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Get the most from this book


Everyone has to decide his or her 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.


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.
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Features to help you succeed
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Exam tips


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


The author identifies the typical mistakes candidates make and explains how you can avoid them.
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Now test yourself


These short, knowledge-based questions provide the first step in testing your learning. Answers are online.
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Definitions and key words


Clear, concise definitions of essential key terms are provided where they first appear.


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


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


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


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


Go online to check your answers to the exam questions and try out the extra quick quizzes at www.hoddereducation.co.uk/myrevisionnotes
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Countdown to my exams
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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 exam. 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.
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2–6 weeks to go



•  Read through the relevant sections of this book and refer to the exam tips, exam summaries, typical mistakes 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. Check your answers online.


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


•  Look at exemplar 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/myrevisionnotes



•  Use the revision activities provided in the book 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.
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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, he or she is an expert at preparing people for exams.
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The day before the exam



•  Flick through these Revision Notes for useful reminders, for example the exam tips, exam summaries, typical mistakes 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 exam.
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1.1 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.
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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.
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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 as the beat starts in the heart muscle itself with an electrical signal in the sinoatrial node (SAN). 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:





•  From the SAN, the electrical impulse spreads through the walls of the atria, causing them to contract (atrial systole).



•  The impulse then passes through the atrioventricular node (AVN), where it is delayed for approximately 0.1 seconds to enable the atria to contract fully before ventricular systole begins.



•  The impulse then travels through the bundle of His, which branches into two bundle branches, and into the Purkinje fibres, which spread throughout the ventricles, causing them to contract (ventricular systole).
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Figure 1.1a The cardiac conduction system
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Now test yourself





1  Identify the order in which a cardiac impulse travels.





Answer online
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Factors affecting the change in rate of the conduction system


The conduction system ensures that heart rate increases during exercise to allow the working muscles to receive more oxygen. As discussed on the previous page, the heart generates its own impulses from the SAN, but the rate at which these cardiac impulses are fired can be controlled by the mechanisms outlined below.


Neural control mechanism


This involves the sympathetic nervous system, which stimulates the heart to beat faster, and the parasympathetic nervous system, which returns the heart to its resting level. These two systems are co-ordinated by the cardiac control centre located in the medulla oblongata of the brain.


The cardiac control centre is stimulated by chemoreceptors, baroreceptors and proprioceptors and 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:


Chemoreceptors → detect increase in blood carbon dioxide → cardiac control centre → sympathetic system → SAN increases heart rate


Baroreceptors → detect increase in blood pressure → cardiac control centre → parasympathetic system → SAN decreases heart rate


Proprioceptors → detect increase in muscle movement → cardiac control centre → sympathetic system → SAN increases heart rate
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Typical mistake


Don’t be vague, tell the examiner what the receptors detect. For example, chemoreceptors detect an increase in carbon dioxide during exercise – don’t just say chemical changes!
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Now test yourself





2  Identify and explain the role of chemoreceptors and proprioceptors in increasing heart rate.





Answer online
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Hormonal control mechanism


Hormones can also have an effect on heart rate. The release of adrenaline during exercise is known as hormonal control. Adrenaline is a stress hormone that is released by the sympathetic nerves and cardiac nerve during exercise. It stimulates the SAN (pacemaker), which results in an increase in 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.


Impact of physical activity and sport on stroke volume, heart rate and cardiac output


Stroke volume


This 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 depends upon the following:





•  Venous return – when this increases, 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. A greater force of contraction can increase the ejection fraction. This is called Starling’s law.



•  The contractility of cardiac tissue (myocardium) – the greater the contractility of cardiac tissue, the greater the force of contraction. This results in an increase in stroke volume as well as the ejection fraction.







[image: ]


Exam tip


Starling’s law → increased venous return → greater diastolic filling of the heart → cardiac muscle stretched → more force of contraction → increased ejection fraction





Stroke volume in response to exercise


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


Heart rate


This is 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 is dependent 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 have a maximum heart rate of 202 beats per minute:
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A trained performer has a greater heart rate range because their resting heart rate is lower and their maximum heart rate increases.


The following graphs illustrate what happens to heart rate during maximal exercise such as sprinting and submaximal exercise such as jogging.
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Figure 1.1b Heart rate responses to maximal and submaximal exercise





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), which means the heart does not have to pump as often. This is known as bradycardia and when this occurs, oxygen delivery to the muscles improves as there is less oxygen needed for contractions of the heart.
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Exam tip


Maximum heart rate is calculated as 220 minus your age.
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Cardiac output


This is the volume of blood pumped out by the heart ventricles per minute. It can be calculated using the following equation:
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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 (evens out).


The following table shows the differences in cardiac output in a trained and an untrained individual, both at rest and during exercise. The individuals in this example are both aged 18, so their maximum heart rate will be 202 beats per minute.






	 

	Stroke volume × Heart rate = Cardiac output (SV × HR = Q)






	Exercise untrained

	120 ml × 202 = 24.24 litres






	Exercise trained

	170 ml × 202 = 34.34 litres











	 

	Stroke volume × Heart rate = Cardiac output (SV × HR = Q)






	Rest untrained

	70 ml × 72 = 5.04 litres






	Rest trained

	84 ml × 60 = 5.04 litres







During exercise, the increase in maximum cardiac output will have huge benefits for the trained performer as they will be able to transport more blood to the working muscles and therefore more oxygen.




[image: ]


Typical mistake


At rest, cardiac output for both the trained and untrained performer stays the same. It is maximum cardiac output that changes.
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Now test yourself





3  (a)  Define the terms ‘cardiac output’ and ‘stroke volume’ and explain the relationship between them.


    (b)  Explain how training affects cardiac output and its components.





Answers online
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Impact of physical activity and sport on the health of the individual


Heart disease


Coronary heart disease (CHD) is the leading cause of death both in the UK and around the world. It occurs when your coronary arteries, which supply the heart muscle with oxygenated blood, become blocked or start to narrow by 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.


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.


Cholesterol levels


There are two types of cholesterol:





•  LDL (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.



•  HDL (high-density lipoproteins) transport excess cholesterol in the blood back to the liver where it is broken down. These are classed as ‘good’ cholesterol since they lower the risk of developing heart disease.





Regular physical activity lowers bad LDL cholesterol levels. At the same time, it significantly increases 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 so they 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.
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Now test yourself





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





Answer online
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Revision activity


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


Cardiovascular drift 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.
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Figure 1.1c Graph to show cardiovascular drift
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Exam tip


Cardiovascular drift → HR increases and stroke volume decreases → occurs after 10 minutes in warm conditions → caused by reduced plasma volume → reduced venous return → cardiac output increases due to more energy needed to cool the body/sweat
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Blood vessels


Several different blood vessels carry blood from the heart, distribute it round the body, then return it back to the heart (systemic circulation) and transport deoxygenated blood from the heart to the lungs and oxygenated blood back to the heart (pulmonary circulation).


Each blood vessel is slightly different in structure:





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



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



•  Capillaries 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.
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Revision activity


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





5  Explain why arteries have the highest pressure.





Answer online
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Blood pressure


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


[image: ]


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.


Blood pressure is measured at the brachial artery in the upper arm.


A typical reading at rest is:
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Exam tip


It is easy to remember that blood pressure increases during exercise but make sure you can explain why.
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Blood pressure is different in the various blood vessels and is largely dependent on the distance of the blood vessel from the heart.
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Now test yourself





6  Give an average blood pressure reading and identify what happens to blood pressure during exercise.





Answer online
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Venous return mechanisms


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.


Active mechanisms are needed to help venous return:





•  The skeletal muscle pump – 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 and squeeze the blood towards the heart.



•  The respiratory pump – when muscles contract and relax during breathing in and breathing out, pressure changes occur in the thoracic (chest) and abdominal (stomach) cavities. These pressure changes compress the nearby veins and assist blood to return to the heart.



•  Pocket valves – it is important that blood in the veins only flows in one direction. The presence of valves ensures that this happens. This is because once the blood has passed through the valves, they close to prevent the blood flowing back.



•  There is a very thin layer of smooth muscle in the walls of the veins. This helps squeeze blood back towards the heart.



•  Gravity helps the blood return to the heart from the upper body.
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Figure 1.1d The skeletal muscle pump
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Exam tip


Questions on venous return mechanisms will want you to identify the mechanism, for example skeletal muscle pump, and also explain what it does.
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Impact of blood pressure on venous return


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


Venous return is also determined by a pressure gradient:
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To simplify this, increasing right atrial pressure decreases venous return and decreasing right atrial pressure increases venous return.


Transportation of oxygen


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. In the muscle, oxygen is stored by myoglobin. This has a higher affinity for oxygen and will store the oxygen for the mitochondria until it is used by the muscles.


Oxyhaemoglobin dissociation curve


The oxyhaemoglobin dissociation curve helps us to understand how haemoglobin in our blood carries and releases oxygen. The curve represents the relationship between oxygen and haemoglobin.
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Figure 1.1e 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.
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Figure 1.1f The effect of changing acidity on the oxyhaemoglobin dissociation curve





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 is known as the Bohr shift.


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 blood and muscle temperature increases during exercise, oxygen will dissociate from haemoglobin more readily.



•  Partial pressure of blood carbon dioxide increases – as the level of blood carbon dioxide rises during exercise, oxygen will dissociate quicker from haemoglobin.



•  Blood pH – more carbon dioxide will lower the pH in the body. A drop in pH will cause oxygen to dissociate from haemoglobin more quickly (Bohr shift).
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Typical mistake


When giving the causes of the Bohr shift, don’t forget the word ‘blood’. (Blood pH, blood carbon dioxide levels, blood temperature).
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Now test yourself





7  During exercise, the oxyhaemoglobin curve shifts to the right. Explain why this happens and the effect that this change has on oxygen delivery to the muscles.





Answer online
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Redistribution of blood


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





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



•  More blood goes to the muscles, as they need more oxygen for energy and more blood is needed to remove waste products such as carbon dioxide and lactic acid.



•  More blood goes to the skin, because energy is needed to cool the body down.



•  Blood flow to the brain remains constant, as it needs oxygen for energy to maintain function.





It is also important to ensure the gut is empty, as a full gut would result in more blood being directed to the stomach instead of the working muscles. This would have a detrimental effect on performance, as less oxygen is being made available.


Control of blood flow


Both blood pressure and blood flow are controlled by the vasomotor centre, located in the medulla oblongata of the brain. During exercise, chemical changes – such as increases in carbon dioxide and lactic acid – are detected by chemoreceptors. These receptors stimulate the vasomotor centre which then redistributes blood flow through vasodilation and vasoconstriction. Vasodilation is when the blood vessel widens to increase blood flow into the capillaries, and vasoconstriction is when the blood vessel narrows to decrease blood flow. In exercise, more oxygen is needed at the working muscles, so vasodilation will occur in the arterioles supplying these muscles, increasing blood flow and bringing in the much-needed oxygen, whereas vasoconstriction will occur in the arterioles supplying non-essential organs such as the intestines and liver.


Pre-capillary sphincters also aid blood redistribution. They are tiny rings of muscle located at the opening of capillaries. When they contract, blood flow is restricted through the capillary and when they relax blood flow is increased.
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Exam tip


During exercise, the muscles require more oxygen so we have to direct more blood to them.
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Now test yourself





8  (a)  Why does blood flow to the skin and heart increase during exercise?


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





Answers online
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Arterio-venous difference (A-VO2 diff)


This is the difference between the oxygen content of the arterial blood arriving at the muscles and the venous blood leaving the muscles. At rest, the arterio-venous difference is low, as not much oxygen is required by the muscles. But during exercise much more oxygen is needed from the blood for the muscles, so the arterio-venous difference is high. This increase will affect gaseous exchange at the alveoli, so more oxygen is taken in and more carbon dioxide is removed. Training also increases the arterio-venous difference, as trained performers can extract a greater amount of oxygen from the blood.
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Now test yourself





9  What do you understand by the term ‘arterio-venous difference’ and what happens to this during exercise?





Answer online
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Exam practice





1  During a game, a defender will work at various intensities. Describe how cardiac output increases when a defender is working at a higher intensity.


[3]



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


[3]



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


[3]



4  What factors determine blood pressure in blood vessels?


[3]



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


[2]



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


[2]





Answers and quick quizzes online


[image: ]







[image: ]


Summary


You should now be able to:





•  describe the cardiac conduction system



•  explain the hormonal, neural and chemical regulation of responses during physical activity and sport



•  describe the role of chemoreceptors, baroreceptors and proprioceptors in regulation of responses during physical activity



•  understand the impact of physical activity and sport on cardiac output, stroke volume and heart rate, and explain the relationship between them in trained/untrained individuals and maximal/submaximal exercise



•  understand Starling’s law



•  identify how physical activity can affect heart disease, high blood pressure, cholesterol levels and strokes



•  explain cardiovascular drift



•  understand the venous return mechanisms



•  explain blood pressure using the terms ‘systolic’ and ‘diastolic’ and identify the relationship venous return has with blood pressure



•  describe the transportation of oxygen and be able to explain the roles of haemoglobin and myoglobin



•  understand the oxyhaemoglobin dissociation curve



•  explain the Bohr shift



•  explain how blood is redistributed during exercise through vasoconstriction and vasodilation



•  explain arterio-venous oxygen difference (A-VO2 diff).
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1.2 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.
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Exam tip


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


This is the movement of air into and out of the lungs. Taking air into the lungs is inspiration and moving air out is expiration. At rest, we inspire and expire approximately 0.5 litres of air. The volume of air inspired or expired per breath is referred to as the tidal volume. The volume of air inspired or expired per minute is referred to as minute ventilation and can be calculated by multiplying the number of breaths taken per minute (approximately 12) by the tidal volume:
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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 the graph below:




[image: ]

Figure 1.2a The respiratory response to various intensities of exercise





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.


Residual volume is the amount of air that remains in the lungs after maximal expiration, because we can never totally empty our lungs, even when we have exhaled as much as possible.


The following table defines the five lung volumes you need for your exam and identifies the changes that take place in these volumes during exercise:






	
Lung volume or capacity


	Definition

	Change during exercise






	Tidal volume

	Volume of air inspired or expired per breath

	Increase






	Minute ventilation

	Volume of air inspired or expired per minute

	Big 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







The volume of air we breathe in and out can be measured using a spirometer. An example of a spirometer trace can be seen below:
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Figure 1.2b Spirometer trace of respiratory air
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Typical mistake


We all know 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.
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Revision activity


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





1  What do you think will happen to the graphical representation of residual volume during exercise?





Answer online
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Gaseous exchange


Gaseous exchange is concerned with:





•  getting oxygen in the air into the lungs so that it can diffuse into the blood and be transported to the cells of the body



•  the removal of carbon dioxide from the blood so it can diffuse into the lungs and into the air.





The terms partial pressure and diffusion 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 is successively lower.
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Typical mistake


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


The alveoli are responsible for the exchange of gases between the lungs and the blood, and their structure 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 from the air in the alveoli to 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.
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Figure 1.2c The alveoli
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Now test yourself





2  Identify two structural features of the alveoli and explain how they assist in the diffusion of respiratory gases.





Answer online
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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 in the blood is lower and therefore so is its partial pressure. 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.
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Exam tip


The diffusion pathway of oxygen is: alveoli → blood → muscles
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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 is higher (46 mmHg) than in the alveoli (40 mmHg), so carbon dioxide diffuses into the alveoli from the blood until the pressure is equal in both.
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Exam tip


The diffusion pathway of carbon dioxide is: muscles → blood → alveoli
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Gaseous exchange at the muscles


The partial pressure of oxygen has to be lower at the tissues than in the blood for diffusion to occur. As such, in the capillary membranes surrounding the muscle the partial pressure of oxygen is 5 mmHg and it is 100 mmHg in the blood. 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 (46 mmHg), so again diffusion occurs and carbon dioxide moves into the blood to be transported to the lungs.
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Figure 1.2d Movement of O2 and CO2 in the body due to partial pressures
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Now test yourself





3  Explain how the gas exchange system operates at the muscles.





Answer online
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Regulation of pulmonary ventilation during exercise


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





•  neural control



•  chemical control



•  hormonal control.





Neural and chemical regulation of pulmonary ventilation
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Exam tip


Neural control involves the brain and the nervous system, and chemical control is concerned with blood acidity.
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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 oblongata of the brain controls the rate and depth of breathing and uses both neural and chemical control.


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 stimulates the expiratory muscles during exercise.





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.


The respiratory centre responds mainly to changes in blood chemistry. During exercise, blood acidity increases as a result of an increase in the plasma concentration of carbon dioxide and an increase in lactic acid production. These changes are detected by chemoreceptors, which are found in the carotid artery and the aortic arch, and they 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, depth and rhythm of breathing increase.


Role of proprioceptors and baroreceptors in the regulation of pulmonary ventilation





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



•  Baroreceptors: a decrease in blood pressure detected by baroreceptors in the aorta and carotid arteries results in an increase in breathing rate.
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Exam tip


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


Receptors → medulla oblongata → intercostal nerve – abdominals and internal intercostals
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Now test yourself





4  Explain the role of proprioceptors and baroreceptors in the regulation of pulmonary ventilation.





Answer online
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Hormonal regulation of pulmonary ventilation during exercise


Adrenaline is often referred to as the body’s activator and is released in response to exercise. As a result, breathing rate increases in preparation for exercise and the demand to take in more oxygen and remove more carbon dioxide.



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 swelling and narrowing of the lungs’ airways



•  damage to the cells lining the airways from cigarette smoke, leading to a build-up of excess mucus in the lungs; this 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).
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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 and residual volume.


[3]





Answers and quick quizzes online
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Summary


You should now be able to:





•  understand the following lung volumes: residual volume, expiratory reserve volume, inspiratory reserve volume, tidal volume and minute ventilation



•  understand the impact of physical activity and sport on these lung volumes



•  explain gaseous exchange of oxygen and carbon dioxide at the alveoli and muscles, through the principles of diffusion and partial pressures



•  understand the hormonal, chemical and neural regulation of pulmonary ventilation during physical activity



•  explain the role of chemoreceptors, proprioceptors and baroreceptors in the regulation of pulmonary ventilation during exercise



•  understand the effect of poor lifestyle choices such as smoking on the respiratory system.
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1.3 Neuromuscular system


When we exercise, the nervous system plays a crucial role 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 in proprioceptive neuromuscular facilitation (PNF).


Nervous system


The sympathetic and parasympathetic nervous 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 of the sympathetic system, relaxing the body and slowing down many high-energy functions. It is often explained by the phrase ‘rest and relax’.
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Exam tip


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.
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Types of muscle fibre


There are three main types of muscle fibre.





•  slow oxidative (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 (ATP) aerobically (using oxygen) and therefore have specific characteristics that allow them to use oxygen more effectively
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Exam tip


Slow twitch fibres contract slower and do not fatigue quickly, so they tend to be used by endurance runners who use the aerobic system to supply the majority of their energy.
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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). As mentioned above, there are two types of fast twitch fibre:





•  Type IIa fast oxidative glycolytic fibres 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 fibres these fatigue much quicker 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.
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Now test yourself





1  Identify two sporting activities where slow twitch fibres are important.





Answer online
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Characteristics of slow and fast twitch muscle fibres


All three fibre types have specific characteristics that allow them to perform their role successfully. These can be found in the table below.






	Characteristic

	Type I

	Type IIa

	Type IIx






	Contraction speed (m/sec)

	Slow (110)

	Fast (50)

	Fast (50)






	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







These characteristics can be divided into two groups: functional or structural. A functional characteristic is what the fibre does and a structural characteristic concerns the make-up of the fibre.






	Functional characteristics

	Structural characteristics






	




•  Contraction speed (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
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Typical mistake


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


Make a list of all the characteristics of each fibre type and then explain how they are suited to producing ATP aerobically and anaerobically.
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Now test yourself





2  A football goalkeeper will use type IIx fibres when he jumps explosively to make a save. Can you give two functional characteristics of this fibre type?





Answer online


[image: ]






Motor unit


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 the nerve impulse to the muscle fibre. Each motor neurone has branches which end in the neuromuscular junction on the muscle fibre.


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. Here, 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, all the muscle fibres in a motor unit will contract. However, if the sequence of impulses is less than the threshold, no muscle action will occur.


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 enough height to win the rebound. In order to increase the strength or force exerted by her quadriceps muscle to extend her knee as she jumps, 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. 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.
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Figure 1.3a a) Low-frequency stimuli; b) high-frequency stimuli leading to increased tension








•  Spatial summation. This 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 fibres within a muscle 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, delaying fatigue.
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Exam tip


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





3  Contraction of different types of muscle fibre involves 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 online
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Proprioceptive neuromuscular facilitation (PNF)


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


Role of muscle spindles and golgi tendon organs in PNF


In PNF, muscle action has to be controlled in order for movement to be effective. 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 proprioceptors.


Muscle spindles


Muscle spindles are very sensitive proprioceptors that lie between skeletal muscle fibres. They are often called stretch receptors as they provide information (excitory 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, reducing the risk of injury.


Golgi tendon organs


These are found between the muscle fibre and tendon. They detect levels of tension in a muscle. When the muscle is contracted isometrically in PNF, they sense the increase in muscle tension and send inhibitory signals to the brain, which allows the antagonist muscle to relax and lengthen. This is known as autogenic inhibition.
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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.


[image: ]








[image: ]

Figure 1.3b PNF in practice








a)  Here, the individual performs a passive stretch with the help of a partner and extends the leg until tension is felt. This stretch is detected by the muscle spindles. If the muscle is being stretched too far, then a stretch reflex should occur.



b)  The individual then isometrically contracts the muscle for at least ten seconds by pushing their leg against their partner who supplies just enough resistance to hold the leg in a stationary position. Remember, golgi tendon organs are sensitive to tension developed in a muscle, and during an isometric contraction they are activated and the inhibitory signals they send override the excitory signals from the muscle spindles, therefore delaying the stretch reflex.



c)  As the leg is passively stretched again, the golgi tendon organs are responsible for the antagonist muscle relaxing, which means the leg stretches further. This process can be repeated until no more gains are possible.
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Exam practice





1  The training that elite performers undertake may 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  Explain how the force of muscle contraction can be varied to ensure that skills are executed correctly.


[8]





Answers and quick quizzes online
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Summary


You should now be able to:





•  identify the characteristics and functions of the three muscle fibre types: slow twitch (type I), fast oxidative glycolytic (type IIa) and fast glycolytic (type IIx) for a variety of sporting activities



•  understand the role of the sympathetic and parasympathetic nervous systems



•  explain the recruitment of muscle fibres through motor units



•  understand the terms ‘spatial summation’, ‘wave summation’, ‘all or none law’ and ‘tetanic contraction’



•  explain the role of the two proprioceptors, muscle spindles and golgi tendon organs, in PNF.
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1.4 Musculoskeletal system and analysis of movement in physical activities


Joint types and articulating bones


The following table summarises joint type 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
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Exam tip


While you do not need to be able to label a skeleton, you do need to know the names of the bones that articulate at the ankle, knee, hip, shoulder and elbow.
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Planes and axes


Joint actions


Joint actions in the sagittal plane about a transverse axis


Flexion, extension/hyper-extension, plantar-flexion and dorsi-flexion occur in a sagittal plane about a transverse axis:
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Figure 1.4a Joint actions on a sagittal plane about a transverse axis at the a) hip, b) elbow, c) knee, d) ankle and e) shoulder






Joint actions in the frontal plane about a sagittal axis


Abduction and adduction occur in a frontal plane about a sagittal axis:
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Figure 1.4b Hip abduction





Joint actions in the transverse plane about a longitudinal axis


Horizontal adduction and horizontal abduction occur in the transverse plane about a longitudinal axis. This joint action occurs in the shoulder when the arm is held straight out in front at a 90-degree angle to the body and parallel to the ground and is either moved across the body (horizontal adduction) and or away from the body (horizontal abduction).
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Now test yourself





1  Can you identify the joint actions occurring in the shoulder, hip and ankle as the performer moves from A to B in the following picture?
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Answers online
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Agonists and antagonists





•  Agonist is the muscle responsible for the movement that is occurring.



•  Antagonist is the muscle that works in opposition to the agonist (to help produce a co-ordinated movement).





You need to learn the main agonists and antagonists for each of the joint actions:






	Joint action

	Agonist

	Antagonist






	Elbow flexion

	Biceps

	Triceps






	Elbow extension

	Triceps

	Biceps






	Ankle plantar-flexion

	Gastrocnemius

	Tibialis anterior






	Ankle dorsi-flexion

	Tibialis anterior

	Gastrocnemius






	Knee flexion

	Hamstrings

	Quadriceps






	Knee extension

	Quadriceps

	Hamstrings






	Hip flexion

	Iliopsoas or hip flexors

	Gluteals






	Hip extension/hyper-extension

	Gluteals

	Hip flexors






	Hip adduction

	Adductors (adductor brevis/longus/magnus)

	Tensor fascia latae and gluteus medius/minimus






	Hip abduction

	Tensor fascia latae and gluteus medius/minimus

	Adductors (adductor brevis/longus/magnus)






	Hip horizontal adduction

	Adductors

	Tensor fascia latae and gluteus medius/minimus






	Hip horizontal abduction

	Tensor fascia latae and gluteus medius/minimus

	Adductors






	Shoulder flexion

	Anterior deltoid

	Latissimus dorsi






	Shoulder extension/hyper-extension

	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









[image: ]


Revision activity


Write the names of all the agonists and antagonists on sticky notes and stick them on your body at the correct location.
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Types of muscular contraction


Isotonic contraction


Isotonic contraction is when a muscle contracts to create movement:





•  Concentric contraction is when a muscle shortens under tension.



•  Eccentric contraction is when a muscle lengthens under tension.
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Typical mistake


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


An eccentric contraction usually occurs in the downward phase of most movements when the muscle is acting as a brake, for example the triceps in the downward phase of a press-up.
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Isometric contraction


This is when a muscle can contract without actually lengthening or shortening, and the result is that no movement occurs, e.g. the crucifix position in gymnastics.
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Now test yourself





2  Complete the movement analysis table of the hip, knee and ankle action in the drive phase of running.
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	Joint

	Joint action

	Plane and axis

	Agonist

	Type of contraction






	Hip

	 

	 

	 

	 






	Knee

	 

	 

	 

	 






	Ankle

	 

	 

	 

	 







Answers online
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Exam practice





1  The figure below shows an overarm throw.
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Complete the table below to identify the joint actions, names of the main agonists and type of contraction taking place at the elbow and shoulder as the performer passes the ball.


[6]








	Joint

	Joint action

	Main agonist

	Type of contraction






	Elbow

	 

	 

	 






	Shoulder

	 

	 

	 








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





Complete the table 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]






[image: ]








	Joint

	Joint action

	Agonist

	Type of contraction






	Knee

	 

	 

	 






	Ankle

	 

	 

	 










Answers and quick quizzes online
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Summary


You should now be able to:





•  identify the type of joint and articulating bones for the ankle, knee, hip, shoulder and elbow



•  recognise the actions in these joints that occur in the sagittal plane/transverse axis as flexion, extension, hyper-extension, plantar-flexion and dorsi-flexion



•  recognise and identify that abduction and adduction occur in the frontal plane about a sagittal axis



•  recognise and identify that horizontal adduction and horizontal abduction occur in the transverse plane about a longitudinal axis



•  state the main agonists and antagonists for the actions occurring at the joints



•  explain the types of muscle contraction:
isotonic (concentric, eccentric) and isometric.
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1.5 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 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).

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, and in this instance ATP–ase is the enzyme used to break down ATP, leaving adenosine di-phosphate (ADP) and an inorganic phosphate (Pi).


[image: ]
Figure 1.5a ATP–ase 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 re-synthesise ATP from three different types of chemical reaction in the muscle cells; these reactions 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:



•  aerobic


•  ATP–PC


•  anaerobic glycolytic.



Aerobic system

When exercise intensity is low and oxygen supply is high, e.g. jogging, the aerobic system is the preferred energy pathway.

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

Stage 1: glycolysis

This first stage is anaerobic, so it takes place in the sarcoplasm of the muscle cell. Glycolysis is the breakdown of glucose into pyruvic acid (discussed in more detail under the anaerobic glycolytic system later). For every molecule of glucose undergoing glycolysis, a net of two molecules of ATP is formed.

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


Stage 2: 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, and the hydrogen is taken to the electron transport chain. The reactions that occur result in the production of two molecules of ATP.

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

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 and they are charged with potential energy. The hydrogen ions are oxidised to form water, while the hydrogen electrons provide the energy to re-synthesise ATP. Throughout this process 34 molecules of ATP are formed.
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Now test yourself



1  Summarise the stages of the Krebs cycle.



Answer online
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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.
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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 re-synthesise ATP. Its rapid availability is important for a single maximal movement, such as the long jump take-off or shot put.
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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.
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How it works to provide energy

The ATP–PC system is an anaerobic process and re-synthesises 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: ]

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

[image: ]
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Exam tip

The ATP–PC system is the predominant energy system for highintensity, short-duration activity lasting between 5 and 8 seconds. For high-intensity activity lasting less than 3 seconds, energy will be provided from just the breakdown of ATP.
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Now test yourself



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



Answer online
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Short-term lactate anaerobic system/ anaerobic glycolytic system

The short-term lactate anaerobic system, also called 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 (hence ‘short-term’). 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, reduce the intensity a little and 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 anaerobic glycolysis, energy is released to allow ATP re-synthesis. The net result is two molecules of ATP are produced for one molecule of glucose broken down. (There are actually four moles of ATP produced but two are used to provide energy for glycolysis itself).
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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.
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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.



	
Intensity

	Duration of performance
	Energy supplied by



	Very high
	Less than 10 seconds
	ATP–PC



	High to very high
	8–90 seconds
	ATP–PC and anaerobic glycolytic



	High
	90 seconds to 3 minutes
	Anaerobic glycolytic and aerobic



	Low to medium
	3+ minutes
	Aerobic
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Now test yourself



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




    •  short 10 m sprint into space to receive the ball

    •  making a quick break on attack over the length of the pitch

    •  jogging to keep in position.



Answers online
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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 lactic acid system takes over. This is shown in Figure 1.5b below at 10 seconds. The anaerobic glycolytic/aerobic threshold, shown at 3 minutes, is the point at which the lactic acid system is exhausted and the aerobic system takes over.


[image: ]

Typical mistake

Students often explain all three energy systems when they are unsure as to which one(s) are relevant. This is not answering the question and marks could be lost!

[image: ]
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Figure 1.5b The energy continuum related to exercise duration



Differences in ATP generation between fast and slow twitch muscle fibres

Slow twitch fibres are used for low to medium intensity activity. They therefore use aerobic respiration as their main method of receiving fuel. Fast twitch fibres on the other hand are recruited for high-intensity activities such as sprinting, so anaerobic respiration is their main energy pathway.


[image: ]

Exam tip

Slow twitch fibres are aerobic and fast twitch are anaerobic.
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The table below summarises the differences in ATP generation between fast and slow twitch fibres.



	Slow twitch (type I)
	Fast twitch (type II)



	


•  The main pathway for ATP production is in the aerobic system.


•  It produces the maximum amount of ATP available from each glucose molecule (up to 36 molecules of 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 lactate anaerobic energy system (during glycolysis).


•  ATP production in the absence of oxygen is not efficient – only two ATP molecules produced per glucose molecule.


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








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 (submaximal and maximal oxygen deficit)

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

When we start to exercise, insufficient oxygen is distributed to the tissues for all the energy to be provided aerobically, as 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.

Maximal oxygen deficit is usually referred to as maximal accumulated oxygen deficit or MAOD. It gives an indication for anaerobic capacity.

The diagrams below show the difference between submaximal and maximal oxygen deficit.


[image: ]
Figure 1.5c The difference between submaximal and maximal oxygen deficit



Oxygen consumption during recovery (excess post-exercise oxygen consumption, EPOC)

Recovery involves returning the body to its pre-exercise state. When a performer finishes exercise, oxygen consumption still remains quite high in comparison with oxygen consumption 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).

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

Fast replenishment stage

The fast replenishment stage (also known as the alactacid component) uses the extra oxygen that is taken in during recovery to restore ATP and phosphocreatine and to re-saturate 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. It stores oxygen in the sarcoplasm that has diffused from the haemoglobin in the blood. 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.


[image: ]

Typical mistake

Students often forget that the re-saturation of myoglobin is part of the fast replenishment stage.
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