Review of literature on adolescents' cognitive development and exercise

This review will include literature relating to adolescents’ cognitive development and the benefits and importance of physical activity on the teenage brain. Cognitive development is the expansion of a child's capacity for reasoning and thought. (Stanford Children's Health, 2019). According to Psychologist Piaget, ‘there are four stages of cognitive development; sensorimotor, pre-operational, concrete operational and formal operational’ (Gross,2020). The last two stages are linked to adolescent cognitive development. Children aged 7 to 11 develop concrete operations, in this stage thinking is categorized into logical operations such as classification and reasoning (Gross,2020). Children aged 11 and older, known as adolescents, have the ability to comprehend theories and abstract concepts and predict potential results of potential problems, this is known as the formal operational stage (Gross,2020). 
Adolescence is a part of life that appears between the ages of 10 and 19 that involves multiple changes and development for an individual (World Health Organization, 2023). Adolescents experience psychological, physical and cognitive changes that can be challenging and overwhelming, as the brain is still learning how to control and express certain emotions in an acceptable manner (Raisingchildren, 2021).  Studies have shown a positive correlation between participation in regular exercise and boosting thinking and problem-solving (CDC, 2023). This review will critically evaluate research which has related studies regarding cognitive development and exercise and highlight possible limitations to help further research.
Exercise involves movement of the body that increases the heart rate to pump oxygenated blood to the working muscles, which is beneficial towards both health and mind (Felman, 2019). Exercise can be categorized into aerobic, anaerobic or agility training. Aerobic exercise is a repetitive and rhythmic exercise that includes walking or cycling that works the larger muscles, increases heart rate and oxygen levels to the working muscles (Cleveland Clinic, 2019). However, anaerobic exercise requires immediate energy for high intensity activities such as weightlifting or circuit training for short sharp movements, that do not require oxygen (Begum, 2021).
However, many studies are showing a significant decrease in participation in the recommended amount of physical activity relating to adolescents. Interestingly, studies show that adolescents between the ages 9 and 15 years of age are more likely to decrease their participation in sport, due to the lack of motivation (Herting & Chu, 2017).  According to the World Health Organization, the recommended amount of exercise for children and adolescents ages 5-17 is an average of 150 minutes (about 2 and a half hours) of aerobic activity weekly. Statistics from 2015 show that 81% of adolescents ages of 11 to 17 are not participating in the weekly recommendation of physical activity (Herting & Chu, 2017). Therefore, schools and leisure centers are providing after school clubs that are accessible to all to increase participation due to the cognitive benefits.
A study by Reigal et al. (2020) examined the connection between fitness and physical activity and adolescent participants' cognitive and psychosocial functioning. This study included a sample of 167 Spanish teenagers, 81 male and 86 female, who were either 14 or 15 years old. The participants were given cognitive functioning tests that measured selective attention and concentration and completed two psychosocial functioning questionnaires. Additionally, the information regarding the time spent doing exercise was also recorded by using a simple questionnaire. The answers provided categorized the participants into three groups. Group 1 included participants who engaged occasionally in exercise, group 2 included participants who engaged between 2 – 4 hours a week and group 3 included participants who engaged over 4 hours a week (Reigal et al.,2020). 
The findings suggested that teenagers who did engage in more physical exercise weekly did receive higher scores on the cognition tests. This supports other research as Ryan Glatt, senior brain health coach states that people who exercise regularly have a larger capacity in the brain that controls thinking and memory, compared to people who do not exercise (Havard health,2023). 
For future research, they could consider having samples of adolescents from different countries to show whether it is a general finding that teenagers who engage in more physical activity are more likely to score high on cognitive tests or is just the teenagers in Spain, from the study, that found a positive correlation. They could also include samples of older adolescents such as ages 17/18 to see if their results differ or not. Finally, the study could include more specific cognitive functioning tests that only measured either selective attention or concentration not both, as it would show more in-depth results to whether physical activity does help to promote concentration in individuals.
Many researchers aim to explore and understand if environmental factors such as exercise stimulates cognitive and brain function, Cadenas-Sánchez et al. (2016) particularly wanted to examine whether brain development in early ages could be influenced by physical activity (Cadenas-Sánchez et al., 2016). Their study, known as the Activebrain project, intended to explore the effects on the brain and cognition from using a 20-week physical exercise programme. The intervention lasted 20 weeks (about 4 and a half months) and included 100 participants aged 8-11 years old. The exercise programmes were conducted 3-5 times a week and included both aerobic and anaerobic exercises. Both brain function and cognitive performance were measured before the study by ‘using structural and functional magnetic resonance imaging and electroencephalographic recordings’ (Cadenas-Sánchez et al., 2016). After the participants had completed the fitness programme they measured their fitness levels and cognitive performance (Cadenas-Sánchez et al.,2016).
From completing the programme, the findings demonstrated that both cognition and fitness levels had increased as a whole, which demonstrated that increasing physical health also benefits cognitive function. One limitation of the study was the length of time taken to complete, especially when the study only included participants under the age of 11. It was highly likely that some participants missed some of the classes due to not attending school, which would affect their fitness levels compared to the rest of the participants, which would also affect the cognitive function scores. Also, younger participants have a short attention span, therefore they may have felt disinterested by the end of the programme. In the methods section of the study, it did not include the gender of the participants, for this reason, future research could include 5o% male and female to examine the results to see whether one gender improved their cognition through exercise more than the other gender (Cadenas-Sánchez et al.,2016).
Moreover, a study by Chaddock et al. (2010) investigated a total of 49 young adolescents from East-Central Illinois, including 20 boys and 29 girls, to explore the connection between memory, hippocampal volume and fitness. To look at the differences in performance on an item and relational memory task, magnetic resonance imaging was employed. The findings showed that children who had higher maximal oxygen consumption, the maximum amount of oxygen that an individual can use at one time whilst exercising (University of Virginia, 2022), showed greater effect on both sides of the hippocampal volumes and exceptional performance on the relational memory task compared to the participants with lower fitness (Chaddock et al.,2010).
[bookmark: _Int_Pybjx20D]Possible future explorations could examine the effect of physical activity on neurocognitive with slightly older adolescents, as the brain continues to develop to late to mid 20s (National Institute of Mental Health, 2023). The current study supports that engaging in physical activity is positively associated with brain development in younger adolescents, therefore, it is possible that older adolescents ages 18-20, may also benefit from exercise on brain development. Another potential suggestion regarding this study, would be creating a fitness programme for the participants that had a lower maximal oxygen consumption to improve their fitness and after a month of exercise, have them participate in the study a second time to compare their results from before and after the fitness programme. 
Similarly, Herting et al. (2016) conducted a study using Freesurfer and structural magnetic resonance imaging to examine how aerobic exercise relates to volume, surface area and thickness of the brain. The study included 34 male adolescents; 15 to 18 years old. Before the participants began the study, they had to fill out the Youth Adolescent Activity Questionnaire and submit a self-report, which categorized them as either high or low fitness. The high-fit participants were those who engaged in sport around 10 hours a week and the low-fit participants were those who participated in physical activity for an hour and a half or less. If the participants had consumed any substances such as alcoholic drinks or drugs including cannabis or nicotine, they were excluded from the study, given that there is evidence linking substance use to cortical volumes throughout adolescence (Herting et al.,2016).
Participants in the study had to complete an assessment of their physical activity and aerobic fitness, that determined the peak oxygen uptake rates, which is ‘most valid objective measurement of aerobic physical fitness’ and an MRI scanning session that continued for fifteen days at Oregon Health & Science University (Herting et al.,2016). According to the research, male teenagers' cortical brain growth and aerobic fitness are related. Specifically, there was a positive correlation between parietal cortices, which has connections to several cognitive functions, including working memory, attention, spatial cognition, and social cognition, and exercise, which are supported by previous studies (Tumati et al., 2019). Additionally, adolescents who score high on fitness, had a larger left precuneus, part of the brain involved in memory tasks, compared to those who scores lower on the physical section (Herting et al.,2016).
Limitations of the study would be the small sample that was used and that all participants were male. By extending their sample size, the study will be able to provide more accurate results and average scores from the participants, which would make the results more reliable. For future studies they should use an equal amount of both genders as it will provide the researcher with more accurate data and the study would be considered as generalized as it includes both genders. Furthermore, when the researcher explained what substances that were not allowed to be consume before the study, it was quite vague when it came to the drugs section. For example, they did not mention performance enhancing drugs, which would affect the results, as this would give the participant an advantage over others and the data would not be accurate.
In continuation, a study by Ross et al. (2015) explored the relationship between fitness, insulin resistance and brain function and structure in adolescents. The study included 130 non-diabetics, 79 participants were obese and 51 non-obese participants, this was determined by using their BMI which was calculated by using the participant’s height and weight. The participating adolescents aged 15-21 were required to complete a medical, neuropsychological, MRI scan and a six-minute walk test, to measure maximal oxygen consumption. Prior to the study, a blood sample was drawn from each participant to measure their insulin and glucose levels. However, it is important to note that only 63 individuals who were obese and 43 who were not obese underwent an MRI because they missed their MRI appointments, were afraid of small spaces, or were too big to fit through the gantry. (Ross et al.,2015). 
The participants had to walk as quickly as possible without jogging, from one cone to the other 20 meters apart. At the beginning and immediately after the walk, participant’s heart rate, blood oxygen saturation and blood pressure were all measured. After the aerobic exercise, the researcher conducted a neurocognitive assessment to measure memory, executive function and attention (Ross et al.,2015).
The findings from Ross et al. (2015) study suggested that obese adolescents had ‘thinner orbitofrontal cortices’ and performed worse on memory and attention tasks (Ross et al.,2015). Both maximal oxygen consumption (VO2 max) and insulin sensitivity showed significant correlations with orbitofrontal cortical thickness and central obesity; however, insulin sensitivity was a better predictor of orbitofrontal cortical thickness. Moreover, the researcher discovered that the only physiological factor that was significantly correlated with visual working memory was VO2 max, which suggests a relationship between aerobic exercise and working memory (Ross et al.,2015).
One limitation of this study would be that it was covering too many aspects including fitness, insulin resistance and brain function and structure in adolescents. If the study was to examine fitness and brain development alone, the researcher would be able to focus on these two topics and create a more in-depth study to gather more reliable and valid data. Additionally, the study did not discuss the number of each gender that participated, this could be considered for future research. Include a larger sample size to investigate the possibility that procedures including physical exercise could enhance the physiological structure of adolescents' brains could also be considered for future research.
Furthermore, Westfall and Gejl (2018) examined the relationships between teenage exercise and cognitive control. The study included 523 participants from 19 secondar schools from around Denmark area. The students were required to complete an aerobic fitness test known as “the Anderson intermittent running test” and two cognitive tasks known as the Eriksen flanker task (Eriksen and Eriksen, 1974) and a color-shape switch task (Espy, 1997; Hillman et al., 2014).
The aerobic fitness task instructed the participants to run for 15 seconds between two cones that were 20 meters apart and immediately stop for 15 seconds when they were informed to, this pattern continued for 10 minutes. Their aerobic fitness was measured by the distance they ran in that time. To access their cognitive control, the participants were told to answer as accurately and instantly as possible (Westfall & Gejl,2018).
The findings showed that better congruent and incongruent performance in the Flanker task performance was linked to increased cardiovascular fitness. According to the present research, a greater overall level of inhibitory control performance was linked to aerobic fitness. It is interesting to note that longer switch reaction time performances were linked to higher fitness. This suggests that more fit teenagers extended their reaction time to increase accuracy in the harder switch trials, which called for more cognitive flexibility (Westfall & Gejl,2018).
Nevertheless, the study by Westfall and Gejl (2018) should be criticized for not specifying the number of each gender or their ages. By providing this information, the researcher could examine if the results were supported more by male or females and calculate the age who had the highest fitness levels and fastest reaction time in the cognitive tasks. For future research and a deeper understanding of the relationships between aerobic fitness and cognitive control in teenagers, future research on a broader sample with a wider range of aerobic fitness levels may be beneficial.  
In conclusion, the literature suggests that most adolescents are benefiting from participating in regular exercise. Most importantly, adolescents have demonstrated a high correlation between aerobic exercise and cognitive development, which was shown through performing exceptionally on attention and memory tasks. Additionally, after analyzing literature on exercise and brain development, it is crucial to address potential future research. Studies have shown that consumption of performance enhancing drugs have been on the rise within adolescents over the past decade, due to the ‘age-related characteristics of taking risks and feeling invincible’ (Dandoy & Gereige, 2012). However, there are no studies that examine the effect of performance enhancing drugs on the developing brain. This is a crucial topic to examine as drug consumption is on the rise among young adults and adolescents should be taught the negative effects it can have on the developing brain.
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