) in comparison with boys of the same 
age. Blood pressure and blood glucose concentration 
were higher in year 10 participants compared to year 7, 
and year 10 participants were consistently quicker across 
a range of cognitive function domains (attention, inhibi-
tory control, working memory and visual processing).

A key novel finding of the present study is that physi-
cal fitness (distance covered on the MSFT) is positively 

Fig. 2 Cross‑sectional associations between physical fitness (performance on the multi‑stage fitness test) and response times on select cognitive 
function tasks. (a) Association between MSFT performance (m) and response times (RT) on the Incongruent Stroop task (β = ‑1.43 ms, p = 0.025). (b) 
Association between MSFT performance (m) and response times on the One‑item Sternberg task (β = ‑0.66 ms, p = 0.036). (c) Association between 
MSFT performance (m) and response times on the baseline level of the Visual Search Test (VST) (β = ‑0.43 ms, p = 0.032). (d) Association between 
MSFT performance (m) and response times on the complex level of the Visual Search Test (β = ‑2.43, p = 0.020)
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associated with IL-15 concentration in adolescents. 
IL-15 has a recognised role in adipose tissue regulation 
[29] as well as skeletal muscle insulin sensitivity, oxida-
tive metabolism and angiogenesis [30]. Data from ani-
mal models suggest that IL-15 activates PPAR-δ which 
is responsible for a subsequent improvement in endur-
ance capacity through regular training [30]. Our findings 
extend the previously reported increase in skeletal mus-
cle IL-15 content after 12  weeks of endurance training 
in adult males [57], by reporting a positive association 
between physical fitness (MSFT performance) and IL-15 
concentration, which may contribute to chronic training 
adaptations as a result of repeated physical activity. How-
ever, longitudinal data following a training intervention 
in adolescents is required to confirm this suggestion.

Another key finding of the present study was the posi-
tive relationships between higher levels of physical fit-
ness and cognitive function in adolescents. Specifically, 
the present study is also the first to demonstrate that 
physical fitness is beneficially associated with indices of 
simple and complex visual processing speed (response 
times on the visual search test) in adolescents. Higher 
physical fitness was also associated with faster response 
times across the domain of executive function (specifi-
cally inhibitory control and working memory), which is 
consistent with much of the evidence base in adolescents 
[16, 35, 58]. It has been stated that adolescents may be 
more sensitive to the effects of physical fitness on cogni-
tion, particularly with regards to executive function, as 
the associated brain regions are still developing at this 
stage [59]. A hypothesised mechanism of these benefi-
cial effects is through the release of neurotrophins, such 
as brain-derived neurotrophic factor (BDNF) [59]. How-
ever, the present study did not support this and found 
no associations between physical fitness and BDNF con-
centration. Nonetheless, the data from the present study 
demonstrate a beneficial association between physical fit-
ness and cognitive function. Future work should seek to 
explore the potential mechanistic links between physical 
fitness and cognition, an understanding of which would 
allow such mechanisms to be targeted in the design of 
future interventions.

The present study is also the first to demonstrate that 
the newly proposed physical activity metrics, both the 
physical activity volume and intensity of the activity, 
are negatively associated with mean arterial pressure. 
It is well known that higher physical activity levels are 
associated with reductions in blood pressure [11, 12] 
and have protective effects against the development of 
hypertension [60]. However, the present study provides 
novel insight across adolescence in that the associa-
tion for both physical activity variables was dependent 
on year group, whereby a stronger negative association 

was observed in year 10 participants, when compared to 
year 7 participants, for both volume and intensity. This 
highlights the importance of physical activity for older 
adolescents, who are typically less active [61] and also 
subject to an age-related increase in blood pressure [62]. 
The present study also adds further novel insights with 
regards to the relationship between the activity volume 
metric and IL-6 concentration, as well as the intensity 
gradient and IL-1β concentration. Interestingly, the 
negative association observed between average accelera-
tion and IL-6 concentration, as well as intensity gradient 
and IL-1β concentration, was exclusive to year 7 partici-
pants. The present study is the first to report that these 
relationships may be moderated by age across adoles-
cence and thus future research should aim to replicate 
such findings and also examine the potential mechanism 
responsible.

The present study is also the first to examine the asso-
ciations between the newly proposed physical activ-
ity metrics, average acceleration and intensity gradient, 
and cognitive function in adolescents. These data from 
the present study did not suggest there were any asso-
ciations between average acceleration and intensity gra-
dient with cognitive function. Whilst previous studies 
have reported that device-measured physical activity is 
beneficially associated with measures of cognitive func-
tion [16, 17], others do not [18]. Discrepancies amongst 
these findings may be explained by the different pro-
cessing techniques used, as well as the summary met-
rics used to represent physical activity. Indeed, previous 
work focused solely on moderate-to-vigorous physical 
activity from self-report measures [17], whereas the pre-
sent study utilised novel metrics that consider the whole 
physical activity intensity spectrum [22]. Despite the use 
of these new metrics, the present study may be limited 
by a small sample size (particularly for older adolescents; 
14–15 y). Indeed, more work using these metrics with 
much larger samples is required to fully establish the 
nature of relationship between physical activity and cog-
nition in adolescents.

It has been argued that physical fitness, as a state 
(which to some extent reflects chronic physical activ-
ity), is a better measure to use than physical activity 
itself which varies greatly from day-to-day, when exam-
ining the relationship with cognitive function [18]. This 
is supported by evidence showing that the associations 
between moderate-to-vigorous physical activity and 
cognitive function do not hold when physical fitness 
was accounted for [16]. This suggests that it is physi-
cal fitness, rather than physical activity per se, which 
is important for cognitive function and only some 
physical activities, of a sufficient intensity to enhance 
physical fitness, will contribute to enhanced cognition. 
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Indeed, when considering physical fitness, physi-
cal activity and adiposity (waist circumference), the 
findings of the present study only found associations 
between physical fitness and cognitive performance, 
suggesting that interventions to enhance cognition in 
adolescents should focus on improving physical fit-
ness, rather than simply increasing physical activity, or 
reducing adiposity.

The present study found that adiposity was important 
for cardiometabolic health, whereby waist circumfer-
ence was positively associated with IL-6 concentration, 
although interestingly this was exclusive to year 10 
participants. The findings of the present study support 
the empirical findings of Dring et  al. [28], whereby 
sum of skinfolds (also indicative of greater adipos-
ity) was positively associated with IL-6 concentration. 
Indeed, it is generally recognised that adolescents 
who display greater adiposity have higher concentra-
tions of inflammatory cytokines [63]. Waist circum-
ference is a recommended proxy of visceral adipose 
tissue, which is known as an endocrinological tissue 
that secretes inflammatory mediators, particularly IL-6 
[64]. It is thought that the adipose tissue-derived IL-6 
is mechanistically involved in the development of insu-
lin resistance [5] and subsequent occurrence of cardio-
metabolic diseases, such as cardiovascular disease and 
type 2 diabetes [65]; with the present study providing 
novel evidence of a positive relationship between waist 
circumference and IL-6 concentration, indicative of 
poorer cardiometabolic health.

Whilst the present study provides novel insight as pre-
viously discussed, it is not without limitations. Firstly, the 
present study is cross-sectional in nature which precludes 
any inference of causality in the observed associations. 
Furthermore, although a commonly used field-based 
measurement of physical fitness was used (MSFT), a dif-
ferent version (15 m shuttles) than what is typically used 
(20 m shuttles) in paediatric exercise research was used, 
due to facility constraints at participating schools. The 
present study also recruited fewer year 10 participants 
compared to year 7, which may limit the conclusions in 
these older adolescents. As a result of this, the models 
created were parsimonious in nature and did not account 
for other important independent variables. Indeed, 
future work utilising large samples should seek to repli-
cate such findings whilst accounting for additional inde-
pendent variables.

Conclusions
In summary, the present study highlights that a 
higher physical fitness is associated with enhanced 
cardiometabolic health and cognitive function in 

adolescents. Furthermore, the present study highlights 
important associations between a higher volume and 
intensity of physical activity (assessed using novel 
metrics; average acceleration and intensity gradient) 
with reduced risk factors for cardiometabolic disease 
(blood pressure, IL-1β); although a further interesting 
observation was that these associations were stronger 
in year 10 participants than year 7 participants. This 
suggests that older adolescents (14–15 y) may require 
a more specific targeted approach to promote physi-
cal activity, to subsequently enhance cardiometabolic 
health and cognition. In addition, future longitudinal 
research is required to track cardiometabolic health 
and cognitive function across adolescence, and in par-
ticular to track the importance of changes in physical 
activity, physical fitness and adiposity for these key 
outcome measures.
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