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Boost eBooks are interactive, accessible and flexible. They use the latest research and technology to provide the very best experience for students and teachers.


●Personalise. Easily navigate the eBook with search, zoom and an image gallery. Make it your own with notes, bookmarks and highlights.


●Revise. Select key facts and definitions in the text and save them as flash cards for revision.


●Listen. Use text-to-speech to make the content more accessible to students and to improve comprehension and pronunciation.


●Switch. Seamlessly move between the printed view for front-of-class teaching and the interactive view for independent study.


●Download. Access the eBook offline on any device – in school, at home or on the move – with the Boost eBooks app (available on Android and iOS).


To subscribe or register for a free trial, visit
www.hoddereducation.co.uk/MRN/AQA-Alevel-PE-eBook
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Get the most from this book



Everyone has to decide their own revision strategy, but it is essential to review your work, learn it and test your understanding. These Revision Notes will help you to do that in a planned way, topic by topic. Use this book as the cornerstone of your revision and don’t hesitate to write in it — personalise your notes and check your progress by ticking off each section as you revise.


Tick to track your progress


Use the revision planner on pages 4 and 5 to plan your revision, topic by topic. Tick each box when you have:




	✚  revised and understood a topic



	✚  tested yourself



	✚  practised the exam questions and gone online to check your answers and complete the quick quizzes






You can also keep track of your revision by ticking off each topic heading in the book. You may find it helpful to add your own notes as you work through each topic.





Features to help you succeed





Exam tips


Expert tips are given throughout the book to help you polish your exam technique in order to maximise your chances in the exam.







Now test yourself


These short, knowledge-based questions provide the first step in testing your learning. Answers are at the back of the book.







Definitions and key words


Clear, concise definitions of essential key terms are provided.


Key words from the specification are highlighted in bold throughout the book.







Making links


This feature identifies specific connections between topics and tells you how revising these will aid your exam answers.







Revision activities


These activities will help you to understand each topic in an interactive way.







Exam practice


Practice exam questions are provided for each topic. Use them to consolidate your revision and practise your exam skills.







Knowledge and skills summary


These summaries provide a quick-check bullet list for each topic.







Online


Go online to check your answers to the exam questions and try out the extra quick quizzes at www.hoddereducation.co.uk/myrevisionnotesdownloads


















Countdown to my exams







6–8 weeks to go




	✚  Start by looking at the specification — make sure you know exactly what material you need to revise and the style of the examination. Use the revision planner on pages 4 and 5 to familiarise yourself with the topics.



	✚  Organise your notes, making sure you have covered everything on the specification. The revision planner will help you to group your notes into topics.



	✚  Work out a realistic revision plan that will allow you time for relaxation. Set aside days and times for all the subjects that you need to study, and stick to your timetable.



	✚  Set yourself sensible targets. Break your revision down into focused sessions of around 40 minutes, divided by breaks. These Revision Notes organise the basic facts into short, memorable sections to make revising easier.











2–6 weeks to go




	✚  Read through the relevant sections of this book and refer to the exam tips, summaries and key terms. Tick off the topics as you feel confident about them. Highlight those topics you find difficult and look at them again in detail.



	✚  Test your understanding of each topic by working through the ‘Now test yourself’ questions in the book. Look up the answers at the back of the book.



	✚  Make a note of any problem areas as you revise, and ask your teacher to go over these in class.



	✚  Look at past papers. They are one of the best ways to revise and practise your exam skills. Write or prepare planned answers to the exam practice questions provided in this book. Check your answers online and try out the extra quick quizzes at www.hoddereducation.co.uk/myrevisionnotesdownloads



	✚  Use the revision activities to try out different revision methods. For example, you can make notes using mind maps, spider diagrams or flash cards.



	✚  Track your progress using the revision planner and give yourself a reward when you have achieved your target.











One week to go




	✚  Try to fit in at least one more timed practice of an entire past paper and seek feedback from your teacher, comparing your work closely with the mark scheme.



	✚  Check the revision planner to make sure you haven’t missed out any topics. Brush up on any areas of difficulty by talking them over with a friend or getting help from your teacher.



	✚  Attend any revision classes put on by your teacher. Remember, they are experts at preparing people for examinations.











The day before the examination




	✚  Flick through these Revision Notes for useful reminders, for example the exam tips, knowledge and skills summaries and key terms.



	✚  Check the time and place of your examination.



	✚  Make sure you have everything you need — extra pens and pencils, tissues, a watch, bottled water, sweets.



	✚  Allow some time to relax and have an early night to ensure you are fresh and alert for the examinations.











My exams


A-level PE Paper 1


Date: .............................................


Time: .............................................


Location: .......................................


A-level PE Paper 2


Date: .............................................


Time: .............................................


Location: .......................................
















Exam breakdown





This book covers all the content for Papers 1 and 2 of the AQA A-level PE exam.



Paper 1: Factors affecting participation in physical activity and sport




	✚  Section A: Applied anatomy and physiology



	✚  Section B: Skill acquisition



	✚  Section C: Sport and society







Paper 2: Factors affecting optimal performance in physical activity and sport




	✚  Section A: Exercise physiology and biomechanics



	✚  Section B: Sport psychology



	✚  Section C: Sport and society and technology in sport






Assessment




	✚  Paper 1 and Paper 2 are both 2 hours long.



	✚  Each exam has a total of 105 marks available and they are both worth 35% of your A-level (i.e. 70% in total).



	✚  Each section (i.e. see Sections A–C above) on both papers has questions that total 35 marks.



	✚  The question format is also the same, with each section having two multiple-choice questions (2 marks), a number of short-answer questions (to a total of 10 marks) and two questions requiring extended writing in continuous prose (one worth 8 marks, the other worth 15 marks) – 35 marks in total per section of the exam paper.







The assessment objectives


Your answers will be marked by examiners who will look to see how well you have met the three assessment objectives set in your papers. These are explained below: 
















	

Assessment objective




	

Requirements













	

AO1: Knowledge and understanding




	

Identify/state/provide knowledge of the key term(s) mentioned in the question









	

AO2: Apply knowledge and understanding




	

Apply your knowledge and understanding to the example in the question (e.g. a particular sport or a sports performer)









	

AO3: Analyse and evaluate this knowledge




	

Analyse and evaluate your knowledge by:




	✚  giving advantages and disadvantages



	✚  stating the impact on the practical example in the question



	✚  providing reasons for the judgements made



	✚  offering alternative viewpoints

















Specific question advice


Synoptic assessment will be assessed in each paper and will draw on content from any topic, regardless of which component that topic is predominantly assessed in (e.g. Paper 2 topics such as sports supplements, goal setting or theories of aggression could appear in Paper 1). These questions will always be extended-answer questions worth 8 marks or 15 marks. There is one 8-mark and one 15-mark question in each section so that is three 8-mark and three 15-mark questions in Paper 1 and the same for Paper 2.


‘Synoptic’ means that the question could ask for: 




	
✚  Knowledge, application and analysis/evaluation of two topics from the same section, for example:


	✚  Anatomy – muscles and movement and fibre type



	✚  Skill – types of practice and operant conditioning



	✚  Sport and society – sports legislation and strategies to control crowd violence













	
✚  Knowledge, application and analysis/evaluation of two topics from different sections, for example:


	✚  Psychology/Exercise physiology



	✚  Exercise physiology/Sport and society and the role of technology



	✚  Sport and society and the role of technology/Psychology













	✚  Knowledge, application and analysis/evaluation of one topic from any section in Paper 1 with another topic from any section in Paper 2.







Specific exam skills including synoptic skills




	✚  Always look at the command word in the question and make sure you understand what the command word wants you to do. For example, if the command word is ‘discuss’ make sure you give both strengths and weaknesses or offer alternative views of a debate.



	✚  Synoptic questions are marked using level of response grids, so you are not awarded 1 mark for each correct answer. For example, there are 2 knowledge marks, 3 application marks and 3 analysis or evaluation marks for 8-mark questions and 4 knowledge marks, 5 application marks and 6 analysis/evaluation marks for 15-mark questions. The examiner will look at the depth and quality of your knowledge from the responses given and place you in one of the levels linked to your knowledge, application and analysis/evaluation.



















1 Applied anatomy and physiology




1.1 Cardiorespiratory system


This topic explains the relationship between the cardiovascular system (below) and the respiratory system (pp. 19 –25), and describes how these systems change prior to exercise, during exercise of differing intensities and during recovery. Taking part in physical activity can have a positive effect on both these systems. This relationship is therefore covered in the next two sections.



1.2 Cardiovascular system



The cardiovascular system is the body’s transport system. It includes the heart and the blood vessels. During exercise, an efficient cardiovascular system is extremely important, as the heart works to pump blood through the various blood vessels to deliver oxygen and nutrients to the working muscles and gather waste products such as carbon dioxide.



Impact of physical activity and sport on health


Heart disease



	✚  Exercise helps prevent coronary heart disease (CHD), which occurs when your coronary arteries, which supply the heart muscle with oxygenated blood, become hardened, blocked or start to narrow through a gradual build-up of fatty deposits. This process is called atherosclerosis and the fatty deposits are called atheroma. 



	✚  High blood pressure, high levels of cholesterol, lack of exercise and smoking can all cause atherosclerosis, which limits the supply of oxygen to the heart, resulting in a heart attack.







Atherosclerosis When arteries harden and narrow, and become blocked with fatty deposits.







Exam tip


While structure is not tested in the exam, a good grasp of how the components of the cardiovascular system are arranged and organised will enable you to better understand how the system functions.





High blood pressure



	✚  Blood pressure is the force exerted by the blood against the blood vessel wall. This pressure comes from the heart as it pumps the blood around the body. 



	✚  High blood pressure puts extra strain on the arteries and heart, and if left untreated increases the risk of heart attack, heart failure, kidney disease, stroke or dementia. 



	✚  Regular aerobic exercise can reduce blood pressure. It lowers both systolic and diastolic pressure by up to 5–10 mmHg, which reduces the risk of a heart attack by up to 20 per cent.







Aerobic A reaction that occurs in the presence of oxygen.







Exam tip


Be aware that heart disease can lead to a heart attack. Past questions have asked you to make this link.





Effects of cholesterol


There are two types of cholesterol:



	✚  LDLs (low-density lipoproteins) transport cholesterol in the blood to the tissues, and are classed as ‘bad’ cholesterol since they are linked to an increased risk of heart disease. 



	✚  HDLs (high-density lipoproteins) transport excess cholesterol in the blood back to the liver, where it is broken down. They protect the artery walls against LDL cholesterol and have a positive antioxidant effect. HDLs are classed as ‘good’ cholesterol since they lower the risk of developing heart disease. 





Regular physical activity lowers bad LDL cholesterol levels, while significantly increasing good HDL cholesterol levels.


Stroke


The brain needs a constant supply of oxygenated blood and nutrients to maintain its function. The energy to work all the time is provided by oxygen delivered to the brain in the blood. A stroke occurs when the blood supply to part of the brain is cut off, causing damage to brain cells, which then start to die. This can lead to brain injury, disability and sometimes death. 


There are two main types of stroke:



	✚  Ischaemic strokes are the most common form and occur when a blood clot stops the blood supply.



	✚  Haemorrhagic strokes occur when a weakened blood vessel supplying the brain bursts.





Research has shown that regular exercise can help to lower your blood pressure and help you maintain a healthy weight, which can reduce your risk of stroke by 27 per cent.




Now test yourself


	1    What effect does regular physical activity have on blood pressure and cholesterol?




Answer on p. 260







Revision activity


Create a table to summarise how physical activity can have an effect on heart disease, high blood pressure, cholesterol levels and strokes.






Impact of physical activity and sport on fitness


Stroke volume


Stroke volume is the volume of blood pumped out by the heart ventricles in each contraction. On average, the resting stroke volume is approximately 70 ml. 


Stroke volume will increase due to the following:



	✚  Venous return – when this increases then stroke volume will also increase.



	✚  The elasticity of cardiac fibres – this is concerned with the degree of stretch of cardiac tissue during the diastole phase (when the heart is relaxed) of the cardiac cycle. The more the cardiac fibres can stretch the greater the force of contraction will be. 



	✚  The contractility of cardiac tissue (myocardium) – the greater the contractility of cardiac tissue, the greater the force of contraction. 





Stroke volume in response to exercise


Stroke volume increases as exercise intensity increases. However, this is only the case up to 40–60 per cent of maximum effort. Once a performer reaches this point then stroke volume plateaus (evens out) because the ventricles simply do not have as much time to fill up with blood, and so cannot pump as much out.


Heart rate


Heart rate refers to the number of times the heart beats per minute. On average, the resting heart rate is approximately 72 beats per minute. 


Heart rate range in response to exercise


Heart rate increases with exercise, but how much it increases depends on the intensity of the exercise. Heart rate will increase in direct proportion to exercise intensity. The higher the intensity, the higher the heart rate. Heart rate does eventually reach a maximum. Maximum heart rate can be calculated by subtracting your age from 220. An 18-year-old will therefore have a maximum heart rate of 202 beats per minute:


220 – 18 = 202




Exam tip


Maximum heart rate is calculated as 220 minus age.





A trained performer has a greater heart rate range because their resting heart rate is lower than average, and their maximum heart rate is higher. 


The graphs in Figure 1.1 illustrate what happens to heart rate during maximal exercise, such as sprinting, and submaximal exercise, such as jogging.


[image: image]

Figure 1.1 Heart rate responses to maximal and submaximal exercise






Anaerobic A reaction that occurs without the presence of oxygen.


Lactic acid A by-product of anaerobic respiration. As it accumulates, it causes fatigue.






	✚  Regular aerobic training will result in more cardiac muscle. When the cardiac muscle becomes bigger and stronger this is known as cardiac hypertrophy. 



	✚  Consequently, a bigger, stronger heart will enable more blood to be pumped out per beat (i.e. stroke volume). This is known as bradycardia, which means there is a decrease in resting heart rate to below 60 beats per minute. When this occurs oxygen delivery to the muscles improves because there is less oxygen needed for each contraction of the heart, as it beats less frequently.







Cardiac hypertrophy When the heart becomes bigger and stronger due to a thickening of the muscular wall.


Bradycardia When there is a decrease in resting heart rate to below 60 beats per minute.





Cardiac output


Cardiac output is the volume of blood pumped out by the heart ventricles per minute. It can be calculated using the following equation:


[image: image]


It can be seen from this calculation that if heart rate or stroke volume increases, then cardiac output will also increase.


Cardiac output in response to exercise


During exercise there is a large increase in cardiac output due to an increase in heart rate and an increase in stroke volume. Cardiac output will increase as the intensity of exercise increases until maximum intensity is reached. Then it plateaus. 


Table 1.1 shows the differences in cardiac output between a trained and untrained individual, both at rest and during exercise. The individual in this example is aged 18, so their maximum heart rate will be 202 beats per minute.


Table 1.1 Cardiac output during exercise and at rest


















	

	

stroke volume × heart rate = cardiac output (SV × HR = Q)







	

Exercise



	

At rest







	

Untrained



	

120 ml × 202 = 24.24 litres



	

70 ml × 72 = 5.04 litres







	

Trained



	

170 ml × 202 = 34.34 litres



	

84 ml × 60 = 5.04 litres










Exam tip


Do not be caught out by an exam question asking for the effects of a period of training on resting cardiac output. Resting cardiac output remains unchanged – it is maximum cardiac output that changes. 


It is important to understand the impact of a bigger cardiac output on a performer for AO2.





Impact of an increase in cardiac output on performance:



	✚  Able to transport more blood to the working muscles and therefore more oxygen. 



	✚  Easier to continue working at a higher intensity for longer.







Now test yourself



	2    Define cardiac output and stroke volume, and explain the relationship between them.



	3    Explain how and why the components of cardiac output would differ for an elite football player at rest.



	4    How would maximal cardiac output differ between a trained performer and an untrained performer?





Answers on p. 260






Regulation of responses during physical activity and sport


Heart rate increases with exercise, but how much it increases depends on the intensity of the exercise. The higher the intensity, the higher the heart rate. 


Cardiac conduction system


When the heart beats, the blood needs to flow through it in a controlled manner – in through the atria and out through the ventricles. Heart muscle is described as being myogenic because the beat is generated in the heart muscle itself with an electrical signal in the SAN (Figure 1.2). This electrical signal then spreads through the heart in what is often described as a wave of excitation (similar to a Mexican wave), in the following order:



	✚  The sinoatrial node (SAN) sends an impulse through the walls of the atria.



	✚  This spreads as a wave of excitation.



	✚  This causes atrial systole/the atria to contract.



	✚  The impulse then passes to the atrioventricular node (AVN), which delays the impulse for around 0.1 seconds, enabling the atria to empty fully.



	✚  The impulse passes down the bundle of His (in the septum of the heart) to the Purkinje fibres in the (walls of) the ventricles.



	✚  Ventricular systole then occurs/the ventricles contract.







SAN A small mass of cardiac muscle (sinoatrial node or SAN) found in the wall of the right atrium that generates the heartbeat. It is more commonly called the pacemaker.







Now test yourself


	5    Identify the correct order of events in a cardiac impulse.




Answer on p. 260
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Figure 1.2 The cardiac conduction system




The conduction system ensures that heart rate increases during exercise to allow the working muscles to receive more oxygen. The rate at which the heart generates its own impulses from the SAN involves hormonal, neural and chemical regulation.




Exam tip


When explaining the cardiac conduction system, make sure you can give the correct order of events involved in a cardiac impulse.





Sympathetic and parasympathetic control


The sympathetic and parasympathetic systems are part of the peripheral nervous system. Their role is to transmit information from the brain to the parts of the body that need to adjust what they are doing to prepare for exercise:



	✚  The sympathetic nervous system prepares the body for exercise, and is often referred to as the ‘fight or flight response’.



	✚  The parasympathetic nervous system has the opposite effect and relaxes the body and slows down many high-energy functions. It is often described by the phrase ‘rest and relax’.







Exam tip


Make sure you do not confuse the sympathetic and parasympathetic systems. The sympathetic system is fight or flight – it fires up the body for exercise. The parasympathetic system is ‘rest and relax’ – it slows everything down.







Making links


Knowledge of the sympathetic and parasympathetic systems is needed in several topics: heart, blood flow, respiratory system and neuromuscular system.





Hormonal regulation


The hormone adrenaline is secreted by the adrenal gland and makes the heart beat faster and stronger.




Adrenaline A stress hormone released by the nervous system to increase heart rate.





Anticipatory rise


An anticipatory rise is when heart rate increases prior to exercise. It occurs when the hormonal adrenaline is released by the nervous system in anticipation of exercise. This stimulates the heart to increase both the speed and force of contraction, therefore increasing cardiac output. This results in more blood being pumped to the working muscles so they can receive more oxygen for the energy they need. 


Neural and chemical regulation


Neural regulation involves the sympathetic and parasympathetic nervous systems. Chemical regulation involves the levels of oxygen and carbon dioxide in the blood and the pH of the blood. The sympathetic and parasympathetic systems are coordinated by the cardiac control centre located in the medulla oblongata of the brain. 




Medulla oblongata The most important part of the brain, because it regulates the processes that keep us alive.





The cardiac control centre is stimulated by chemoreceptors, baroreceptors and proprioceptors. It will then send an impulse through either the sympathetic system to the SAN to increase heart rate or the parasympathetic system to the SAN to decrease heart rate.



Receptors involved in regulation of responses during physical activity



	✚  Chemoreceptors are tiny structures in the carotid and aortic arch that detect changes in blood acidity caused by an increase or decrease in the concentration of carbon dioxide.



	✚  Proprioceptors are sensory nerve endings in the muscles, tendons and joints that detect changes in muscle movement. 



	✚  Baroreceptors are special sensors in the aortic arch, carotid sinus, heart and pulmonary vessels that respond to changes in blood pressure to either increase or decrease heart rate.





How neural and chemical regulation works 



	✚  chemoreceptors → increase in blood carbon dioxide → cardiac control centre → sympathetic system → SAN increases heart rate



	✚  baroreceptors → increase in blood pressure → cardiac control centre → parasympathetic system → SAN decreases heart rate



	✚  proprioceptors → increase in muscle movement → cardiac control centre → sympathetic system → SAN increases heart rate







Making links


Knowledge of the receptors is the same for the control of heart rate, blood flow and breathing.







Now test yourself


	6    Identify and explain the roles of chemoreceptors and proprioceptors in increasing heart rate.




Answer on p. 260







Exam tip


Do not be vague – tell the examiner what the receptors detect. For example, chemoreceptors detect an increase in carbon dioxide during exercise – do not just say chemical changes.





Redistribution of blood during exercise (vascular shunting)


The distribution of blood flow is different at rest compared with during exercise. During exercise the skeletal muscles require more oxygen, so more blood needs to be redirected to them to meet this increase in oxygen demand. The redirecting of blood flow to the areas where it is most needed is known as vascular shunting.



	✚  More blood goes to the heart because the heart muscle needs more oxygen to beat faster and with more force.



	✚  More blood goes to the muscles because they need more oxygen for energy.



	✚  More blood goes to the skin because more energy is needed to cool the body down.



	✚  Blood flow to the brain remains constant because it needs oxygen for energy to maintain function.



	✚  A full stomach would result in more blood being directed to the gut instead of the working muscles, and this would have a detrimental effect on performance because less oxygen is being made available.







Vascular shunting The redistribution of cardiac output to where oxygen is needed most.





Vasodilation and vasoconstriction



	✚  During exercise chemoreceptors detect an increase in carbon dioxide. Baroreceptors detect an increase in blood pressure. Proprioceptors detect an increase in muscle movement. 



	✚  These receptors send impulses to the vasomotor centre located in the medulla oblongata.



	✚  The medulla oblongata controls blood flow by sending out increased sympathetic nervous impulses to cause both vasoconstriction to the blood vessels and the closing of the pre-capillary sphincters surrounding the non-essential organs.





	✚  The medulla oblongata decreases sympathetic nervous impulses to cause both vasodilation to the blood vessels and the opening of the pre-capillary sphincters surrounding the working muscles.






Vasoconstriction The narrowing of the blood vessels to reduce blood flow into the capillaries.


Vasodilation The widening of the blood vessels to increase the flow of blood into the capillaries.







Now test yourself



	7    Why does blood flow to the skin and heart increase during exercise?



	8    Explain why there is a need for an increase in blood flow to the skeletal muscles during exercise and how this is achieved.





Answers on p. 260






Transportation of oxygen


Arteries, arterioles, veins, venules and capillaries transport blood from the heart, distribute it around the body and then return it back to the heart (systemic circulation). They also transport deoxygenated blood from the heart to the lungs and oxygenated blood back to the heart (pulmonary circulation). 



	✚  Veins transport deoxygenated blood back to the heart (with the exception of the pulmonary vein), have thinner muscle/elastic tissue layers, contain blood at low pressure, and have valves and a wider lumen. 



	✚  Arteries transport oxygenated blood around the body (with the exception of the pulmonary artery), have the highest pressure, thick and elastic outer walls, and have thick layers of muscle, a smaller lumen and a smooth inner layer. 



	✚  Capillaries have a tiny lumen and are only wide enough to allow one red blood cell to pass through at a given time. This slows down blood flow and allows the exchange of nutrients with the tissues to take place by diffusion. They are also one cell thick, which allows for a short diffusion pathway.







Now test yourself



	9    Explain why arteries have the highest pressure.



	10  How does the structure of capillaries help diffusion?





Answers on p. 260







Revision activity


Create a spider diagram to highlight the key structures of arteries, veins and capillaries.





Haemoglobin


Oxygen can be transported as follows:



	✚  3 per cent dissolves into plasma.



	✚  97 per cent combines with haemoglobin to form oxyhaemoglobin.





At the tissues oxygen is released from oxyhaemoglobin due to the lower pressure of oxygen that exists there. The release of oxygen from oxyhaemoglobin to the tissues is referred to as oxyhaemoglobin dissociation. 


Myoglobin


In the muscles, oxygen is stored by myoglobin, which is often called ‘muscle haemoglobin’. It is an iron-containing muscle pigment in slow-twitch muscle fibres that has a higher affinity for oxygen than haemoglobin. It stores the oxygen until it is used by the mitochondria in muscle cells. 




Myoglobin A protein found in muscle cells which stores and provides oxygen.


Mitochondria Components of cells that are often referred to as the ‘powerhouses’ of the cells because respiration and energy production occur there.







Now test yourself


	11  What is the difference between haemoglobin and myoglobin?




Answer on p. 260





Oxyhaemoglobin dissociation curve


The oxyhaemoglobin dissociation curve (Figure 1.3) helps us to understand how haemoglobin in our blood carries and releases oxygen. The curve represents the relationship between oxygen and haemoglobin.


[image: image]

Figure 1.3 The oxyhaemoglobin dissociation curve




From this curve you can see that in the lungs there is almost full saturation (concentration) of haemoglobin but at the tissues the partial pressure of oxygen is lower. 


The Bohr shift


During exercise this S-shaped curve shifts to the right. This is because when muscles require more oxygen the dissociation of oxygen from haemoglobin in the blood capillaries to the muscle tissue occurs more readily. This shift to the right is known as the Bohr shift (Figure 1.4).




Bohr shift When an increase in blood carbon dioxide and a decrease in pH results in a reduction of the affinity of haemoglobin for oxygen.





[image: image]

Figure 1.4 The effect of changing acidity on the oxyhaemoglobin dissociation curve




Three factors are responsible for this increase in the dissociation of oxygen from haemoglobin, which results in more oxygen being available for use by the working muscles:



	✚  Increase in blood temperature – when the blood and muscle temperature increases during exercise oxygen will dissociate from haemoglobin more readily.



	✚  Increases in partial pressure of carbon dioxide – as the level of blood carbon dioxide rises during exercise oxygen will dissociate more quickly from haemoglobin.



	✚  A drop in pH – more carbon dioxide will lower the pH in the body; this causes oxygen to dissociate from haemoglobin more quickly (the Bohr shift — Figure 1.4). 







Exam tip


When giving the causes of the Bohr shift, do not forget the word ‘blood’ – blood pH, blood carbon dioxide levels, blood temperature.







Now test yourself



	12  Describe the Bohr shift.



	13  What causes the Bohr shift?





Answers on p. 260






Venous return


Venous return is the return of blood to the right side of the heart via the vena cava. Up to 70 per cent of the total volume of blood is contained in the veins at rest. This means that a large amount of blood can be returned to the heart when needed. During exercise the amount of blood returning to the heart (venous return) increases.




Venous return The return of blood to the right side of the heart via the vena cava.





Venous return mechanisms



	✚  The skeletal muscle pump (Figure 1.5) – when muscles contract and relax they change shape. This change in shape means that the muscles press on the nearby veins and cause a pumping effect that pushes the blood towards the heart.



	✚  The respiratory pump – when muscles contract and relax during respiration pressure changes occur in the thorax (chest). These pressure changes compress the nearby veins and push blood back to the heart.



	✚  Pocket valves prevent the back-flow of blood.



	✚  Smooth muscle found in the walls of the veins contracts to push blood back towards the heart.



	✚  The pumping of the heart results in suction, which pulls blood back towards the heart.





[image: image]

Figure 1.5 The skeletal muscle pump






Exam tip


Do not just identify a mechanism – explain what it does.





Relationship with blood pressure


Blood pressure is the force exerted by the blood against the blood vessel wall and is often referred to as:


blood flow × resistance


During exercise the heart contracts with more force, so that blood leaves the heart under high pressure in order for the muscles to receive the extra oxygen they require. This is the systolic pressure or pressure of contraction. The lower pressure as the ventricles relax is the diastolic pressure.




Systolic The ventricles are contracting.


Diastolic The ventricles are relaxing.





Blood pressure is measured at the brachial artery in the upper arm. A typical reading at rest is:


[image: image]


Blood pressure is different in the various blood vessels, and is largely dependent on the distance of the blood vessel from the pumping action of the heart. 




Exam tip


It is easy to remember that blood pressure increases during exercise, but make sure you can explain why.







Now test yourself


	14  What is the difference between systolic and diastolic?




Answer on p. 260





When systolic blood pressure increases there is also an increase in venous return because the pressure in the blood vessels is higher, so the blood travels more quickly. When systolic blood pressure decreases there is a decrease in venous return because the pressure in the various blood vessels has dropped, so blood flow slows down.



Starling’s law of the heart


Starling’s law explains how stroke volume increases during exercise:



	✚  During exercise there is an increase in venous return.



	✚  This results in a greater diastolic filling of the heart.



	✚  Therefore the cardiac muscle stretches, resulting in a more forceful contraction.



	✚  This results in an increased ejection fraction.







Ejection fraction The percentage of blood pumped out by the left ventricle per beat.







Exam tip


There is often a definition question in the exam – make sure you learn the definitions of Starling’s law, cardiovascular drift and A-VO2 diff. A question only asking for a definition involves only AO1 knowledge recall.






Cardiovascular drift



	✚  Cardiovascular drift (Figure 1.6) is characterised by a progressive decrease in stroke volume and arterial blood pressure, together with a progressive rise in heart rate. 



	✚  It occurs during prolonged exercise in a warm environment, despite the intensity of the exercise remaining the same. 



	✚  A reduction in plasma volume occurs from the increased sweating response of the body and this reduces venous return and stroke volume.



	✚  Heart rate then increases to compensate and maintain cardiac output.







Exam tip


It is important for cardiac output to increase during exercise to cool the body down and deliver oxygenated blood to the muscles so they can respire aerobically and produce energy.





[image: image]

Figure 1.6 Graph to show cardiovascular drift





Arteriovenous oxygen difference


	✚  Arteriovenous difference (A-VO2 diff) is the difference between the oxygen content of the arterial blood arriving at the muscles and that of the venous blood leaving the muscles. 





	✚  During exercise the arteriovenous difference increases.



	✚  This is because more oxygen is extracted by the muscles and used for energy.



	✚  Regular training increases the arteriovenous difference allowing trained performers to extract a greater amount of oxygen from the blood. 







Arteriovenous difference (A-VO2 diff) The difference between the oxygen content of the arterial blood arriving at the muscles and that of the venous blood leaving the muscles. 







Now test yourself


	15  What is meant by the term ‘arteriovenous difference’, and what happens to this during exercise?
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Exam tip


Questions on the change in A-VO2 diff during exercise could use data from a table. Make sure you refer to the data in your answer.







Exam practice






	



	1    Heart rate can be controlled by the heart itself. Explain how this occurs.






	[3]





	

	2    What are the effects of cardiac hypertrophy and bradycardia on the heart during exercise?





	[3]





	

	3    Where is myoglobin found in the body and what is its role during exercise?





	[2]





	

	4    How would performing a cool-down help venous return?





	[2]





	

	5    Which receptor is responsible for detecting a change in blood pressure?





	[1]





	

	6    Why does A-VO2 diff increase during exercise.





	[2]





	

	7    State two positive effects that high-density lipoproteins have on the body.





	[2]
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Knowledge and skills summary


This topic involves the following knowledge (AO1):



	✚  The impact of physical activity on the health of an individual with reference to heart disease, high blood pressure, cholesterol levels and strokes.



	✚  The impact of physical activity on the fitness of an individual in terms of stroke volume, heart rate and the cardiac output of trained/untrained individuals and during maximal/submaximal exercise.



	✚  Hormonal regulation of responses during physical activity and sport, with reference to anticipatory rise.



	✚  Neural regulation of responses in the sympathetic and parasympathetic systems, and the chemical regulation of responses with reference to carbon dioxide during physical activity and sport.



	✚  The roles of chemoreceptors, baroreceptors and proprioceptors in neural and chemical regulation of the heart during physical activity.



	✚  How hormonal, neural and chemical regulatory responses affect the cardiac conduction system and the redistribution of blood (vascular shunting) during exercise through vasoconstriction and vasodilation.



	✚  The transportation of oxygen and the roles of haemoglobin and myoglobin.



	✚  The oxyhaemoglobin dissociation curve and the Bohr shift.



	✚  The venous return mechanisms and their relationship with blood pressure (systolic and diastolic).



	✚  Starling’s law of the heart and cardiovascular drift.



	✚  Arteriovenous oxygen difference (A-VO2 diff), how it varies during exercise and between trained and untrained individuals, and how adaptations to body systems impact A-VO2 diff.





AO2 marks will require application of this knowledge – for example, how exercise affects heart rate or blood flow, or application to aerobic events such as the triathlon.


AO3 marks are for analysis or evaluation. In this topic an AO3 response might involve an analysis of reasons why venous return changes during exercise, and the effects these changes have on performance.


Sometimes you might be required to apply (AO2) your knowledge of the cardiovascular system to another topic on the specification – for example, to explain how blood is redistributed in a cryotherapy chamber (see 4.3 Injury prevention and rehabilitation).






1.3 Respiratory system



The body needs a continuous supply of oxygen to produce energy. When we use oxygen to break down food to release energy, carbon dioxide is produced as a waste product and the body must remove this. Respiration, therefore, is the taking in of oxygen and the removal of carbon dioxide. 




Exam tip


You will not be examined on the structure of the lungs or the respiratory airways, but knowledge of this will help in your understanding of the respiratory system.






Lung volumes


You need to understand the following five lung volumes and the impact they have on physical activity and sport: tidal volume, minute ventilation, inspiratory reserve volume, expiratory reserve volume and residual volume. 


Tidal volume



	✚  Tidal volume is the volume of air inspired or expired per breath. 



	✚  At rest we inspire and expire approximately 0.5 litres of air. During exercise this increases to provide the muscles with more oxygen and to remove the extra carbon dioxide that is produced as a by-product of exercise.







Tidal volume The volume of air breathed in or out per breath.





Minute ventilation



	✚  Minute ventilation is the volume of air inspired or expired per minute.



	✚  This can be calculated by multiplying the number of breaths taken per minute (approximately 12) by the tidal volume.







Minute ventilation The volume of air inhaled or exhaled per minute.
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Changes in minute ventilation occur during different types of exercise. The more demanding the physical activity is, the more breathing increases to meet the extra oxygen demand. This is illustrated in Figure 1.7.


[image: image]

Figure 1.7 The respiratory response to various intensities of exercise




Inspiratory and expiratory reserve volume



	✚  At rest we still have the ability to breathe in and breathe out more air than just the tidal volume. 



	✚  This extra amount of air inspired is the inspiratory reserve volume (IRV) and the extra amount expired is the expiratory reserve volume (ERV). 





	✚  Exercise will have an effect on these lung volumes. 






Inspiratory reserve volume (IRV) The volume of air that can be forcibly inspired after a normal breath.


Expiratory reserve volume (ERV) The volume of air that can be forcibly expired after a normal breath.





Residual volume



	✚  Residual volume is the amount of air that remains in the lungs after maximal expiration.



	✚  We can never totally empty our lungs, even when we have exhaled as much as possible. This is because we need to keep the alveoli open so we can breathe effectively.







Residual volume The amount of air that remains in the lungs after maximal expiration.





Lung volume types and using a spirometer


Table 1.2 summarises the five lung volumes you need, and identifies the changes that take place in these volumes during exercise.


Table 1.2 Lung volumes and changes


















	

Lung volume or capacity



	

Definition



	

Changes during exercise







	

Tidal volume



	

Volume of air breathed in or out per breath



	

Increase







	

Inspiratory reserve volume



	

Volume of air that can be forcibly inspired after a normal breath



	

Decrease







	

Expiratory reserve volume



	

Volume of air that can be forcibly expired after a normal breath



	

Slight decrease







	

Residual volume



	

Volume of air that remains in the lungs after maximum expiration



	

Remains the same







	

Minute ventilation



	

Volume of air breathed in or out per minute



	

Large increase 








The volume of air we breathe in and out can be measured using a spirometer. An example of a spirometer trace is shown in Figure 1.8.




Exam tip


We all know that breathing increases during exercise, so it is an easy mistake to say that inspiratory and expiratory reserve volumes increase during exercise. In fact, they decrease.





[image: image]

Figure 1.8 Spirometer trace of respiratory air






Revision activity


Write out each of the lung volumes and definitions on separate pieces of paper and try to match each lung volume with its correct definition.







Now test yourself


	1    What do you think will happen to a graphical representation of residual volume during exercise?
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Gas exchange systems at alveoli and muscles


	✚  Gaseous exchange is concerned with getting oxygen in air into the lungs so that it can diffuse into the blood and be transported to the cells of the body. It also involves the removal of carbon dioxide from the blood.





	✚  The terms diffusion and partial pressure are used when describing the gaseous exchange process. Quite simply, all gases exert a pressure. Oxygen makes up only a small part of air (approximately 21 per cent), so it therefore exerts a partial pressure. 



	✚  Diffusion is the movement of gas molecules from an area of high concentration or partial pressure to an area of low concentration or partial pressure. 





	✚  Since gases flow from an area of high pressure to an area of low pressure, it is important that as air moves from the alveoli to the blood and then to the muscle, the partial pressure of oxygen of each needs to be successively lower.






Gaseous exchange Movement of oxygen from the air into the blood, and of carbon dioxide from the blood into the air.


Diffusion The movement of gas molecules from an area of high concentration or partial pressure to an area of low concentration or partial pressure.


Partial pressure The pressure exerted by an individual gas when it exists within a mixture of gases.







Exam tip


Exam questions mentioning gas exchange require an explanation of the movement of both oxygen and carbon dioxide. Too often answers only mention one of these.





Gas exchange at the alveoli


The alveoli are responsible for the exchange of gases between the lungs and the blood, and their structure (Figure 1.9) is designed to help gaseous exchange. 



	✚  Their walls are very thin (only one cell thick), which means there is a short diffusion pathway. This is because there are only two layers of cells between the air in the alveoli and the blood. 



	✚  An extensive capillary network surrounds the alveoli, so they have an excellent blood supply. 



	✚  They have a huge surface area because there are millions of alveoli in each lung, which allows for a greater uptake of oxygen. 





[image: image]

Figure 1.9 The structure of alveoli






Now test yourself


	2    Identify two structural features of alveoli, and explain how these assist in the diffusion of respiratory gases.
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Exam tip


The diffusion pathway of oxygen is: alveoli → blood → muscles.





	✚  The partial pressure of oxygen (pO2) in the alveoli (100 mmHg) is higher than the partial pressure of oxygen in the capillary blood vessels (40 mmHg). This is because oxygen has been removed by the working muscles, so its concentration (and therefore its partial pressure) in the blood is lower. 




	✚  The difference in partial pressure is referred to as the concentration/diffusion gradient. The bigger this gradient, the faster diffusion will be. 





	✚  Oxygen will diffuse from the alveoli into the blood until the pressure is equal in both.



	✚  The movement of carbon dioxide occurs in the same way, but in the reverse order. This time the partial pressure of carbon dioxide in the blood entering the alveolar capillaries (45 mmHg) is higher than in the alveoli (40 mmHg), so carbon dioxide diffuses into the alveoli from the blood until the pressure is equal in both.







Concentration/diffusion gradient This explains how gases flow from an area of high concentration to an area of low concentration.







Exam tip


The diffusion pathway of carbon dioxide is: muscles → blood → alveoli.





Gas exchange at the muscles



	✚  The partial pressure of oxygen has to be lower in the tissues than in the blood for diffusion to occur. 



	✚  In the capillary membranes surrounding the muscle, the partial pressure of oxygen is 40 mmHg, while it is 100 mmHg in the blood (Figure 1.10). 



	✚  This lower partial pressure allows oxygen to diffuse from the blood into the muscle until equilibrium is reached. 



	✚  Conversely, the partial pressure of carbon dioxide in the blood (40 mmHg) is lower than in the tissues (45 mmHg), so again diffusion occurs and carbon dioxide moves into the blood to be transported to the lungs.



	✚  Myoglobin stores oxygen in the muscle and has a higher affinity for oxygen than haemoglobin, and so pulls more oxygen into the muscle.







Making links


Gaseous exchange at the muscles links with knowledge of haemoglobin and myoglobin explained in the section on the vascular system. 





[image: image]

Figure 1.10 Movement of O2 and CO2 in the body due to partial pressures






Now test yourself


	3    Using Figure 1.10, explain how the gas exchange system operates at the muscles.
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Neural and chemical regulation of pulmonary ventilation


There are two factors involved in the regulation of pulmonary ventilation during exercise:



	✚  neural control



	✚  chemical control



	✚  The nervous system controls pulmonary ventilation automatically through two systems: sympathetic and parasympathetic. 






	✚  Both of these cause opposite effects because their activating chemicals are different. 



	✚  The sympathetic nervous system prepares your body for exercise, so it will increase how fast you breathe, whereas the parasympathetic nervous system will do the opposite and lower your breathing rate. 



	✚  The respiratory centre located in the medulla of the brain controls the rate and depth of breathing, and uses both neural and chemical control. 







Pulmonary ventilation The process of breathing.







Exam tip


Neural control involves the brain and the nervous system, while chemical control is concerned with blood acidity.





An increased concentration of carbon dioxide in the blood stimulates the respiratory centre to increase respiratory rate. The respiratory centre has two main areas:



	✚  The inspiratory centre is responsible for inspiration and expiration. 



	✚  The expiratory centre is inactive during quiet breathing (at rest) but during exercise it stimulates the expiratory muscles (sternocleidomastoid, scalenes, pectoralis minor) during exercise.







Making links


Remember that knowledge of the sympathetic and parasympathetic systems is also required for the heart, blood flow and the neuromuscular system.





The inspiratory centre sends out nerve impulses via the phrenic nerve to the inspiratory muscles (diaphragm and external intercostals) to cause them to contract. This stimulation acts for approximately 2 seconds, and then the impulses stop and passive expiration occurs due to the elastic recoil of the lungs.



Receptors involved in regulation of pulmonary ventilation


The respiratory centre responds mainly to changes in blood chemistry:



	✚  During exercise, blood acidity increases as a result of increases in the plasma concentration of carbon dioxide and in lactic acid production. 



	✚  These changes are detected by chemoreceptors, which are found in the carotid artery and the aortic arch. These send impulses to the inspiratory centre to increase ventilation until the blood acidity has returned to normal. 






	✚  To achieve this, the respiratory centre sends impulses down the phrenic nerve to stimulate more inspiratory muscles – namely, the sternocleidomastoid, scalenes and pectoralis minor. 



	✚  As a result the rate and depth of breathing increase.



	✚  Proprioceptors detect an increase in muscle movement and provide feedback to the respiratory centre to increase breathing during exercise.



	✚  Baroreceptors detect a decrease in blood pressure in the aorta and carotid arteries, resulting in an increase in breathing rate.







Chemoreceptors Receptors that detect changes in blood acidity.


Proprioceptors Receptors that detect changes in muscle movement.


Baroreceptors Receptors that detect changes in blood pressure.







Exam tip


The order of neural/chemical control for inspiration during exercise is:


receptors → medulla oblongata → phrenic nerve → inspiratory muscles (diaphragm, external intercostals, sternocleidomastoid, scalenes and pectoralis minor)


The order of neural/chemical control for increased expiration during exercise is:


receptors → medulla oblongata → intercostal nerve → abdominals and internal intercostals







Now test yourself


	4    Explain the roles of proprioceptors and baroreceptors in the regulation of pulmonary ventilation.
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Impact of poor lifestyle choices on the respiratory system


Smoking affects oxygen transport because the carbon monoxide from cigarettes combines with haemoglobin in red blood cells much more readily than oxygen. This reduces the oxygen-carrying capacity of the blood, which increases breathlessness during exercise. Smoking can also cause the following:



	✚  irritation of the trachea and bronchi



	✚  reduced lung function and increased breathlessness caused by the swelling and narrowing of the bronchioles



	✚  damage to the cilia lining the airways from cigarette smoke, leading to a build-up of excess mucus in the lungs, which results in a ‘smoker’s cough’ in an attempt to get rid of the mucus



	✚  reduction in the efficiency of gaseous exchange, which can increase the risk of COPD (chronic obstructive pulmonary disease)



	✚  reduction in the number of and/or damage to alveoli







Now test yourself


	5    Identify one long-term effect of regular smoking on the structures of an endurance performer’s respiratory system.
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Exam tip


Make sure that you can explain the impact of smoking on performance. For example, reduced oxygen transportation to the muscles will mean that an endurance performer will not function as well aerobically, so fatigue occurs more quickly.







Exam practice






	

	1    Explain how the gas-exchange system operates at the lungs.





	[4]





	

	2    Explain the role of chemoreceptors in changing breathing rate during exercise.





	[4]





	

	3    How does smoking affect oxygen transport? 





	[2]





	

	4    Identify what happens to the following lung volumes during exercise: tidal volume, inspiratory reserve volume.





	[2]





	

	5    Why does residual volume remain the same?





	[1]





	

	6    Using the values in Table 1.3, calculate minute ventilation during high-intensity exercise.





	[2]





Table 1.3

















	

Exercise intensity



	

Tidal volume (litres)



	

Respiratory rate (breaths/minute)







	

Low



	

1



	

20







	

High



	

2.5



	

36
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Knowledge and skills summary


This topic involves the following knowledge (AO1):



	✚  Residual volume, expiratory reserve volume, inspiratory reserve volume, tidal volume and minute ventilation, and the impact of physical activity and sport on these lung volumes.



	✚  Gaseous exchange of oxygen and carbon dioxide at alveoli and muscles, through the principles of diffusion and partial pressure.



	✚  Neural and chemical regulation of pulmonary ventilation during physical activity.



	✚  The role of chemoreceptors, proprioceptors and baroreceptors in the regulation of pulmonary ventilation during exercise.



	✚  The effects of poor lifestyle choices, such as smoking, on the respiratory system.





AO2 marks will require application of this knowledge – for example, how smoking can affect performance or how to calculate a lung volume such as tidal volume.


AO3 marks are for analysis or evaluation. In this topic an AO3 response might involve analysing the impact of increased minute ventilation on aerobic performance.






1.4 Neuromuscular system



The neuromuscular system involves the nervous system and muscles working together. When we exercise, the nervous system plays a crucial role in recruiting different muscle fibre types depending on the demands of the activity. It adjusts the strength of contraction and, with the use of sensory organs, can allow a muscle to stretch further via PNF (proprioceptive neuromuscular facilitation).



The nervous system


The sympathetic and parasympathetic systems are part of the peripheral nervous system. Their role is to transmit information from the brain to the parts of the body that need to adjust what they are doing, in order to prepare for exercise.




Making links


The sympathetic and parasympathetic systems are explained in more detail in 1.2 Cardiovascular system (p. 13). 






Characteristics and functions of different muscle fibre types


There are three main types of muscle fibre: 



	✚  slow twitch (type I)



	✚  fast oxidative glycolytic (type IIa)



	✚  fast glycolytic (type IIx). 





Type I fibres are known as ‘slow twitch’ and type II fibres are known as ‘fast twitch’. Our skeletal muscles contain a mixture of all three types of fibre, but not in equal proportions. This mix is mainly genetically determined. 


Slow-twitch fibres (type I)


These fibres have a slower contraction speed than fast-twitch fibres and are better adapted to lower-intensity exercise, such as long-distance running. They produce most of their energy aerobically (using oxygen) and therefore have specific characteristics that allow them to use oxygen more effectively.




Exam tip


When giving a practical example, remember that slow-twitch fibres contract slower and do not fatigue quickly, so they tend to be used by endurance runners who exercise for long periods of time at low–medium intensity.





Fast-twitch fibres (type II)


These fibres have a much faster contraction speed and can generate a greater force of contraction. However, they also fatigue very quickly and are used for short, intense bursts of effort. They produce most of their energy anaerobically (without oxygen). There are two types of fast-twitch fibre:



	✚  Type IIa fast oxidative glycolytic: these are more resistant to fatigue and are used for events such as the 1500 m in athletics, where a longer burst of energy is needed.



	✚  Type IIx fast glycolytic: these fatigue much more quickly than type IIa, and are used for highly explosive events such as the 100 m in athletics, where a quick, short burst of energy is needed.







Now test yourself


	1    Identify two sporting activities in which slow-twitch fibres are important.
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Characteristics of slow-twitch and fast-twitch muscle fibres


All three fibre types have specific characteristics that allow them to perform their roles successfully. These can be found in the Table 1.4.


Table 1.4 Characteristics of slow-twitch and fast-twitch muscle fibres



















	

Characteristic



	

Type I



	

Type IIa



	

Type IIx







	

Contraction speed (milliseconds)



	

Slow (110 ms) 



	

Fast (50 ms)



	

Fast (50 ms)







	

Motor neurone size



	

Small



	

Large



	

Large







	

Motor neurone conduction capacity



	

Slow



	

Fast



	

Fast







	

Force produced



	

Low



	

High



	

High







	

Fatigability



	

Low



	

Medium



	

High







	

Mitochondrial density



	

High



	

Medium



	

Low







	

Myoglobin content



	

High



	

Medium



	

Low







	

Capillary density



	

High



	

Medium



	

Low







	

Aerobic capacity



	

Very high



	

Medium



	

Low







	

Anaerobic capacity



	

Low



	

High



	

Very high







	

Myosin ATPase/glycolytic enzyme activity



	

Low



	

High



	

Very high







	

Glycogen stores



	

Low



	

High



	

High







	

PC stores



	

Low



	

High



	

High 








Each of the fibre type characteristics can be divided into two groups – functional characteristics or structural characteristics (Table 1.5). A functional characteristic is what the fibre does and a structural characteristic refers to the make-up of the fibre.




Exam tip


Read the exam question carefully. If the question is not specific and just asks for characteristics, your answer can include both structural and functional characteristics. However, mistakes occur when a question specifies either structural or functional characteristics.





Table 1.5 Functional and structural characteristics of muscle fibres
















	

Functional characteristics



	

Structural characteristics







	


	✚  Contraction speed in m/sec



	✚  Motor neurone conduction capacity



	✚  Force produced



	✚  Fatigability



	✚  Aerobic capacity



	✚  Anaerobic capacity



	✚  Myosin ATPase/glycolytic enzyme activity






	


	✚  Motor neurone size



	✚  Mitochondrial density



	✚  Myoglobin content



	✚  Capillary density



	✚  PC stores



	✚  Glycogen stores













Now test yourself



	2    Identify the type of fibre a football goalkeeper would use when jumping explosively to make a save.



	3    Give three characteristics of this fibre type.
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Revision activity


Make a list of all the characteristics and then explain how they are suited to producing energy (ATP) aerobically and anaerobically. See 1.6 Energy systems for more on energy production.






Recruitment of muscle fibres


Motor units



	✚  A motor unit consists of a motor neurone and a group of muscle fibres. 



	✚  Only one type of muscle fibre can be found in one particular motor unit. 



	✚  Muscle fibres work with the nervous system so that a contraction can occur. 






	✚  The motor neurone transmits nerve impulses from the CNS to the muscle fibres. 



	✚  Each motor neurone has branches that end in the neuromuscular junction on the muscle fibre.







Motor unit A motor neurone and muscle fibres.


Motor neurone A nerve cell that sends impulses from the brain and spinal cord to the muscles.





The all-or-none law 


Once the motor neurone stimulates the muscle fibres either all of them contract or none of them contract. It is not possible for a motor unit to partially contract. This is called the all-or-none law. 



	✚  A minimum amount of stimulation, called the threshold, is required to start a contraction. 



	✚  If the sequence of impulses is equal to or more than the threshold then all the muscle fibres in a motor unit will contract. 



	✚  However, if the sequence of impulses is less than the threshold then no muscle action will occur. 







All or none law Where a sequence of impulses has to be of sufficient intensity to stimulate all of the muscle fibres in a motor unit in order for them to contract. If not, none of them contracts.





How to increase the strength of contraction


A basketball player jumping up for a rebound needs to exert as much force as possible to gain the height needed to win the rebound. To increase the strength or force exerted by the quadriceps muscle to extend their knee as they jump, the following need to take place:


Wave summation



	✚  The greater the frequency of stimuli, the greater the tension developed by the muscle. This is referred to as wave summation, where repeated activation of a motor neurone stimulating a given muscle fibre results in a greater force of contraction (Figure 1.11). 



	✚  Each time the nerve impulse reaches the muscle cell, calcium is released. 



	✚  In simple terms calcium needs to be present for a muscle to contract. 



	✚  If there are repeated nerve impulses with no time to relax calcium will build up in the muscle cell. 



	✚  This produces a forceful, sustained, smooth contraction, which is referred to as a tetanic contraction.







Wave summation Where there is a repeated nerve impulse with no time to relax, so a smooth, sustained contraction occurs rather than twitches.


Tetanic contraction A sustained, powerful muscle contraction caused by a series of fast repeating stimuli.
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(a)
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(b)


Figure 1.11 (a) Low-frequency stimuli; (b) high-frequency stimuli leading to increased tension




Spatial summation



	✚  Spatial summation occurs when impulses are received at the same time at different places on the neurone, which add up to fire the neurone. 



	✚  It involves the recruitment of additional, bigger motor units and fast-twitch motor units to develop more force. 



	✚  Activation of these motor units is staggered, which enables a sustained muscle contraction to be maintained, as some motor units are contracting while others are relaxing, thus delaying fatigue.







Spatial summation When the strength of a contraction changes by altering the number and size of the muscle’s motor units.







Now test yourself


	4    Contraction of different types of muscle fibre involve the use of motor units. What do you understand by the term ‘motor unit’ and how are motor units involved in the process of spatial summation?




Answer on p. 261







Exam tip


Questions on motor units often ask how a performer can produce muscle contractions of varying strength.






Role of proprioceptors in PNF


PNF stands for proprioceptive neuromuscular facilitation and is an advanced stretching technique. It is also considered to be one of the most effective forms of flexibility training for increasing the range of motion. There are a few different PNF techniques, but the most practical is CRAC.




CRAC Contract–relax–antagonist–contract







Making links


PNF is also covered in 4.2 Preparation and training methods in relation to maintaining physical activity and performance (p. 128).





Roles of muscle spindles and Golgi tendon organs


In PNF, muscle action has to be controlled in order for movement to be effective (Figure 1.12). There are several internal regulatory mechanisms that make this possible. Proprioceptors are sensory organs in the muscles, tendons and joints that inform the body of the extent of movement that has taken place. Muscle spindles and Golgi tendon organs are types of proprioceptor. 


[image: image]

Figure 1.12 PNF in practice




Muscle spindles


	✚  Muscle spindles are very sensitive proprioceptors that lie between skeletal muscle fibres.





	✚  They are often called stretch receptors because they provide information (excitatory signals) to the central nervous system about how fast and how far a muscle is being stretched. 



	✚  The central nervous system then sends an impulse back to the muscle telling it to contract, which triggers the stretch reflex. 



	✚  This reflex action causes the muscle to contract to prevent overstretching, which reduces the risk of injury.







Muscle spindles Proprioceptors that detect how far and how fast a muscle is being stretched, and produce the stretch reflex.





Golgi tendon organs



	✚  Golgi tendon organs are found between the muscle fibre and tendon and detect levels of tension in a muscle. 



	✚  When the muscle is contracted isometrically in PNF they sense the increase in muscle tension.





	✚  They then send inhibitory signals to the brain to override the stretch reflex, which allows the antagonist muscle to relax and lengthen. This is known as autogenic inhibition.






Golgi tendon organs Structures that detect levels of tension in a muscle.


Autogenic inhibition Where there is a sudden relaxation of the muscle in response to high tension. The receptors involved in this process are Golgi tendon organs.







Now test yourself


	5    Muscle spindles and Golgi tendon organs are types of proprioceptor. What is the role of proprioceptors?
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Exam tip


Muscle spindles signal changes in the length of a muscle, while Golgi tendon organs signal information about the load or force being applied to the muscle.







Exam practice






	

	1    The training that elite performers undertake might include proprioceptive neuromuscular facilitation (PNF) stretching. Explain the role of the muscle spindle apparatus and Golgi tendon organs during PNF stretching.





	[5]





	

	2    Describe the structural characteristics of the main muscle fibre type used by a triathlete.





	[4]





	

	3    Analyse how the recruitment of muscle fibres can enable a 100 m sprinter to accelerate explosively at the start of the race.





	[8]





Answers online







Knowledge and skills summary


This topic involves the following knowledge (AO1):



	✚  The characteristics and functions of the three fibre types – slow twitch (type I), fast oxidative glycolytic (type IIa) and fast glycolytic (type IIx) – for a variety of sporting activities.



	✚  The role of the sympathetic and parasympathetic nervous system.



	✚  The role of the two proprioceptors – muscle spindles and Golgi tendon organs – in PNF.



	✚  the recruitment of muscle fibres through an explanation of motor units, spatial summation, wave summation, all-or-none law and tetanic contraction.





AO2 marks will require application of this knowledge – for example, looking at the demands of an activity when deciding on fibre type, or applying knowledge of motor units to explain how a maximal contraction can be achieved.


AO3 marks are for analysis or evaluation – for example, analysing how the use of fast-twitch IIx fibres have an impact on performance.


Sometimes you might be required to apply (AO2) your knowledge of fibre type to another topic – for example, 1.6 Energy systems. 






1.5 Musculoskeletal system and analysis of movement




Types of joint and articulating bones


Table 1.6 summarises joint types and the associated articulating bones.




Articulating bones Bones that meet and move at a joint.





Table 1.6 Joints and articulating bones


















	

Joint



	

Joint type



	

Articulating bones







	

Ankle



	

Hinge



	

Talus, tibia, fibula







	

Knee



	

Hinge



	

Femur, tibia







	

Hip



	

Ball and socket



	

Pelvis, femur







	

Shoulder



	

Ball and socket



	

Scapula, humerus







	

Elbow



	

Hinge



	

Radius, ulna, humerus








Planes and axes



	✚  Joint actions in the sagittal plane/transverse axis: flexion, extension/hyperextension, plantarflexion and dorsiflexion occur in a sagittal plane about a transverse axis (Figure 1.13).



	✚  Joint actions in the frontal plane about a sagittal axis: abduction and adduction occur in a frontal plane about a sagittal axis (Figure 1.14).







Abduction Movement away from the midline of the body.


Adduction Movement towards the midline of the body.





[image: image]

(a)
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(b)






[image: image]

(c)






[image: image]

(d)






[image: image]

(e)


Figure 1.13 Joint actions in the frontal plane about a sagittal axis at the (a) hip, (b) elbow, (c) knee, (d) ankle and (e) shoulder 




[image: image]

Figure 1.14 Hip abduction




	✚  Joint actions in the transverse plane/longitudinal axis: horizontal adduction and horizontal abduction occur in the transverse plane about a longitudinal axis (Figure 1.15). These joint actions occur in the shoulder when the arm is held parallel to the ground – out at 90° to the body – and is either moved across the body (horizontal adduction) or away from the body (horizontal abduction).




[image: image]

Figure 1.15 Horizontal adduction and horizontal abduction 






Making links


Joint actions also need to be applied to levers (5.2 Levers) – for example, plantarflexion of the ankle is a second-class lever (p. 138).







Now test yourself


	1    Identify the joint actions occurring in the hip and shoulder as the performer moves from A to B in Figure 1.16.




[image: image]

A




[image: image]

B


Figure 1.16




Answer on p. 261






Main agonists and antagonists



	✚  Agonist – the muscle that is responsible for the movement that is occurring.



	✚  Antagonist – the muscle that works in opposition to the agonist to help produce a coordinated movement.







Revision activity


Write the names of all the agonists and antagonists on some sticky notes and place them on your body at the correct locations.





You need to learn the main agonists and antagonists for each of the joint actions. These are identified in Table 1.7.


Table 1.7 Agonists and antagonists for joint actions


















	

Joint action



	

Agonist



	

Antagonist







	

Elbow flexion



	

Biceps



	

Triceps







	

Elbow extension



	

Triceps



	

Biceps







	

Ankle plantarflexion



	

Gastrocnemius



	

Tibialis anterior







	

Ankle dorsiflexion



	

Tibialis anterior



	

Gastrocnemius







	

Knee flexion



	

Hamstrings



	

Quadriceps







	

Knee extension



	

Quadriceps



	

Hamstrings







	

Hip flexion



	

Iliopsoas or hip flexors



	

Gluteals







	

Hip extension/hyperextension



	

Gluteals



	

Hip flexors







	

Hip adduction



	

Adductors (adductor brevis/longus/magnus)



	

Gluteus medius and gluteus minimus







	

Hip abduction



	

Gluteus medius and gluteus minimus



	

Adductors (adductor brevis/longus/magnus)







	

Hip horizontal adduction



	

Adductors



	

Gluteus medius/minimus







	

Hip horizontal abduction



	

Gluteus medius/minimus



	

Adductors







	

Shoulder flexion



	

Anterior deltoid



	

Latissimus dorsi







	

Shoulder extension/hyperextension



	

Latissimus dorsi



	

Anterior deltoid







	

Shoulder horizontal abduction



	

Latissimus dorsi



	

Pectorals







	

Shoulder horizontal adduction



	

Pectorals



	

Latissimus dorsi







	

Shoulder adduction



	

Posterior deltoid/latissimus dorsi



	

Middle deltoid/supraspinatus







	

Shoulder abduction



	

Middle deltoid/supraspinatus



	

Posterior deltoid/latissimus dorsi









Types of muscular contraction


Isotonic


An isotonic contraction is when a muscle contracts to create movement. 



	✚  Concentric contraction – when a muscle shortens under tension.



	✚  Eccentric contraction – when a muscle lengthens under tension.







Exam tip


Eccentric is the type of contraction most misunderstood. Remember, it is a contraction so the muscle cannot be relaxing, but it is lengthening under tension.







Exam tip


Questions with a picture showing a performer moving their body weight or a free weight in the downward phase involve an eccentric contraction because the muscle is acting as a brake – for example, the triceps in the downward phase of a press-up.





Isometric contraction


This is when a muscle can contract without actually lengthening or shortening, and the result is that no movement occurs – for example, the crucifix in gymnastics. 




Now test yourself


	2    Complete Table 1.8, showing a movement analysis for the (back leg) hip, knee and ankle action in the drive phase of running (Figure 1.17).




Table 1.8





















	

Joint



	

Joint action



	

Plane and axis



	

Agonist



	

Type of contraction







	

Hip



	

	

	

	





	

Knee



	

	

	

	





	

Ankle
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Figure 1.17
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Exam practice


	1    Figure 1.18 shows an overarm throw.




[image: image]

Figure 1.18








	

	      Using Figure 1.18, complete Table 1.9 to identify the joint actions, the names of the main agonists and the types of contraction taking place at the elbow and shoulder as the performer passes the ball.   





	[6]






Table 1.9



















	

Joint



	

Joint action



	

Main agonist



	

Type of contraction







	

Elbow



	

	

	





	

Shoulder



	

	

	










	

	2    Weightlifters need to ensure that they prepare physically and psychologically to perform in a competitive situation. Figure 1.19 shows a weightlifter who has moved into the squat position prior to attempting her lift.










[image: image]

Figure 1.19








	

	       Complete Table 1.10 to identify the joint action, main agonist and type of muscle contraction taking place at the knee and ankle joints as the weightlifter moves downwards from a standing position into the squat position.





	[6]






Table 1.10



















	

Joint



	

Joint action



	

Agonist



	

Type of contraction







	

Knee



	

	

	





	

Ankle



	

	

	










	

	3  Identify the plane and axis for abduction at the hip joint.





	[2]
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Knowledge and skills summary


This topic involves the following knowledge (AO1):



	✚  The type of joint and articulating bones for the ankle, knee, hip, elbow and shoulder.



	✚  The actions in these joints that occur in a sagittal plane/transverse axis as flexion, extension, hyperextension, plantarflexion and dorsiflexion.



	✚  Hip and shoulder abduction and adduction occur in a frontal plane about a sagittal axis.



	✚  Hip and shoulder horizontal adduction and horizontal abduction occur in a transverse plane about a longitudinal axis.



	✚  The main agonists and antagonists for the actions occurring at the ankle, knee, hip, elbow and shoulder.



	✚  The types of muscle contraction – isotonic (concentric, eccentric) and isometric.





AO2 marks will require application of this knowledge – for example, identifying the joint action in a movement. 


AO3 marks are for analysis or evaluation. In this topic an AO3 response might involve analysing how the take-off leg in the long jump will flex more as the athlete sinks into the board to create momentum for an explosive take-off.


Sometimes you might be required to apply (AO2) your knowledge of the musculoskeletal system to another topic on the specification – for example, 5.2 Levers. 






1.6 Energy systems




Energy transfer in the body


In the body, the energy we use for muscle contractions comes from adenosine triphosphate (ATP), which is the only usable form of chemical energy in the body. The energy we derive from the foods that we eat, such as carbohydrates, is broken down to release energy that is used to form ATP (which consists of one molecule of adenosine and three (tri) phosphates).




Adenosine triphosphate (ATP) The only usable form of energy in the body.





The energy that is stored in ATP is released by breaking down the bonds that hold this compound together. Enzymes are used to break down compounds. In this instance, ATPase is the enzyme used to break down ATP, leaving adenosine diphosphate (ADP) and an inorganic phosphate (Pi) (Figure 1.20).


[image: image]

Figure 1.20 ATPase breaks down ATP to produce ADP + Pi + energy




The body has to constantly rebuild ATP by converting the ADP and Pi back into ATP. We can resynthesise ATP from three different types of chemical reaction in the muscle cells, which are fuelled by either food (carbohydrates, fats and protein) or a chemical called phosphocreatine, which is found in the muscles. The conversion of these fuels into energy takes place through one of three energy systems: 



	✚  the aerobic energy system



	✚  the ATP–PC system



	✚  the anaerobic glycolytic system





The aerobic energy system


When exercise intensity is low and oxygen supply is high, for example when jogging, the aerobic system is the preferred energy pathway.


How it works to provide energy


The aerobic system has three stages as it works to provide energy: glycolysis, the Krebs cycle and the electron transport chain.




Glycolysis The breakdown of glucose into pyruvic acid.


Krebs cycle A series of cyclical chemical reactions that take place using oxygen in the matrix of the mitochondria.


Electron transport chain A series of chemical reactions in the cristae of the mitochondria in which hydrogen is oxidised to water and 34 ATP are produced.





Stage 1: glycolysis


Glycolysis is the first stage and is anaerobic, so it takes place in the sarcoplasm of the muscle cell. Glycolysis is the breakdown of glucose into pyruvic acid. For every molecule of glucose undergoing glycolysis, a net of two molecules of ATP is formed.




Sarcoplasm The fluid that surrounds the nucleus of a muscle fibre – the site where anaerobic respiration takes place.







Making links


Glycolysis takes place in the anaerobic glycolytic system (p. 37).





Before the pyruvic acid produced in glycolysis can enter the next stage (the Krebs cycle), it splits into two acetyl groups and is then carried into the Krebs cycle by coenzyme A.


Stage 2: the Krebs cycle



	✚  Acetyl coenzyme A diffuses into the matrix of the mitochondria and a complex cycle of reactions occurs in a process known as the Krebs cycle. 



	✚  Here acetyl coenzyme A combines with oxaloacetic acid, forming citric acid.



	✚  Hydrogen is removed from the citric acid and the rearranged form of citric acid undergoes ‘oxidative carboxylation’, which simply means that carbon and hydrogen are given off. 



	✚  The carbon forms carbon dioxide, which is transported to the lungs and breathed out.



	✚  The hydrogen is taken to the electron transport chain. 



	✚  The reactions that occur result in the production of two molecules of ATP.





Beta oxidation



	✚  Fats can also enter the Krebs cycle. Stored fat is broken down into glycerol and free fatty acids for transporting by the blood. 



	✚  These fatty acids then undergo a process called beta oxidation, whereby they are converted into acetyl coenzyme A, which is the entry molecule for the Krebs cycle. 






	✚  From this point on, fat metabolism follows the same path as glycogen metabolism.



	✚  More ATP can be made from one molecule of fatty acids than from one molecule of glucose, which is why in long-duration, low-intensity exercise fatty acids will be the predominant energy source – but this does depend on the fitness of the performer.







Beta oxidation A process in which fatty acids are broken down to generate acetyl-CoA, which enters the Krebs cycle.





Stage 3 Electron transport chain



	✚  Hydrogen is carried to the electron transport chain by hydrogen carriers. 



	✚  This occurs in the cristae of the mitochondria. 



	✚  The hydrogen splits into hydrogen ions and electrons, which are charged with potential energy. 



	✚  The hydrogen ions are oxidised to form water, while the hydrogen electrons provide the energy to resynthesise ATP. 



	✚  Throughout this process 34 molecules of ATP are formed.







Exam tip


As well as learning the key points of each energy system, make sure you can identify when the aerobic system is the predominant method of producing energy.







Now test yourself


	1    Summarise the stages of the Krebs cycle.
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Revision activity


Draw a diagram starting with glucose at the top and try to summarise all three stages of the aerobic system.





ATP–PC system


This is an energy system using phosphocreatine (PC) as its fuel. PC is an energy-rich phosphate compound found in the sarcoplasm of the muscles. It can be broken down quickly and easily to release energy to resynthesise ATP. Its rapid availability is important for 6–8 seconds of flat-out effort.




Phosphocreatine (PC) An energy-rich phosphate compound found in the sarcoplasm of the muscles.





How it works to provide energy


The ATP–PC system is an anaerobic process and resynthesises ATP when the enzyme creatine kinase detects high levels of ADP. It breaks down the phosphocreatine in the muscles to phosphate and creatine, releasing energy:


[image: image]




This energy is then used to convert ADP to ATP in a coupled reaction:


[image: image]






Exam tip


Exam questions often ask how energy is produced during a particular sporting activity. If the sporting example is a high-intensity activity lasting up to 8 seconds, then the main energy provider will be the ATP–PC system.







Now test yourself


	2    What are the key points you need to remember for the ATP–PC energy system?
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Anaerobic glycolytic system



	✚  The anaerobic glycolytic system provides energy for high-intensity activity for longer than the ATP–PC system. 



	✚  However, how long this system lasts depends on the fitness of the individual and how high the intensity of the exercise is. 



	✚  Working flat out to exhaustion will mean the system will last a much shorter time.



	✚  This is because the demand for energy is extremely high. 



	✚  An elite athlete who has just run the 400 m in under 45 seconds will not be able to run it again immediately at the same pace. However, by reducing the intensity a little the system can last longer – up to 2–3 minutes – because the demand for energy is slightly lower. 





How it works to provide energy



	✚  When the PC stores are low the enzyme glycogen phosphorylase is activated to break down the glycogen into glucose, which is then further broken down to pyruvic acid by the enzyme phosphofructokinase. 



	✚  This process is called anaerobic glycolysis and takes place in the sarcoplasm of the muscle cell where oxygen is not available. 



	✚  Since this is an anaerobic process, the pyruvic acid is then further broken down into lactic acid by the enzyme lactate dehydrogenase (LDH).



	✚  During glycolysis, energy is released to allow ATP resynthesis. 



	✚  The net result is that two molecules of ATP are produced for one molecule of glucose broken down (four moles of ATP are produced but two are used to provide energy for glycolysis itself).







Exam tip


The key points about glycolysis are: 



	✚  breakdown of glucose to pyruvic acid



	✚  produces two molecules of ATP



	✚  during intense exercise, pyruvic acid converted into lactic acid








Energy continuum of physical activity


The ‘energy continuum’ is a term used to describe which energy system is used for different types of physical activity and sport. 



	✚  It refers to the contribution that the different energy systems make to the production of energy, depending on the intensity and duration of exercise. 



	✚  The three energy systems do not work independently of one another. 



	✚  They all contribute during all types of activity, but one of them will be the predominant energy provider. 



	✚  The intensity and duration of the activity are the factors that decide which will be the main energy system in use (see Table 1.11).







Energy continuum A term that describes which type of energy system is used for different types of physical activity and sport. The contribution of each system depends on the intensity and duration of exercise.





Table 1.11 The energy continuum


















	

Duration of performance



	

Intensity



	

Energy supplied by







	

Less than 10 seconds



	

Very high



	

ATP–PC system







	

8–90 seconds



	

High to very high



	

ATP–PC and anaerobic glycolytic systems







	

90 seconds to 3 minutes



	

High



	

Anaerobic glycolytic and aerobic systems







	

3+ minutes



	

Low to medium



	

Aerobic system 










Now test yourself


	
3    Decide on the intensity and duration of the following examples in a game of football, and then identify which energy system would be the predominant energy provider.



	a  Short 10 m sprint into space to receive the ball.



	b  Making a quick break in attack over the length of the pitch.



	c  Jogging to keep in position.
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Exam tip


Do not explain all three energy systems if you are unsure which one(s) are relevant. This is not answering the question and marks could be lost.





The energy continuum is often explained in terms of thresholds. The ATP–PC/anaerobic glycolytic threshold is the point at which the ATP–PC energy system is exhausted and the anaerobic glycolytic system takes over. This is shown in Figure 1.21 at 10 seconds. The anaerobic glycolytic/aerobic threshold, shown in the graph at 3 minutes, is the point at which the anaerobic glycolytic system is exhausted and the aerobic system takes over.


[image: image]

Figure 1.21 The energy continuum related to exercise duration




Differences in ATP generation



	✚  Slow-twitch fibres are recruited for low- to medium-intensity activity. They therefore use aerobic respiration to generate the required fuel for energy production. 



	✚  Fast-twitch fibres on the other hand are recruited for high-intensity activities, such as sprinting, so anaerobic respiration is their main energy pathway (Table 1.12). 







Exam tip


Slow-twitch fibres are aerobic and fast-twitch fibres are anaerobic.





Table 1.12 Summary of the differences in ATP generation between fast- and slow-twitch fibres
















	

Slow-twitch (type I) fibres



	

Fast-twitch (type IIb) fibres







	


	✚  The main pathway for ATP production is via the aerobic system



	✚  This produces the maximum amount of ATP possible from each glucose molecule (up to 36 ATP)



	✚  Production is slow, but these fibres are more endurance based, so less likely to fatigue






	


	✚  The main pathway for ATP production is via the ATP–PC system and the anaerobic glycolytic energy system (during glycolysis)



	✚  ATP production in the absence of oxygen is not efficient – only two ATP produced per glucose molecule in glycolysis and one ATP molecule in the breakdown of phosphocreatine



	✚  Production of ATP this way is fast, but cannot last for long as these fibres have the least resistance to muscle fatigue 












Energy transfer during short-duration/high-intensity exercise


During short-duration/high-intensity exercise, energy has to be produced rapidly. The aerobic system is too complicated to produce energy rapidly, so the body needs to rely on anaerobic respiration using the ATP–PC system and the anaerobic glycolytic system. However, these systems cannot produce energy for long periods of time.


Lactate accumulation



	✚  Lactate and lactic acid are not the same thing, but the terms are often used interchangeably. 



	✚  Using the lactate anaerobic system produces the by-product lactic acid as a result of glycolysis. 



	✚  The higher the intensity of exercise the more lactic acid is produced. 



	✚  This lactic acid quickly breaks down, releasing hydrogen ions (H+). 



	✚  The remaining compound then combines with sodium ions (Na+) or potassium ions (K+) to form the salt lactate. 



	✚  As lactate accumulates in the muscles, more hydrogen ions become present; it is the presence of hydrogen ions that increases acidity. 



	✚  This slows down enzyme activity, which affects the breakdown of glycogen, causing muscle fatigue. 



	✚  The lactate produced in the muscles diffuses into the blood, and blood lactate can be measured. 





Lactate threshold and onset of blood lactate accumulation (OBLA)


	✚  As exercise intensity increases, the body moves from working aerobically to working anaerobically.





	✚  This crossing of the aerobic/anaerobic threshold is also known as the lactate threshold and is the point at which lactic acid accumulates rapidly in the blood (an increase of 2 millimoles per litre of blood above resting levels). 



	✚  We are constantly producing small amounts of lactate due to red blood cell activity when working at low intensity, but the levels are low and the body deals with these effectively. 



	✚  However, as the intensity of the exercise increases and the body is unable to produce enough oxygen to break down lactate, the levels of lactate build up/accumulate, and this is known as OBLA (onset of blood lactate accumulation). 



	✚  OBLA and lactate threshold are simply different ways of measuring the same thing. 



	✚  OBLA is the older term and lactate threshold is a more recent, American term. 



	✚  At rest, approximately 1–2 millimoles per litre of lactate can be found in the blood. However, during intense exercise, levels of lactate will rise dramatically and as it starts to accumulate OBLA occurs. 



	✚  This is usually when the concentration of lactate is around 4 mmol per litre. 



	✚  Measuring OBLA gives an indication of endurance capacity. 



	✚  Some individuals can work at higher levels of intensity than others before OBLA, and can delay when the threshold occurs.







Lactate threshold The point at which lactic acid accumulates rapidly in the blood.


OBLA The point at which lactate levels go above 4 millimoles/litre.





Lactate threshold is expressed as a percentage of VO2 max:



	✚  As fitness increases the lactate threshold becomes delayed. 



	✚  Average performers might have a lactate threshold that is 50–60 per cent of their VO2 max, whereas elite performers might have a lactate threshold that is 70, 80 or even 90 per cent of their VO2 max. 



	✚  Training has a limited effect on VO2 max because VO2 max is largely determined genetically. 



	✚  The big difference in performance comes from the delayed lactate threshold. When we exercise, we tend to work at or just below our lactate threshold. The fitter we are the higher our lactate threshold as a percentage of our VO2 max, and hence the harder we can work.







VO2 max The maximum amount of oxygen that can be utilised by the muscles per minute.





Factors affecting the rate of lactate accumulation



	✚  Exercise intensity – the higher the exercise intensity the greater the demand for energy (ATP) and the faster OBLA occurs, because when glycogen is broken down anaerobically into pyruvic acid, lactic acid is formed.



	✚  Muscle fibre type – slow-twitch fibres produce less lactate than fast-twitch fibres. When slow-twitch fibres use glycogen as a fuel, due to the presence of oxygen, the glycogen can be broken down much more effectively and with little lactate production.



	✚  VO2 max of the performer – the higher the VO2 max the greater the delay in lactate accumulation.



	✚  The respiratory exchange ratio – this is described in more detail later in this chapter, but when the ratio has a value close to 1.0 glycogen becomes the preferred fuel and there is a greater chance of the accumulation of lactate.



	✚  Fitness of the performer – a person who trains regularly will be in a better position to delay OBLA because physiological adaptations occur in trained muscles. Increased numbers of mitochondria and levels of myoglobin, together with an increase in capillary density, improve the capacity for aerobic respiration and therefore avoid the use of the anaerobic glycolytic system.





Lactate-producing capacity and sprint/power performance


	✚  Elite sprinters and power athletes will have a much better anaerobic endurance than non-elite sprinters. 





	✚  This is because their body has adapted to cope with higher levels of lactate. 



	✚  In addition, through a process called buffering, they are able to increase the rate of lactate removal and consequently have lower lactate levels. Buffering works rather like a chemical ‘sponge’, mopping up the lactate molecules. 



	✚  This means they are able to work at higher intensities for longer before fatigue sets in. 





	✚  As well as being able to tolerate higher levels of lactate, the trained status of their working muscles will lead to adaptive responses. Mitochondria become more numerous and larger, alongside increases in associated oxidative enzymes, capillary density and myoglobin levels.






Buffering A process that aids the removal of lactate and maintains acidity levels in the blood and muscle. 







Exam tip


Make sure you can explain the impact of high levels of lactic acid/lactate on performance.







Now test yourself


	4    Outline three factors that affect the rate at which a performer accumulates lactate.
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Energy transfer during long-duration/lower-intensity exercise


Exercising for long periods of time at low intensity uses the aerobic system as the preferred method for producing energy.


Oxygen consumption during exercise


When we exercise, the body uses oxygen to produce energy (resynthesise ATP). Oxygen consumption is the amount of oxygen we use to produce ATP, and is usually referred to as VO2. 




Oxygen consumption The amount of oxygen we use to produce ATP.





When we start to exercise, insufficient oxygen is distributed to the tissues for all the energy to be provided aerobically because it takes time for the body to respond to the increase in demand for oxygen. As a result, energy is provided anaerobically to satisfy the increase in demand for energy until the body can cope. This is referred to as submaximal oxygen deficit. 




Submaximal oxygen deficit When there is not enough oxygen available at the start of exercise to provide all the energy (ATP) aerobically.





[image: image]

(a) Light exercise






[image: image]

(b) Heavy exercise


Figure 1.22 The difference between maximal and submaximal oxygen deficit




Maximal oxygen deficit is usually referred to as maximal accumulated oxygen deficit or MAOD. It gives an indication of anaerobic capacity. Figure 1.22 shows the difference between maximal and submaximal oxygen deficit.




Maximal oxygen deficit The difference between the estimated oxygen cost of exercise and the accumulated oxygen uptake.





Oxygen consumption during recovery


Recovery involves returning the body to its pre-exercise state. When a performer finishes exercise, oxygen consumption remains quite high in comparison at rest. This is because extra oxygen needs to be taken in and used to try to help the performer recover. This breathlessness after exercise is often referred to as excess post-exercise oxygen consumption (EPOC).




EPOC The amount of oxygen consumed during recovery above that which would have been consumed at rest during the same time.





There are two main components to EPOC – the fast replenishment stage and slow replenishment stage.


The fast replenishment stage



	✚  The fast replenishment stage (also known as the alacticid component) uses the extra oxygen that is taken in during recovery to restore ATP and phosphocreatine and to resaturate myoglobin with oxygen. 



	✚  Complete restoration of phosphocreatine takes up to 3 minutes, but 50 per cent of stores can be replenished after only 30 seconds, during which time approximately 3 litres of oxygen are consumed. 



	✚  Myoglobin has a high affinity for oxygen. Oxygen that has diffused from the haemoglobin in the blood is stored in the sarcoplasm. 



	✚  After exercise, oxygen stores in the myoglobin are limited. 



	✚  The surplus of oxygen supplied through EPOC helps replenish these stores, taking up to 2 minutes and using approximately 0.5 litres of oxygen. 







Fast replenishment stage The restoration of ATP and phosphocreatine stores, and the resaturation of myoglobin with oxygen.







Exam tip


Do not forget that the resaturation of myoglobin is part of the fast replenishment stage.





The slow replenishment stage


The oxygen consumed during the slow replenishment stage, also known as the lactacid component, has several functions, which are outlined below.


Removal of lactic acid


Lactic acid accumulates during exercise, and needs to be removed during recovery. Full recovery might take up to an hour or longer, depending on the intensity and duration of the exercise. Lactic acid can be removed in the following ways:



	✚  oxidation into carbon dioxide and water in the inactive muscles and organs, and used by the muscles as an energy source



	✚  transported in the blood to the liver, where it is converted to blood glucose and glycogen (Cori cycle)



	✚  converted into protein



	✚  removed in sweat and urine 








Oxidation The gain of oxygen by a substance.


Cori cycle The process in which lactic acid is transported in the blood to the liver, where it is converted to blood glucose and glycogen.







Revision activity


Summarise the key points of the fast replenishment stage.







	✚  Most of the lactic acid can be oxidised in mitochondria, so performing a cool-down can accelerate its removal because exercise keeps the metabolic rate of muscles high and keeps capillaries dilated, which means oxygen can be flushed through, removing the accumulated lactic acid. 



	✚  The slow replenishment stage of recovery begins as soon as lactic acid appears in the muscle cells, and will continue using breathed oxygen until recovery is complete. 



	✚  This can take up to 5 or 6 litres of oxygen in the first half hour of recovery, removing up to 50 per cent of the lactic acid.







Now test yourself


	5    Identify two ways in which lactic acid can be removed.
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Revision activity


Summarise the key points of the slow replenishment stage.





Maintenance of breathing and heart rates


Maintaining breathing and heart rates requires extra oxygen to provide the energy needed for the respiratory and heart muscles. This assists recovery because the extra oxygen is used to replenish ATP and phosphocreatine stores, resaturate the myoglobin and remove lactic acid, thereby returning the body to its pre-exercise state.


Glycogen replenishment



	✚  The replacement of glycogen stores depends on the type of exercise undertaken and when and how much carbohydrate is consumed following exercise. 



	✚  It might take several days to complete the restoration of glycogen after a marathon. However, in less than an hour after short-duration, high-intensity exercise a significant amount of glycogen can be restored. Lactic acid is converted back to blood glucose and glycogen in the liver via the Cori cycle. 



	✚  Eating a high-carbohydrate meal will accelerate glycogen restoration, as will eating within 1 hour following exercise.





There are two nutritional windows for optimal recovery after exercise. The first is 30 minutes after exercise, where both carbohydrates and proteins should be consumed in a 3:1 or 4:1 ratio. The second nutritional window is 1 to 3 hours after exercise, when a meal high in protein, carbohydrate and healthy fat should be consumed.


Increase in body temperature


When temperature remains high, respiratory rate rates will also remain high; this will help the performer take in more oxygen during recovery. However, extra oxygen (from the slow replenishment stage) is needed to fuel this increase in temperature until the body returns to normal.




Exam tip


Questions on EPOC often involve a description of the fast and slow replenishment stages.






Factors affecting VO2 max/aerobic power


The higher the VO2 max the greater the endurance capacity of a performer. Consequently, this enables the performer to work at higher intensity for longer as they have more oxygen going to the muscles and can utilise this oxygen in the muscles more effectively and therefore delay OBLA. Figure 1.23 outlines the factors that can affect VO2 max. 


[image: image]

Figure 1.23 Factors affecting VO2 max






Now test yourself


	6    What is the relationship between VO2 max and lactate threshold?
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Measurements of energy expenditure


Indirect calorimetry



	✚  Indirect calorimetry is a technique that provides an accurate estimate of energy expenditure through gas exchange. 



	✚  It measures how much carbon dioxide is produced and how much oxygen is consumed both at rest and during aerobic exercise. 



	✚  Calculating the gas volumes also enables us to find out the main substrate being used (fat or carbohydrate). 



	✚  The accuracy of this test is very reliable because it gives a precise calculation of VO2 and VO2 max. 







Exam tip


You will not need to calculate indirect calorimetry; you just need knowledge of the method itself.





Lactate sampling



	✚  This is an accurate and objective measure of the level of lactate in the blood. 



	✚  It can also be used as a means of measuring exercise intensity (the higher the exercise intensity at which the lactate threshold occurs, the fitter the athlete is considered to be), to give an idea of level of fitness and to enable the performer to select relevant training zones. 



	✚  Regular lactate testing provides a comparison from which the coach and performer can see whether improvement has occurred. 



	✚  If test results increase, this should indicate that the performer has an increase in peak speed/power, increased time to exhaustion, improved heart rate recovery and a higher lactate threshold.





VO2 max test



	✚  The most common test for evaluating VO2 max is the multi-stage fitness test, more commonly called the ‘bleep’ test. Here the individual performs a 20-metre progressive shuttle run to a bleep, until they reach complete exhaustion. The level that is reached can be compared with a standard results table. 



	✚  Other tests include the Harvard step test and the Cooper 12-minute run, but all of these only give an indication or prediction of VO2 max. 



	✚  A sports science laboratory can produce much more valid and reliable results using direct gas analysis. Tests using this method involve increasing intensities on a treadmill, cycle ergometer or rowing machine.







Direct gas analysis A laboratory technique that measures the concentration of oxygen that is inspired and the concentration of carbon dioxide that is expired.


Cycle ergometer A stationary bike that measures how much work is being performed.







Making links


Validity and reliability are discussed in detail in 4.2 Preparation and training methods (p. 122).





Respiratory exchange ratio


The respiratory exchange ratio (RER) is the ratio of carbon dioxide produced to oxygen consumed, and is used as a measure of exercise intensity. It calculates energy expenditure and provides information about the use of fats and carbohydrates during exercise. 




RER The ratio of carbon dioxide produced to oxygen consumed.





Calculating the RER will determine which energy sources are being oxidised and hence whether the performer is working aerobically or anaerobically:



	✚  A RER value close to 1 = performer using carbohydrates.



	✚  A RER value of approximately 0.7 = performer using fats



	✚  A RER value greater than 1 = anaerobic respiration, so more carbon dioxide is being produced than oxygen consumed.






Impact of specialist training methods on energy systems


For your exam you need to understand the following training methods and how they impact on the different energy systems.


Altitude training



	✚  Altitude training is usually carried out at over 2500 metres above sea level, or in an environment that simulates high altitude, where the partial pressure of oxygen is lower. 



	✚  This means that not as much oxygen can diffuse into the blood, so haemoglobin is not as fully saturated with oxygen, which results in a lower oxygen-carrying capacity of the blood. 



	✚  Since less oxygen is therefore delivered to the working muscles, there is a reduction in aerobic performance and VO2 max and a quicker onset of anaerobic respiration.





Table 1.13 lists the advantages and disadvantages of altitude training.


Table 1.13
















	

Advantages



	

Disadvantages







	


	✚  Increase in the number of red blood cells



	✚  Increased concentration of haemoglobin



	✚  Increased blood viscosity



	✚  Increased capillarisation



	✚  Enhanced oxygen transport



	✚  Increased lactate tolerance






	


	✚  Expensive



	✚  Altitude sickness



	✚  Difficult to train due to the lack of oxygen



	✚  Detraining, because training intensity has to reduce when the performer first trains at altitude due to the decreased availability of oxygen



	✚  Benefits can be quickly lost on return to sea level



	✚  Psychological problems due to being away from home













Exam tip


Questions might want you to apply your knowledge of specialist training methods. For example, altitude training would be suitable for an endurance performer.





High-intensity interval training


Interval training can be used for both aerobic and anaerobic training. It is a form of training in which periods of work are interspersed with recovery periods. 



	✚  High-intensity interval training (HIIT) involves short intervals of maximum-intensity exercise followed by a recovery interval of low to moderate intensity exercise – for example, 4 minutes of intense exercise made up of 8–20 seconds of maximum-effort work intervals, each followed by a 10-second recovery interval.



	✚  The work interval is anaerobic and the recovery is aerobic.



	✚  Pushing your body to the max during the work interval increases the number of calories you burn because it takes longer to recover from each work session.



	✚  HIIT therefore improves fat-burning potential, glucose metabolism and both aerobic and anaerobic endurance. 





Plyometrics


Plyometrics training improves power and speed and involves high-intensity, explosive activities, such as hopping, bounding, depth jumping and medicine ball work using fast-twitch fibres. It works on the concept that muscles can generate more force if they have previously been stretched. This is frequently called the stretch-shortening cycle and consists of three phases:



	✚  Phase 1 – the eccentric phase or preloading/prestretching phase. On landing, the muscle performs an eccentric contraction, where it lengthens under tension. 



	✚  Phase 2 – the amortisation phase – is next and is the time between the eccentric and concentric muscle contractions. This time needs to be as short as possible, so the energy stored from the eccentric contraction is not lost. When an eccentric contraction occurs, a lot of the energy required to stretch or lengthen the muscle is lost as heat, but some of the energy can be stored and is then available for the subsequent concentric contraction.



	✚  Phase 3 – the concentric or muscle contraction phase – uses the stored energy to increase the force of the contraction.







Plyometrics Repeated, rapid stretching and contracting of muscles to increase muscle power.





Speed agility quickness (SAQ)



	✚  Speed refers to how fast a person can move over a specified distance or how quickly a body part can be put into motion. 



	✚  Agility is the ability to move and position the body quickly and effectively while under control. 



	✚  SAQ training aims to improve multidirectional movement through developing the neuromuscular system. 



	✚  Drills include zig-zag runs and foot ladders. Often a ball is introduced so that passing occurs throughout the drill, making it more sport specific. 



	✚  As SAQ training uses activities performed with maximum force at high speed, energy is provided anaerobically.







Exam tip


Make sure that when analysing the impact (AO3) of these training methods on energy systems you can also explain the impact on performance, for example how altitude training can help an endurance performer.







Now test yourself


	7    How could SAQ training help a football player?
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Exam practice






	

	1    Explain how energy is provided to allow an athlete to complete a hammer throw.





	[3]





	

	2    Gymnastic floor routines can last up to 90 seconds. Explain how the majority of energy is provided for this discipline during competition.





	[6]





	

	3    An athlete completes an interval training programme with short periods of high-intensity exercise followed by recovery periods lasting up to 30 seconds. What effect does this training programme have on their ATP and PC stores?





	[3]





	

	4    At the end of a team game, players might experience EPOC. Define EPOC and give the functions of the fast component of EPOC. Explain how these functions are achieved.





	[4]





	

	5    Evaluate how plyometric training can help a football player improve their level of performance.





	[2]





	

	6    Identify the three key processes involved in the aerobic energy system when glucose is used as the energy source.





	[3]





Answers online







Knowledge and skills summary


This topic involves the following knowledge (AO1):



	✚  How the aerobic, ATP–PC and anaerobic glycolytic energy systems transfer energy (ATP) in the body.



	✚  During short-duration/high-intensity exercise the anaerobic glycolytic and ATP-PC systems are used.



	✚  During long-duration/low-intensity exercise the aerobic system is used.



	✚  An understanding of the energy continuum for different intensities and durations of physical activity.



	✚  Differences in ATP production depending on the fibre type used.



	✚  The effects of using the anaerobic glycolytic energy system through an explanation of lactate accumulation, lactate threshold and OBLA.



	✚  Oxygen consumption during exercise and recovery through oxygen deficit and EPOC.



	✚  The factors that affect VO2 max.



	✚  The measurements of energy expenditure, to include indirect calorimetry, lactate sampling, VO2 max test and respiratory exchange ratio.



	✚  The impact of altitude training, high-intensity interval training, plyometrics and speed agility quickness on the three energy systems.





AO2 marks will require application of this knowledge – for example, using the intensity and duration of an activity to decide on the predominant energy system in use.


AO3 marks are for analysis or evaluation. For this topic an AO3 response might involve an analysis of an energy system and its impact on performance, or how a high VO2 max can aid the performance of an endurance performer.
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