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Introduction


This OCR-endorsed textbook is designed specifically to cover the entire specification content for the OCR A Level Physical Education qualification (H555), although the first section can also be used to cover the specification content for the OCR AS Physical Education qualification (H155). Each part in the book covers a different main topic area of the OCR specification and each chapter explores in more detail the specification content, along with material that will fully develop each candidate’s understanding of each topic area.


The demands of each examination question paper are recognised by the book, including in-depth treatment of each aspect of the specification, enabling candidates to write with the required depth of analysis, including being able to respond effectively to the examinations’ extended questions. The book includes extension material to stretch and challenge candidates and to give context to the theoretical principles covered.


Specification coverage


Section 1





•  Part 1 covers the complete AS specification for Applied anatomy and physiology. It covers Skeletal and muscular systems and Cardiovascular and respiratory systems from the A Level specification. Energy for exercise and Environmental effects on body systems are covered in Part 7.




•  Part 2 covers the complete AS specification for Exercise physiology. It covers Diet and nutrition and their effect on physical activity and performance and Preparation and training methods in relation to improving and maintaining physical activity and performance from the A Level specification. Injury prevention and the rehabilitation of injury is covered in Part 8.




•  Part 3 of this book covers the complete AS specification for Biomechanics. It covers Biomechanical principles, levers and the use of technology from the A Level specification. Linear motion, angular motion, fluid mechanics and projectile motion is covered in Part 9.




•  Part 4 of this book covers the complete AS specification for Skill acquisition. It covers all the topics for A Level except Memory models, which is covered in Part 10.



•  Part 5 of this book covers the complete AS specification for Sports psychology. It covers Individual differences, Group and team dynamics in sport, and Goal setting in sports performance from the A Level specification.


Attribution in sport, Confidence and self-efficacy in sports performance, Leadership in sport, and Stress management to optimise performance are covered in Part 11.



•  Part 6 of this book covers the complete specification for Sport and society for both AS and A Level.





Section 2





•  Part 7 of this book covers the year two topics for Applied anatomy and physiology. It covers Energy for exercise and Environmental effects on body systems.



•  Part 8 of this book covers the year two topics for Exercise physiology. It covers Injury prevention and the rehabilitation of injury.



•  Part 9 of this book covers the year two topics for Biomechanics. It covers Linear motion, Angular motion, and Fluid mechanics and projectile motion.



•  Part 10 of this book covers the year two content for Skill acquisition. It covers Memory models.



•  Part 11 of this book covers the year two content for Sports psychology. It covers Attribution in sport, Confidence and self-efficacy in sports performance, Leadership in sport, and Stress management to optimise performance.



•  Part 12 of this book covers the complete specification for Contemporary issues in physical activity and sport for A Level.






Summary of specification coverage






	A Level specification

	Covered in Section 1 For AS and full A Level coverage

	Covered in Section 2 For full A Level coverage

	A Level exam paper






	Applied anatomy and physiology

	




✓  Skeletal and muscular systems



✓  Cardiovascular and respiratory systems







	




✓  Energy for exercise



✓  Environmental effects on body systems







	1






	Exercise physiology

	




✓  Diet and nutrition and their effect on physical activity and performance



✓  Preparation and training methods in relation to improving and maintaining physical activity and performance







	




✓  Injury prevention and the rehabilitation of injury







	1






	Biomechanics

	




✓  Biomechanical principles, levers and the use of technology







	




✓  Linear motion, angular motion, fluid mechanics and projectile motion







	1






	Skill acquisition

	




✓  Classification of skills



✓  Types and methods of practice



✓  Transfer of skills



✓  Principles and theories of learning movement skills



✓  Stages of learning



✓  Guidance



✓  Feedback







	




✓  Memory models







	2






	Sports psychology

	




✓  Individual differences



✓  Group and team dynamics in sport



✓  Goal setting in sports performance







	




✓  Attribution



✓  Confidence and self-efficacy in sports



✓  Leadership in sport



✓  Stress management to optimise performance







	2






	Sport and society

	




✓  Emergence and evolution of modern sport



✓  Global sporting events







	All topics covered in Section 1


	3






	Contemporary issues in physical activity and sport

	All topics covered in Section 2


	




✓  Ethics and deviance in sport



✓  Commercialisation and media



✓  Routes to sporting excellence in the UK



✓  Modern technology in sport – its impact on elite-level sport, participation, fair outcomes and entertainment







	3








How to use this book
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Understanding the specification


Outline of the main ways the content is related to the specification.
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IN THE NEWS


References to contemporary real-life events designed to demonstrate the importance of PE to the world around us.
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Key terms


Short definitions of key vocabulary.
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Extend your knowledge


Extension material for each chapter that might go slightly beyond the specification but gives extra information for possible use in extended answers.
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RESEARCH IN FOCUS


Extracts offering an insight into interesting and relevant contemporary research.
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Evaluation


Key tips and information for evaluation of key areas.
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Activities


Short tasks and activities to help reinforce learning.
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Study hints


Handy tips for studying PE.
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Summary


Summary of key points of each chapter.
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Check your understanding


Short, knowledge-based questions to help you check you have understood different topics.
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Practice questions


Questions designed to offer study practice.
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The authors


The authors have been experienced A Level Physical Education teachers themselves, are passionate about their subject and are well qualified in their subject expertise to ensure that this textbook is as relevant and supportive as it can be for this A Level Physical Education qualification. It is written in a style to both engage and inform every candidate whatever their academic ability. The authors hope that the comprehensive coverage of the specification, along with a readable style that applies theory to practice throughout the book, will furnish each OCR A Level Physical Education candidate with all the material necessary to be able to answer AS and A Level examination questions.
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Section 1





Part 1 Applied anatomy and physiology



1.1 Skeletal and muscular systems


1.2 Cardiovascular and respiratory systems
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1.1 Skeletal and muscular systems
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Understanding the specification


By the end of this chapter, you should be able to demonstrate knowledge and understanding of the key roles the skeletal and muscular systems play in the performance of physical activities and sport. You should have knowledge and understanding of the structure and functions of the bones, joints, muscles and connective tissues within the skeletal system, including:





•  joints, muscles and movement patterns of the:







    •  shoulder, elbow, wrist, hip, knee and ankle








•  planes of movement



•  roles of muscles



•  types of muscular contraction



•  movement analysis, including:







    •  joint type, movement produced, agonist and antagonist muscles involved, types of muscular contraction taking place and the interpretation of data and graphs








•  structure, function and nervous stimulation of a motor unit for muscular contraction



•  types of muscle fibre and their recruitment during exercise and recovery:







    •  slow oxidative, fast oxidative glycolytic and fast glycolytic.
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The skeletal system


The skeleton


The skeleton is a shaping framework for the body which gives protection for internal organs, is the site for blood cell production and is a mineral store. Crucially for human movement the skeleton provides attachments for the muscular system and acts as the levers and pivot points required to create movement.


There are several types of bone that make up the skeleton.





•  Flat bones such as the sternum, ribs, cranium and pelvis protect internal organs but also act as suitable sites for muscular attachment.



•  Long bones such as the femur, humerus, radius, tibia and phalanges act as levers for movement and act as sites for blood cell production.





There are also irregular bones such as the vertebrae, which protect the spinal cord, short bones such as the carpals and tarsals, which bear weight well, and sesamoid bones such as the patella, which ease joint movement and resist compression.
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Figure 1.1.1 The bones of the axial and appendicular skeleton
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Study hint


You may not be asked to directly label a picture of a skeleton; however, you will need to know the bones that articulate in key joints for human movement.
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Joint type
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Key terms


Joint: an area of the body where two or more bones articulate to create human movement.


Ligament: a tough band of fibrous, slightly elastic connective tissue that attaches bone to bone.


Articular cartilage: smooth tissue which covers the surface of articulating bones to absorb shock and allow friction-free movement.
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Synovial joints are crucial in sport and exercise as they allow free movement. They have common features but are designed differently to allow a range of motion on one or more planes of movement.






	Table 1.1.1 Structure and function of a synovial joint






	Common features of a synovial joint

	Structure

	Function






	Ligament

	A tough band of slightly elastic connective tissue

	Connects bone to bone and stabilises joints during movement






	Synovial fluid

	Lubricating liquid contained within the joint cavity

	Reduces friction and nourishes articular cartilage






	Articular cartilage

	Smooth tissue which covers the surface of articulating bones

	Absorbs shock and allows friction-free movement






	Joint capsule

	A fibrous sac with an inner synovial membrane

	Encloses and strengthens the joint secreting synovial fluid






	Bursa

	A closed, fluid-filled sac found where tendons rub over bones

	Reduces friction between tendons and bones
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Figure 1.1.2 Synovial joint at the hip
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Extend your knowledge


Taking part in your sport will use a range of synovial joints. They all have common features, such as synovial fluid and articular cartilage. Consider the specific role each feature plays for lifelong participation in your sport. Summarise your thoughts with an additional column in Table 1.1.1. For example, the knee joint has cruciate ligaments which connect the femur to the tibia and limit movement to prevent injury when resisting tackles in football.
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The joint type and size and shape of articulating bones will allow a specific range of motion at a joint: from the large range of motion possible at the ball and socket joint of the shoulder to the limited range of motion at the hinge joint of the ankle.


Planes of movement
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Key terms


Plane of movement: the description of three-dimensional movements at a joint.


Movement patterns: a description of the actions taking place at a joint – for example, flexion and extension of the elbow joint.
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The size and shape of the articulating bones and the joint type depict the range of motion possible at a joint. If a person stands in the anatomical position (feet shoulder-width apart and arms by their sides with palms forwards) we describe their movement in three dimensions, based on three planes:





1  The sagittal plane lies vertically. It divides the body into left and right parts from the medial (midline) to the lateral (outside).



2  The frontal plane lies vertically. It divides the body into anterior (front) and posterior (back) parts.



3  The transverse plane lies horizontally. It divides the body into superior (upper) and inferior (lower) parts.





To be able to analyse movement, improve technique, train or rehabilitate after injury, it is important we can describe the movement patterns along these three planes.
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Figure 1.1.3 Types of synovial joint
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Figure 1.1.4 The anatomical position showing the three planes of movement






Sagittal plane


Flexion and extension are types of movement which change the angle between articulating bones at a joint.





•  Flexion decreases the joint angle, usually to the front (anterior) of the body.



•  Extension increases the joint angle, usually to the back (posterior) of the body.





For example, when performing a bicep curl, in the upward phase the radius and ulna get closer to the humerus as flexion occurs, decreasing the angle at the elbow joint. In the downward phase, the radius and ulna get further from the humerus as extension occurs, increasing the angle at the elbow joint.


Flexion and extension can occur at the wrist when performing wrist curls, at the elbow when performing bicep curls, at the shoulder when performing basketball jump shots, at the hip when performing high kicks and at the knee when performing leg curls, for example.
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Key terms


Flexion: movement which decreases the joint angle, usually to the front of the body.


Extension: movement which increases the joint angle, usually to the back of the body.


Dorsi-flexion: movement at the ankle joint as the toes move up.


Plantar flexion: movement at the ankle joint as the toes move down.
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Dorsi-flexion and plantar flexion are unique to the ankle joint.





•  Dorsi-flexion decreases the joint angle bringing the toes closer to the tibia (toes up) – for example, when preparing to perform a jump shot in basketball.



•  Plantar flexion increases the joint angle moving the toes further away from the tibia (toes down) – for example, when taking off in the high jump.
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Figure 1.1.5 Movement patterns on the sagittal plane: flexion and extension at the wrist, elbow, shoulder, hip and knee joints, and dorsi-flexion and plantar flexion at the ankle joint






Frontal plane


Abduction and adduction move an articulating bone at a joint away from or closer to the midline of the body.





•  Abduction of a joint moves the articulating bone away from the midline of the body.



•  Adduction of a joint moves the articulating bone closer to the midline of the body.
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Figure 1.1.6 Lateral raises to strengthen the shoulder joint
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Key terms


Abduction: movement of the limbs away from the midline of the body.


Adduction: movement of the limbs towards the midline of the body.
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For example, when performing lateral raises, in the upward phase the humerus moves further from the midline as abduction occurs at the shoulder joint. In the downward phase, the humerus moves closer to the midline as adduction occurs at the shoulder joint.


Abduction and adduction mainly occur at the shoulder and hip joints when performing star jumps, for example. It can also occur at other joints, such as the wrist.
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Figure 1.1.7 Movement patterns on the frontal plane: abduction and adduction at the shoulder and hip joints





Transverse plane


Horizontal extension and horizontal flexion occur when a limb is parallel to the ground and the articulating bone at a joint moves further from or closer to the midline of the body.





•  Horizontal extension of a joint moves the articulating bone away from the midline of the body.



•  Horizontal flexion of a joint moves the articulating bone closer to the midline of the body.





For example, when performing the discus, in the backwards swing the humerus moves further from the midline parallel to the floor as horizontal extension occurs at the shoulder joint. In the forwards swing, the humerus moves closer to the midline parallel to the floor as horizontal flexion occurs at the shoulder joint.


Horizontal extension and flexion occur at the shoulder when throwing a discus and at the hip when performing ‘open the gate, close the gate’ warm-up exercises, for example.


Rotation also occurs at the shoulder and hip joints when an articulating bone turns about its longitudinal axis, often referred to as a screwdriver action. Rotation towards the body is medial and rotation away from the body is lateral.


For example, when performing a tennis forehand groundstroke with topspin, the humerus rotates at the shoulder joint laterally in the preparation phase and medially in the execution phase to sweep the racquet over the top of the ball.
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Figure 1.1.8 Horizontal extension of the shoulder joint in the backswing of a discus
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Figure 1.1.9 Movement patterns on the transverse plane: horizontal extension and horizontal flexion
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Key terms


Horizontal extension: movement of the limbs away from the midline of the body parallel to the ground.


Horizontal flexion: movement of the limbs towards the midline of the body parallel to the ground.


Rotation: movement whereby articulating bones turn about their longitudinal axis in a screwdriver action.
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Activity


Most pieces of gym equipment concentrate on one plane of movement. Identify exercise stations that work on each plane of movement. For example, squat press and close arm pull-ups use flexion and extension of the knee, hip, elbow and shoulder on the sagittal plane. Create a circuit training session which uses all planes of movement.
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	Table 1.1.2 Overview of joint type and movement patterns possible






	Joint type

	Description

	Plane of movement

	Movement pattern






	Ball and socket

	Shoulder and hip

	Sagittal plane

	Flexion and extension






	Frontal plane

	Abduction and adduction






	Transverse plane

	Horizontal flexion, horizontal extension, medial and lateral rotation






	Hinge

	Elbow, knee and ankle

	Sagittal plane

	Flexion, extension, dorsi-flexion and plantar flexion






	Condyloid

	Wrist

	Sagittal plane

	Flexion and extension






	Frontal plane

	Abduction and adduction
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Activity


Draw a table with four columns titled joint, articulating bones, joint type and movement patterns. Detail this information for the ankle, knee, hip, shoulder, elbow and wrist joints.


For example:






	Joint

	Articulating bones

	Joint type

	Movement patterns






	Ankle

	Tibia, fibula, talus

	Hinge

	Dorsi-flexion and plantar flexion







[image: ]







[image: ]


Extend your knowledge


The knee joint in focus


The knee joint is one of the strongest in the body, which allows movement but also carries great weight. For this reason, it is designed to be very stable.
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Figure 1.1.10 Bones and ligaments of the knee joint








•  The synovial hinge joint allows flexion and extension of the lower leg. The range of motion is limited to approximately 120° of flexion by the size and shape of the bones locking together.



•  The synovial joint capsule provides strength and lubrication. Articulating surfaces of the femur and tibia are covered in articular cartilage to allow friction-free movement. Between the surfaces is a figure-of-eight shaped layer of fibrocartilage known as meniscus, which acts as a shock absorber.



•  Many strong ligaments reinforce its structure and limit movement in a certain direction. Medial and lateral ligaments limit sideways movement and cruciate ligaments maintain alignment of the knee. Anterior and posterior cruciate ligaments limit forward and backward movement; the anterior cruciate ligament crucially preventing hyperextension of the knee joint.



•  Bursae surrounding the knee reduce friction between the tendons and patella across the surface of the joint, and pads of fat help cushion the knee and absorb the shock from external stress.
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The muscular system


The primary function of our muscular system is to create movement. Muscles can exert tremendous power while constantly making small adjustments for balance, whether our body is in rest or in motion. Every sporting action performed requires the co-ordination of skeletal muscles to contract, creating a pull force bringing two body parts closer together.
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Key term


Tendon: a fibrous connective tissue that attaches a muscle to bone.
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Each muscle is composed of many fibres encased in connective tissue forming tendons at either end. Tendons attach muscles to bone and transmit the pull force created by the muscle to move the bones they are attached to. The points of attachment for each muscle are termed ‘origin’ and ‘insertion’:





•  Origin: the point of muscular attachment to a stationary bone which stays relatively fixed during muscular contraction. For example, the biceps brachii’s origin is on the scapula during an arm curl.



•  Insertion: the point of muscular attachment to a moveable bone which gets closer to the origin during muscular contraction. For example, the biceps brachii’s insertion is on the radius during an arm curl.








[image: ]

Figure 1.1.11 Major skeletal muscles
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Figure 1.1.12 The elbow joint where the biceps and triceps brachii work together to lift and lower the forearm in a biceps curl
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Activity


Working in pairs, use sticky labels to locate the major muscles on each other’s body. Extend this activity by collecting pictures of bodybuilders and labelling as many muscles as you can.
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Antagonistic muscle action
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Key terms


Agonist: a muscle responsible for creating movement at a joint. Also known as the prime mover.


Antagonist: a muscle that opposes the agonist providing a resistance for co-ordinated movement.


Fixator: a muscle that stabilises one part of a body while another moves.


Antagonistic muscle action: paired muscle action. As the agonist muscle shortens to create movement, the antagonist lengthens to co-ordinate the action.
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Muscles never work alone. They work in pairs or groups to produce co-ordinated movement. Each muscle takes on a different role which, depending on the type of movement produced, can change. There are three main roles a muscle can adopt:





1  Agonist: a muscle responsible for creating movement at a joint. Also known as the prime mover.



2  Antagonist: a muscle that opposes the agonist providing a resistance for co-ordinated movement.



3  Fixator: a muscle that stabilises one part of a body while another causes movement.





When kicking a football, the quadriceps group (e.g. rectus femoris) is the agonist responsible for creating extension of the knee by pulling the lower leg into a straight position. The movement is co-ordinated by the hamstring group (e.g. biceps femoris), which acts as the antagonist. The gluteus maximus stabilises this action as the fixator.






	Table 1.1.3 The common antagonistic muscle pairings for flexion






	Movement

	Agonist

	Antagonist






	Flexion (wrist)

	Wrist flexors

	Wrist extensors






	Flexion (elbow)

	Biceps brachii

	Triceps brachii






	Flexion (shoulder)

	Anterior deltoid

	Posterior deltoid






	Flexion (hip)

	Ilipsoas

	Gluteus maximus






	Flexion (knee)

	Biceps femoris (hamstring group)

	Rectus femoris (quadriceps group)






	Dorsi-flexion (ankle)

	Tibialis anterior

	Gastrocnemius and soleus







One muscle acts as the agonist for flexion and its pair co-ordinates the action as the antagonist. If the opposing movement, extension, was considered, the muscle pairings would swap roles. For example, when kicking a football, in the preparation phase the biceps femoris creates flexion of the knee joint as the agonist and the rectus femoris co-ordinates the action as the antagonist. In the execution phase, the rectus femoris is the agonist for knee extension and the biceps femoris is the antagonist. This is known as antagonistic muscle action.


Muscle contraction


A muscle uses energy to create force. It is this force that can create human movement and even be passed onto an object such as a ball. Muscles create this force by contracting. Just as a muscle has three potential roles to perform, it can also contract in three different ways.


Isotonic muscle contraction is when a muscle changes length during its contraction. This can occur in two ways:





•  Concentric muscle contraction is when a muscle shortens producing tension. This produces the force to pull two bones closer together, causing joint movement: for example, in the upwards phase of a biceps curl, the biceps brachii concentrically contracts to lift the weight to the shoulder.



•  Eccentric muscle contraction is when a muscle lengthens producing tension. This resists forces, such as gravity, to control joint movement: for example, in the downward phase of a biceps curl, the biceps brachii eccentrically contracts to lower the weight under control.
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Key terms


Isotonic contraction: muscular contraction which changes length during its contraction. This can occur in two ways: concentric and eccentric contraction.


Concentric contraction: muscular contraction which shortens while producing tension.


Eccentric contraction: muscular contraction which lengthens while producing tension.


Isometric contraction: muscular contraction which stays the same length while producing tension.
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Isometric muscle contraction is when a muscle contracts but does not change length: for example, the biceps brachii holding a free weight in the hand still. The muscle will create tension as it pulls on the tendon attachments; however, no movement is created. Posture is maintained by muscles isometrically contracting.
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Figure 1.1.13 Types of muscular contraction







[image: ]


Extend your knowledge


Plyometrics is a strength training method used by explosive performers, such as throwers, jumpers and sprinters. The muscle is pre-stretched with an eccentric contraction before performing a power-producing concentric contraction. The benefits include increased muscle elasticity, which increases speed and power. However, it is associated with muscle damage and the delayed onset muscle soreness (DOMS) experienced 24–72 hours post training.


[image: ]







[image: ]


Key term


Delayed onset muscle soreness: pain and stiffness felt in the muscle which peaks 24–72 hours after exercise, associated with eccentric muscle contractions.
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Movement analysis
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Key term


Movement analysis: analysis of the type and cause of bodily movement, including knowledge of the joint type, articulating bones, movement pattern, agonist and antagonist muscle action and contraction type.
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You will need to be able to put all the knowledge gained so far together to analyse different movements in sport and exercise situations. This is known as a movement analysis. You will need to be able to consider an illustration, picture or described situation and for an individual joint identify the:





•  joint type



•  articulating bones



•  movement pattern



•  agonist muscle



•  antagonist muscle



•  contraction types.





Consider the pictures below. Can you apply your knowledge to perform a movement analysis on the joints identified? For example, for the netball GS, a movement analysis of the ankle joint would show:





•  a hinge joint where the tibia, fibula and talus bones articulate



•  plantar flexion created by the agonist, the gastrocnemius and soleus, which concentrically contract



•  co-ordination by the antagonist, the tibialis anterior, which resists and controls the movement.
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1  A netball GS takes a shot. Analyse the ankle, knee, shoulder and elbow joints.



2  A rugby player kicks for goal. Analyse the ankle, hip and knee joints.



3  A javelin thrower prepares for release. Analyse the wrist and shoulder joints.






Ankle
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Figure 1.1.14 The ankle joint in detail
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Activity


Fill in the blanks of the following paragraph:


When performing calf raises, an athlete uses the ankle joint. This is a __________ joint. The articulating bones are the __________, __________ and __________. In the upward phase, the movement is __________-__________. The agonist for this action is the __________ and __________. These muscles shorten in length to create the movement. This is known as a __________ contraction.
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Study hint


Remember the agonist muscle swaps role to the antagonist for the opposing movement. For example, the agonist for dorsi-flexion is the tibialis anterior, which acts as the antagonist for plantar flexion. The gastrocnemius and soleus is the agonist for plantar flexion but swaps to the antagonist for dorsi-flexion.






	 

	Agonist

	Antagonist






	Dorsi-flexion

	Tibialis anterior

	Gastrocnemius and soleus






	Plantar flexion

	Gastrocnemius and soleus

	Tibialis anterior
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Knee
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Figure 1.1.15 The knee joint in detail
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Study hint


The quadriceps and hamstring muscle groups are not enough to secure marks in an exam. Learn all of the muscles in each group, although a specific example of one muscle in each group may be enough to gain marks, such as the rectus femoris (quadriceps group) and biceps femoris (hamstring group).
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Hip
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Figure 1.1.16 The hip joint in detail






Shoulder
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Figure 1.1.17 The shoulder joint in detail
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Study hint


Circumduction can also occur at the shoulder joint – a movement characterised by shoulder circles and arm swings. This is a combination of flexion, extension, abduction, adduction and rotation.
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Elbow
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Figure 1.1.18 The elbow joint in detail






Wrist
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Figure 1.1.19 The wrist joint in detail
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Activity


Consider the demands of your chosen sport. Choose a joint and perform a movement analysis, applying theory to practice. Create your own table or write a paragraph to show your knowledge.
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Evaluation


There is usually a trade-off when considering joint stability and joint mobility. The more mobile a joint the more stability is compromised and injury becomes a real risk. Exercise is important for joint stability. The type of activity, however, is very important:





•  Regular aerobic and resistance-based activities strengthen ligaments, tendons and muscles. Elasticity is maintained and articular cartilage is nourished and thickened, protecting the joint from wear and tear.



•  Contact and high-impact sports such as rugby can lead to sprains, strains, ligament damage and even dislocation. Ligaments are elastic but can become plastic – if they are over-stretched, they will not return to their original length. If a rugby player suffers a shoulder dislocation from a bad tackle, it may spell the end of their playing career because their shoulder may become prone to further dislocations.
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Extend your knowledge


The shoulder joint in focus


The shoulder is one of the most unstable joints found in the body and could be likened to a golf ball sitting on a tee – a synovial ball and socket joint with the head of the humerus sitting in the very shallow glenoid cavity of the scapula. The joint in most positions is held in place by muscle action rather than ligament attachment. A huge range of motion in all three planes is possible, so joint stability needs to be maximised by additional structures:





•  A ring of cartilage called the labrum surrounds the cavity of the scapula to deepen the socket while maintaining flexibility.



•  Four muscles known as the ‘rotator cuff’ stabilise the shoulder joint. The supraspinatus, infraspinatus, teres minor and subscapularis work to hold the head of the humerus in contact with the glenoid cavity of the shoulder and also create shoulder rotation. The rotator cuff muscles are relatively small for the demands placed upon them by athletes, especially throwers. They can be torn due to sudden impact or inflamed due to overuse. It is important that an athlete strengthens these muscles while maintaining their flexibility.
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Extend your knowledge


The core in focus


Core stability is essential for mechanical efficiency, injury prevention and rehabilitation from injury. Often referred to as the ‘powerhouse muscles’, they provide a solid base for all other muscles to work upon to create movement. Research has shown two core muscles in particular contract prior to any movement of the limbs to stabilise the lumbar spine.





•  The transverse abdominis connects the lumbar vertebrae and wraps around the trunk like a corset to meet at the front of the abdomen, providing exceptional stability to the spine.



•  The multifidus lays either side of the spine and connects to each lumbar vertebra. It contracts to extend the spine and is essential for good posture.





Developing core strength can improve balance, posture and alignment and increase twisting strength, essential to athletes such as discus throwers. Strength training, especially Swiss ball training, will improve muscle tone (constant, partial state of contraction of a muscle). The greater the core muscle tone the greater the core stability and posture, which in turn minimises the risk of injury and lower back pain. Aerobic training will also manage body weight to reduce the strain placed on the muscles and joints, maintaining correct body alignment.
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Figure 1.1.20 a) Rotator cuff muscles, and b) transverse abdominis and multifidus





The motor unit and skeletal muscle contraction


A skeletal muscle (muscles attached to the skeleton) can only contract when stimulated by an electrical impulse sent from the central nervous system. Motor neurons are specialised cells which transmit nerve impulses rapidly to a group of muscle fibres. They have a cell body in the brain or spinal cord with an extending axon which branches to connect motor end plates to a group of muscle fibres. The motor neuron and its muscle fibres are termed the motor unit.
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Key terms


Motor neuron: a nerve cell which conducts a nerve impulse to a group of muscle fibres.


Motor unit: a motor neuron and the muscle fibres stimulated by its axon.
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The motor unit functions to carry nerve impulses from the brain and spinal cord to the muscle fibres, initiating muscular contraction.
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Figure 1.1.21 The motor unit is made up of the motor neuron and the muscle fibres it stimulates
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Extend your knowledge


There is an electrical difference between the inside of the axon (negative) and its outside surroundings (positive) termed resting potential. When the nerve is activated, there is a sudden change in voltage as sodium ions (Na+) diffuse into the axon. This triggers a wave of action potential that travels from the cell body down the axon to the synapse.
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Sending the nerve impulse to the muscle fibres is an electrochemical process which relies on a nerve action potential to conduct the nerve impulse as a wave of electrical charge down the axon to the motor end plates.
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Key term


Action potential: positive electrical charge inside the nerve and muscle cells which conducts the nerve impulse down the neuron and into the muscle fibre.
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Figure 1.1.22 The neuromuscular junction





The point where the axon’s motor end plates meet the muscle fibre is called the neuromuscular junction. There is a small gap between the motor end plates and muscle fibre called the synaptic cleft. An action potential cannot cross the synaptic cleft without a neurotransmitter called acetylcholine (Ach). The neurotransmitter is secreted into the synaptic cleft to help the nerve impulse cross the gap. If enough of the neurotransmitter is secreted and the electrical charge is above a threshold, a muscle action potential is created. This action potential creates a wave of contraction down the muscle fibre (muscular contraction).
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Key terms


Neurotransmitter: a chemical (acetylcholine) produced and secreted by a neuron which transmits the nerve impulse across the synaptic cleft to the muscle fibre.


All-or-none law: depending on whether the stimulus is above a threshold, all muscle fibres will give a complete contraction or no contraction at all.
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When a motor unit receives a stimulus and creates an action potential that reaches a threshold charge, all the muscle fibres within the motor unit will contract at the same time and with maximum force. If the action potential does not reach the threshold charge, none of the muscle fibres will contract. This is known as the all-or-none law.
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Figure 1.1.23 Flow diagram summarising the role of a motor unit
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Activity


Fill in the blanks of the following paragraph:


A motor unit is made up of the motor __________ and the muscle fibres it stimulates. A nerve impulse is conducted down the axon to the synaptic cleft by an __________ __________. A __________ called acetylcholine assists the nerve impulse across the gap into the muscle fibre. If the electrical charge reaches a threshold value, the muscle fibre will contract in an __________ __________ __________ fashion.
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Muscle fibre type and exercise intensity


When we consider a whole muscle, the strength of contraction is dependent on the number of motor units recruited by the brain. The greater the number of motor units recruited the greater the force of contraction. However, the motor neurons stimulate one of three types of muscle fibres with differing structures and functions.


Any one muscle contains three types of fibre. Depending on genetics, the percentage of each fibre held will naturally suit an athlete to a specific type of event. The three types of muscle fibre are:





1  Slow oxidative (SO or type 1)



2  Fast oxidative glycolytic (FOG or type 2a)



3  Fast glycolytic (FG or type 2b)





Slow oxidative muscle fibres are structurally designed to store oxygen in myoglobin and process oxygen in the mitochondria, which allow them to work aerobically. They produce a small amount of force but resist fatigue for a long period of time. The gastrocnemius of a long-distance runner may have around 70 per cent of slow oxidative fibres, optimising performance in low-intensity, long-duration events.
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Figure 1.1.24 A marathon runner such as Paula Radcliffe has a very high percentage of slow oxidative muscle fibres, maximising performance at low intensity over a long duration
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Key terms


Slow oxidative muscle fibres: a type of muscle fibre rich in mitochondria, myoglobin and capillaries which produces a small amount of force over a long period of time.


Fast glycolytic muscle fibres: a type of muscle fibre rich in phosphocreatine which produces a maximal force over a short period of time.


Phosphocreatine (PC): a high-energy compound stored in the muscle cell used as a fuel for very high-intensity energy production (ATP-PC system).


Mitochondria: a structure in the sarcoplasm responsible for aerobic energy production.


Myoglobin: a protein in the muscle responsible for transporting oxygen to the mitochondria.


Aerobic work: low-intensity, long-duration exercise in the presence of oxygen.


Anaerobic work: high-intensity, short-duration exercise in the absence of oxygen.
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Fast oxidative glycolytic muscle fibres are structurally designed to produce a large amount of force quickly; however, they also have a capacity to resist fatigue. High-intensity activities lasting several minutes, such as the 800 m, will see athletes with a high percentage of fast oxidative glycolytic fibres.


Fast glycolytic muscle fibres are structurally designed to work anaerobically, with large stores of phosphocreatine for rapid energy production and the largest amount of force. However, they fatigue quickly so are dominant in very high intensity activities that last a short duration. The gastrocnemius of a sprinter may have around 70 per cent of fast glycolytic fibres.






	
Table 1.1.4 The structural and functional characteristics of the three muscle fibre types






	Fibre type

	Slow oxidative

	Fast oxidative glycolytic

	Fast glycolytic






	Structural characteristics







	
Neuron size

Fibres per neuron


Capillary density


Mitochondria density


Myoglobin content


Phosphocreatine store




	Small

Few


High


High


High


Low




	Large

Many


High


Moderate


Moderate


High




	Large

Many


Low


Low


Low


High









	Functional characteristics







	
Speed of contraction

Force of contraction


Fatigue resistance


Aerobic capacity


Anaerobic capacity




	Slow

Low


High


High


Low




	Fast

High


Moderate


Moderate


Moderate




	Fast

High


Low


Low


High









	Sporting application







	Highest percentage of fibres

	
Endurance athletes:

Marathon


Triathlon


Cross-country skiing




	
High-intensity athletes:

800–1500 m


200 m freestyle




	
Explosive athletes:

60–100 m sprinting


Javelin


Long jump
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Figure 1.1.25 The relationship between muscle fibre type, force production and time
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Study hint


Make sure you can recognise the difference between structural (what they are made of) and functional (how they work) characteristics.
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Activity


Analyse the data presented in Figure 1.1.25. Make a note of the grams of force produced by each fibre type, how long each fibre can maintain maximum force and when each fibre type severely starts to fatigue.
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Combining motor units and muscle fibre type indicates how the nervous system can produce movement for different activity requirements.





•  Small motor neurons stimulate relatively few small muscle fibres. This creates a motor unit which produces a small and slow amount of force over a long period of time, resisting fatigue well. These are particularly important for activities that require sustained muscular contraction, such as the maintenance of posture.



•  Large motor neurons stimulate many large muscle fibres. This creates a motor unit which produces a large amount of force rapidly, but fatigues quickly. These are particularly important for brief exertions of large force, such as jumping or throwing.
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Activity


Create a continuum of muscle fibre type from slow oxidative to fast glycolytic. Cut out as many pictures of sports as you can and place them on the continuum, describing the functional demands of the sport, such as intensity and duration.
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IN THE NEWS


Running coach and exercise scientist Tom Schwartz describes how when running we recruit muscle fibres in a ‘ladder’ system. Initially we recruit slow oxidative fibres which resist fatigue well. If the force required increases, such as encountering a hill, we move up the ladder, recruiting fast oxidative glycolytic fibres to supplement slow oxidative ones. At maximum workloads, we also recruit fast glycolytic fibres, reaching the top rung. He states, ‘as long as fatigue is not a factor, muscle fibre recruitment is always force-dependent’. Schwartz also speculates that we recruit the ‘least amount of fibres necessary to get the job done’ and ‘when you get to about 60 per cent of all the fibres you can use you begin using them at a faster rate’.
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Figure 1.1.26 Motor unit recruitment related to intensity of exercise





Muscle fibre type and recovery rates


Slow oxidative muscle fibres will be recruited and provide the energy for sub-maximal aerobic work. They contract intermittently to provide an overall low force of contraction. Each individual fibre will recover very quickly and be available for recruitment in just 90 seconds. Aerobic training design should be carefully considered to get the most out of training.





•  Aerobic training work-to-relief ratios are very low. To maximise the use of slow oxidative fibres, a 1:1 or 1:0.5 work:relief ratio is commonly used – for example, ten three-minute moderate intensity running intervals with relief intervals of 90 seconds.



•  As fibre damage is not associated with aerobic activity, training can be performed safely on a daily basis. Low-intensity use of the slow oxidative muscle fibres is also sometimes advised between heavy weight training sessions to increase blood flow and enhance the healing process.
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Key term


Work:relief ratio: the volume of relief in relation to the volume of work performed.
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At the other end of the scale, fast glycolytic muscle fibres are thought to be recruited only in the last 2–20 seconds of contraction, near muscle exhaustion or when maximal efforts are required very quickly. This will often be accompanied by eccentric muscle fibre damage which causes the delayed onset muscle soreness (DOMS) felt 24–48 hours after exercise. Fast glycolytic fibres take much longer to recover and careful thought is needed to get the most out of a training session.





•  Maximal weight training work-to-relief ratios are very high. To maximise the use of fast glycolytic fibres, a 1:3+ work:relief ratio is commonly used for each muscle worked, with 3–5 minutes of rest between sets of just 2–6 repetitions.



•  Once fast glycolytic fibres have been used to exhaustion, they will take 4–10 days to recover. Maximal weight training sessions should leave a minimum of 48 hours before using the same muscle group again as the fast glycolytic fibres that are still recovering will not be available for recruitment and contraction.
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Summary


Synovial joints are freely moveable and contain ligaments, articular cartilage and synovial fluid to give the joint stability and friction-free movement. Synovial joints have up to three planes of movement: the sagittal, frontal and transverse plane.


A muscle can perform as an agonist to create movement, antagonist to co-ordinate movement or fixator to stabilise one part of the body while another moves. They can perform an isotonic contraction, either concentrically shortening or eccentrically lengthening, or isometric contraction, staying the same length.


A movement analysis can be performed to identify the joint type, articulating bones, plane and pattern of movement, antagonistic muscle action and contraction type occurring at a specific joint. For example:





•  The knee is a hinge joint where the femur and tibia articulate to move in the sagittal plane. Flexion is created by the agonist, the biceps femoris, which concentrically contracts as the antagonist, the rectus femoris, lengthens to co-ordinate the action.





A motor unit is made up of a motor neuron and the muscle fibres it stimulates. An action potential travels down the motor neuron and into the muscle fibre to create contraction aided by a neurotransmitter.


Slow oxidative muscle fibres have many mitochondria, myoglobin and capillaries to resist fatigue well. Marathon runners have a high percentage of slow oxidative muscle fibres. Fast oxidative glycolytic fibres give a high force and speed of contraction and can resist fatigue for a short time in events such as the 800 m. Fast glycolytic fibres have the highest force and speed of contraction, but they fatigue quickly. 100 m sprinters have a high percentage of fast glycolytic muscle fibres.
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Check your understanding





1  Answer the following statements as true or false:







    a  A ligament is a band of fibrous tissue which connects bone to bone.


    b  The spine is an example of a hinge joint.


    c  The two movements possible at the ankle joint are flexion and extension.


    d  The sagittal plane of movement divides the body vertically into left and right portions.


    e  Hip abduction and adduction are movements in the frontal plane.


    f  An antagonist muscle acts to co-ordinate movement as part of an antagonistic pair.


    g  Isometric muscle contraction creates movement by shortening in length.


    h  The pronator teres is the agonist for pronation of the radio-ulnar joint.








2  Identify the key term from the following statements:







    a  A fibrous tissue which connects muscle to bone.


    b  A muscle role that provides a breaking force for co-ordinated movement.


    c  A vertical plane of movement which divides the body into anterior and posterior parts.


    d  Muscle contraction type which shortens to create movement.


    e  Muscle fibre which contracts during low-intensity, long-duration activities, such as cross-country skiing.
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Practice questions





1  Define the terms agonist, antagonist and fixator.


(3 marks)



2  A gymnast performs a tucked front somersault in a floor routine. Perform a movement analysis of the tucked position at the knee.


(6 marks)



3  Identify a muscle responsible for core stability and describe its role in life-long participation.


(3 marks)



4  Using examples from a team game, identify and explain situations where fast glycolytic muscle fibres will be stimulated to contract.


(4 marks)
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1.2 Cardiovascular and respiratory systems
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Understanding the specification


By the end of this chapter, you should be able to demonstrate knowledge and understanding of the key roles of the cardiovascular and respiratory systems at rest, during exercise and during recovery, interpret relevant data and graphs and know the cardiovascular system and cardiac dynamics, including:





•  heart rate, stroke volume and cardiac output



•  cardiac cycle (diastole and systole) and conduction system



•  neural, hormonal and intrinsic control of heart rate



•  vascular shunt mechanism



•  role of the vasomotor centre, arterioles and pre-capillary sphincters



•  mechanisms of venous return.





You should know the respiratory system, mechanics, regulation and gaseous exchange, including:





•  breathing frequency, tidal volume and minute ventilation



•  mechanics of inspiration and expiration



•  neural and chemical control of breathing



•  gaseous exchange at the alveoli and muscles:







    •  pressure gradients


    •  dissociation of oxyhaemoglobin.
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The cardiovascular system at rest, during exercise and during recovery


The cardiovascular system refers to the heart (cardiac muscle), blood vessels and the blood they contain. They form a closed system transporting oxygen, nutrients and hormones to every corner of the body and removing waste products as they are produced. At the core is the heart, a dual pump moving blood through two separate circuits:





1  The pulmonary circuit carries deoxygenated blood to the lungs and oxygenated blood back to the heart.



2  The systemic circuit carries oxygenated blood to the body and deoxygenated blood back to the heart.
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Key terms


Pulmonary circuit: circulation of blood through the pulmonary artery to the lungs and pulmonary vein back to the heart.


Systemic circuit: circulation of blood through the aorta to the body and vena cava back to the heart.
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Figure 1.2.1 The heart, pulmonary and systemic circuits





The more efficient a body’s cardiovascular system the greater the capacity to transport oxygen to the muscles and the greater the capacity to remove waste products from the muscles, such as carbon dioxide and lactic acid. For an aerobic athlete, this is essential to maximise energy production and to delay the onset of fatigue.


The structure of the heart


The heart is a double pump positioned side by side which beats continuously over 100,000 times a day. The size of your fist, it is housed behind the sternum and ribs for protection.


The heart is divided into two sides separated by the septum, with an atrium at the top and ventricle at the bottom. This is essential to keep the oxygenated and deoxygenated blood separate.





•  The left side of the cardiac muscle has a thicker muscular wall which can contract with more force to circulate oxygenated blood from the lungs through the large systemic circuit to the muscles and organs.



•  The right side of the cardiac muscle contracts to circulate deoxygenated blood from the body through the pulmonary circuit to the lungs.





Between the atria and ventricles lie atrio-ventricular (AV) valves and between the ventricles and exiting blood vessels lie semi-lunar (SL) valves, which prevent the backflow of blood.
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Figure 1.2.2 The structure of the heart
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Study hint


You may not be asked to draw or label a diagram of the heart but a working knowledge and understanding will enhance your ability to talk in detail about the cardiac cycle.
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The path of blood through the heart


Left side of the heart





•  Blood is oxygenated at the lungs and brought back to the left atria through the pulmonary vein. Oxygenated blood moves from the left atria, through the left AV valve (bicuspid) into the left ventricle to be forced out of the left side of the heart into the aorta. The aorta carries this oxygenated blood to the muscles and organs.
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Key terms


Oxygenated blood: blood saturated with oxygen and nutrients, such as glucose.


Deoxygenated blood: blood depleted of oxygen, saturated with carbon dioxide and waste products.
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Right side of the heart





•  Deoxygenated blood from the muscles and organs arrives back at the right atria through the vena cava. It moves from the right atria, through the right AV valve (tricuspid) into the right ventricle to be forced out of the right side of the heart into the pulmonary artery. The pulmonary artery carries this deoxygenated blood to the lungs.
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Activity


Create a hand-drawn poster of the cardiovascular system. Label the structures of the heart, major blood vessels, blood types and circuits.
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The conduction system
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Key terms


Conduction system: a set of structures in the cardiac muscle which create and transmit an electrical impulse, forcing the atria and ventricles to contract.


Myogenic: the capacity of the heart to generate its own electrical impulse, which causes the cardiac muscle to contract.
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The cardiac muscle is myogenic. It has the capacity to generate its own electrical impulses that pass through the muscular walls, forcing them to contract. The conduction system is a set of five structures which pass the electrical impulse through the cardiac muscle in a co-ordinated fashion.





1  Sino-atrial node (SA node). Located in the right atrial wall, the SA node generates the electrical impulse and fires it through the atria walls, causing them to contract. The SA node is more commonly known as the ‘pacemaker’ as the firing rate will determine heart rate.



2  Atrio-ventricular node (AV node). The AV node collects the impulse and delays it for approximately 0.1 seconds to allow the atria to finish contracting. It then releases the impulse to the Bundle of His.



3  Bundle of His. Located in the septum of the heart, the Bundle of His splits the impulse in two, ready to be distributed through each separate ventricle.



4  Bundle branches. These carry the impulse to the base of each ventricle.



5  Purkyne fibres. These distribute the impulse through the ventricle walls, causing them to contract.





Once the electrical impulses’ journey is complete, the atria and ventricles relax and the heart re-fills with blood. This process signifies one heartbeat.




[image: ]

Figure 1.2.3 The conduction system of the heart
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Figure 1.2.4 A normal ECG trace showing the correct functioning of the conduction system
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Extend your knowledge


The generation of the electrical impulse and conduction through the cardiac muscle can be monitored by an ECG (electrocardiogram). A trace is produced which can be analysed for any anomalies that may indicate a problem in normal cardiac function.
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The cardiac cycle
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Key terms


Diastole: the relaxation phase of cardiac muscle where the chambers fill with blood.


Systole: the contraction phase of cardiac muscle where the blood is forcibly ejected into the aorta and pulmonary artery.
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The cardiac cycle refers to the process of cardiac muscle contraction and the movement of blood through its chambers. One complete cardiac cycle represents the sequence of events involved in a single heartbeat. It is referred to as a cycle as it never stops or tires. At rest, one complete cycle takes approximately 0.8 seconds and has two distinct phases:





1  Cardiac diastole is the relaxation of the cardiac muscle, firstly of the atria then the ventricles.



2  Cardiac systole is the contraction of the cardiac muscle, firstly the atria then the ventricles.
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Figure 1.2.5 The stages of the cardiac cycle





Diastole





•  As the atria and then ventricles relax, they expand drawing blood into the atria.



•  The pressure in the atria increases opening AV valves.



•  Blood passively enters the ventricles.



•  SL valves are closed to prevent blood from leaving the heart.
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Activity


If you have access to a stethoscope, place it over a classmate’s heart and listen carefully for 30 seconds to the sounds the heart makes. What you can hear is the AV valves opening and closing as the blood moves from the atria into the ventricles.
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Atrial systole





•  The atria contract, forcing remaining blood into the ventricles.
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Activity


Fill in the blanks of the following paragraph:


Diastole is the __________ phase of the heart. The atria fill with blood opening the __________-__________ __________ allowing blood to move into the ventricles. Atrial systole is the _________ of the atria forcing blood into the ventricles. __________ __________ is the contraction of the ventricles forcing blood out of the heart to the lungs and body tissues.
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Ventricular systole





•  The ventricles contract, increasing the pressure closing the AV valves to prevent backflow into the atria.



•  SL valves are forced open as blood is ejected from the ventricles into the aorta and pulmonary artery.
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Study hint


Imagine a large sponge compressed then released as it is submerged in water. The sponge will suck the water into its fabric (just as the atria and ventricles fill with blood during diastole). Then imagine the sponge being squeezed, forcing the water out (just as the atria and ventricles eject blood during systole).
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Conduction system control of the cardiac cycle


The conduction system is the creation and passing of an electrical impulse through the cardiac muscle which causes the cardiac cycle of events. Together they form a single heartbeat, which occurs approximately 72 times per minute at rest.






	Table 1.2.1 How the conduction system controls the cardiac cycle






	Conduction

	Causes

	Event

	Effect






	No electrical impulse

	Diastole

	Cardiac muscle relaxes

	SL valves close. Atria fill with blood opening the AV valves. Blood starts to enter the ventricles.






	SA node fires an electrical impulse through the atria walls to the AV node. AV node delays the impulse.

	Atrial systole

	Atrial muscle contracts

	AV valves are forced open and blood is pushed into the ventricles until the atria finish contracting.






	Bundle of His splits and passes the impulse through two branches to the purkyne fibres in both ventricle walls.

	Ventricular systole

	Ventricular muscle contracts

	AV valves close and blood is pushed into the arteries, forcing SL valves open until ventricles finish contracting.







Heart rate, stroke volume and cardiac output


To assess the efficiency of an individual’s cardiac muscle, we can measure heart rate and stroke volume. The interaction of these two variables will show us the cardiac output. Monitoring of these variables is essential to maximise aerobic performance and live an active, balanced and healthy lifestyle.
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Activity


Create a flow diagram showing how the conduction system controls the cardiac cycle. Talk a partner through your flow diagram and work on any feedback they may have.
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Key terms


Heart rate: the number of times the heart beats per minute (resting HR, approximately 72 bpm).


Stroke volume: the volume of blood ejected from the left ventricle per beat (resting SV, approximately 70 ml).


Cardiac output (Q): the volume of blood ejected from the left ventricle per minute. HR × SV = Q (resting Q, approximately 5 l/min).


Bradycardia: a resting heart rate below 60 bpm.
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Heart rate


Heart rate (HR) represents the number of cardiac cycles (beats) completed in one minute. An average resting HR is approximately 72 beats per minute (bpm) and it is generally accepted that the lower the resting HR the more efficient the cardiac muscle. This figure is affected by genetics, gender and largely fitness. It would be expected for an elite endurance athlete to have a resting HR lower than 60 beats per minute. This is known as bradycardia and can result from cardiac hypertrophy (an increase in size of the cardiac muscle).


Maximal heart rate can be estimated by subtracting your age from 220:
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IN THE NEWS


Five-times Tour de France winner Miguel Indurain is reported to have had a resting HR of 28 bpm at the peak of his cycling career – one of the lowest human heart rates ever recorded. Triathlete Alistair Brownlee recorded 34 bpm and Paula Radcliffe mid-40 bpm. These bradycardic heart rates reflect very efficient hearts which have a protective effect against cardiovascular and coronary heart disease.
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Figure 1.2.6 Alistair Brownlee is reported to have a resting HR in the low 30s (bpm)







[image: ]


Activity


Find your pulse using your first two fingers (either at the carotid artery in the neck or radial artery in the wrist). Over a timed 15 seconds, count the number of beats. Multiply this number by 4 and you have your HR in beats per minute. Consider your HR and that of others around you. Discuss why some HRs may be higher than others.
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Stroke volume


Stroke volume (SV) is the volume of blood ejected from the left ventricle per beat. This occurs during ventricular systole: as the ventricle walls contract, blood is ejected into the aorta. An average resting SV is approximately 70 ml, although this can reach much higher values in trained athletes.
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Key term


Venous return: the return of the blood to the right atria through the veins.
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Extend your knowledge


Stroke volume is dependent on two factors:





1  Venous return is the volume of blood returning to the heart. The greater the return of blood to the heart the greater the volume of blood available in the ventricles for ejecting.



2  Ventricular elasticity and contractility refers to the degree of stretch in the cardiac muscle fibres. The greater the stretch the greater the force of contraction, which will raise SV. This is partly due to an increased ejection fraction. The ejection fraction is the percentage of blood ejected from the ventricle during ventricular systole (stroke volume divided by end diastolic volume = ejection fraction). At rest approximately 40 per cent of the blood that enters the heart remains. Approximately 60 per cent is ejected into the aorta from the left ventricle. This can rise to over 85 per cent ejection during exercise.
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Cardiac output


Cardiac output (Q) is the volume of blood ejected from the left ventricle per minute. It is the product of heart rate and stroke volume and can be calculated using the formula:
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Based on a resting HR of 70 bpm and SV of 70 ml, resting Q is approximately 5000 ml per minute (5 l/min). For athletes, their resting Q may be a similar value; however, due to cardiac hypertrophy, the cardiac muscle is more efficient as a greater volume of blood can be ejected per beat and therefore heart rate can reduce.
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Figure 1.2.7 The composition of resting cardiac output in a trained vs untrained performer









	
Table 1.2.2 Comparison of HR, SV and CO of a trained and untrained individual at rest






	 

	HR

	SV

	CO






	Untrained

	70–72 bpm

	70 ml

	5 l/min






	Trained

	50 bpm

	100 ml

	5 l/min







Cardiac response to exercise and recovery


As we start to exercise, the demand for oxygen by the muscles rapidly increases. It is the role of the cardiovascular system to increase oxygenated blood flow to the muscles. The response of the cardiac muscle will depend on the intensity of exercise. We commonly refer to two types of exercise:





•  Sub-maximal exercise is at a low-to-moderate intensity within a performer’s aerobic capacity or below the anaerobic threshold. It is associated with aerobic work.



•  Maximal exercise is at a high intensity above a performer’s aerobic capacity, which will take a performer to exhaustion. It is associated with anaerobic work and fatigue.
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Key terms


Sub-maximal: a low-to-moderate intensity of exercise within a performer’s aerobic capacity.


Maximal: a high intensity of exercise above a performer’s aerobic capacity that will induce fatigue.
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Heart rate response to exercise


Heart rate increases in proportion to the intensity of exercise until we approach our maximum (HRmax = 220 − age).
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Activity


Estimate your maximum heart rate. For example: 220 − 17 (years of age), gives a maximum heart rate of 203 bpm.
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Figure 1.2.8 Heart rate response to increasing exercise intensity





During sustained sub-maximal intensity exercise, heart rate can plateau (level out) as we reach a comfortable, steady state. This plateau represents the supply meeting demand for oxygen delivery and waste removal. This can be seen in Figure 1.2.9a, whereby there is:





•  an initial anticipatory rise in HR prior to exercise due to the release of the hormone adrenaline



•  a rapid increase in HR at the start of exercise to increase blood flow and oxygen delivery in line with exercise intensity



•  a steady state HR throughout the sustained intensity exercise as oxygen supply meets demand



•  an initial rapid decrease in HR as recovery is entered and the action of the muscle pump reduces



•  a more gradual decrease in HR to resting levels.





During maximal intensity exercise, heart rate does not plateau as exercise intensity continues to increase. There is a growing demand for oxygen and waste removal which HR must continually strive to meet. This can be seen in Figure 1.2.9b.


As shown in Figure 1.2.9c, for dynamic sports that see varying intensities of exercise, such as netball, football, lacrosse or rugby, the HR response fluctuates in line with the demands placed upon it.
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Figure 1.2.9 HR response to exercise of different intensities





Stroke volume response to exercise


Stroke volume increases in proportion to exercise intensity until a plateau is reached at approximately 40–60 per cent of working capacity. This corresponds to sub-maximal intensity exercise.
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Key term


Frank-Starling mechanism (Starling’s law): increased venous return leads to an increased stroke volume, due to an increased stretch of the ventricle walls and therefore force of contraction.
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Stroke volume is able to increase due to the following:





•  Increased venous return. This is the volume of blood that returns from the body to the heart. During exercise, venous return increases, meaning there is a greater volume of blood returning to the heart and filling the ventricles. This is due to the squeezing action of muscular contraction around the veins known as the muscle pump (this will be discussed further later in the chapter).



•  The Frank-Starling mechanism (Starling’s law) shows us how SV is dependent on venous return. An increased volume of blood returning to the heart leads to an increased end-diastolic volume in the ventricles and therefore greater stretch on the ventricle walls. This greater stretch increases the force of ventricular contraction, ejecting a larger volume of blood from the ventricles. The lower the heart rate the more time available to maximise this effect, hence why we see greater exercising SVs in trained athletes.
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Figure 1.2.10 Stroke volume response to increasing exercise intensity





Stroke volume reaches a plateau during sub-maximal intensity due to:





•  Increased heart rate towards maximal intensities does not allow enough time for the ventricles to completely fill with blood in the diastolic phase. This limits the Frank-Starling mechanism.





Research indicates stroke volume is maintained during the early stages of recovery as heart rate rapidly reduces. This will maintain blood flow and the removal of waste products while lowering the stress and workload on the cardiac muscle.



Cardiac output response to exercise


Cardiac output is the product of heart rate and stroke volume and therefore the response to exercise and recovery is a combination of the two. Cardiac output increases in line with exercise intensity and plateaus during maximal exercise. In recovery, there is a rapid decrease followed by a slower decrease to resting levels.
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Figure 1.2.11 Cardiac output response to increasing exercise intensity
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Study hint


You may be asked to draw or interpret a graph of HR, SV or CO. Make sure you:





•  pay careful attention to whether it is sub-maximal or maximal activity



•  plot the resting value correctly (not at 0!)



•  at the end of recovery, bring the line back to your resting value (not to 0!).
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Activity


Add another column to Table 1.2.3 and write the definitions for each measure of cardiac function. Write a paragraph to describe and explain the differences shown for a trained athlete using the data in Table 1.2.4.
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	Table 1.2.3 Average HR, SV and CO at rest, sub-maximal and maximal intensity exercise for an untrained performer






	Untrained performer

	Rest

	Sub-maximal intensity

	Maximal intensity






	Heart rate

	70–72 bpm

	100–130 bpm

	220 − age






	Stroke volume

	70 ml

	100–120 ml

	100–120 ml






	Cardiac output

	5 l/min

	10–15 l/min

	20–30 l/min











	Table 1.2.4 HR, SV and CO at rest, sub-maximal and maximal exercise for a trained athlete






	Trained athlete

	Rest

	Sub-maximal intensity

	Maximal intensity






	Heart rate

	50 bpm

	95–120 bpm

	220 − age






	Stroke volume

	100 ml

	160–200 ml

	160–200 ml






	Cardiac output

	5 l/min

	15–20 l/min

	30–40 l/min







Heart rate regulation


Although the heart is myogenic and will always continue to beat without tiring, when a situation arises where the heart rate needs to increase or decrease, the brain gets involved. This is known as cardiac control or regulation of heart rate.
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Activity


If you have access to a heart rate monitor, conduct an experiment to assess your resting, sub-maximal and time to resting heart rates:





•  Lie down quietly for five minutes to roughly measure HR.



•  Immediately before exercising measure HR again.



•  Perform a light jog (or equivalent) for five minutes, taking a HR reading every minute.



•  Sit down and rest, taking a HR reading every minute until resting HR is reached.





Record all results and plot a HR graph. Write a short paragraph explaining the graph. You can repeat this experiment at moderate intensity and then at maximal intensity to compare your results.
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The autonomic nervous system (ANS) involuntarily regulates heart rate and determines the firing rate of the SA node. The higher the firing rate of the SA node the higher the heart rate. From the medulla oblongata in the brain, the cardiac control centre (CCC) receives information from the sensory nerves and sends direction through motor nerves to change HR.


There are three main sources of information that determine the action of the CCC. These are known as control mechanisms:





1  Neural control:







    •  Chemoreceptors located in the muscles, aorta and carotid arteries inform the CCC of chemical changes in the blood stream, such as increased levels of CO2 and lactic acid.


    •  Proprioceptors located in the muscles, tendons and joints inform the CCC of motor activity.


    •  Baroreceptors located in the blood vessel walls inform the CCC of increased blood pressure.








2  Intrinsic control:







    •  Temperature changes will affect the viscosity (thickness) of the blood and speed of nerve impulse transmission.


    •  Venous return changes will affect the stretch in the ventricle walls, force of ventricular contraction and therefore stroke volume.








3  Hormonal control:







    •  Adrenaline and noradrenaline are released from the adrenal glands increasing the force of ventricular contraction (therefore SV) and increasing the spread of electrical activity through the heart (therefore HR).
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Figure 1.2.12. Sympathetic and parasympathetic control of heart rate





Based on the information provided, the CCC actions either an increase or a decrease in stimulation of the SA node, which will raise or lower heart rate. If an increase in HR is required, the sympathetic nervous system is actioned, releasing adrenaline, noradrenaline and sending stimulation to the SA node via the accelerator (or cardiac) nerve. This will increase heart rate. If a decrease in HR is required, the parasympathetic nervous system is actioned to inhibit these effects via the vagus nerve, lowering heart rate.
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Key terms


Cardiac control centre (CCC): a control centre in the medulla oblongata responsible for HR regulation.


Sympathetic nervous system: part of the autonomic nervous system responsible for increasing HR, specifically during exercise.


Parasympathetic nervous system: part of the autonomic nervous system responsible for decreasing HR, specifically during recovery.
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HR regulation in response to exercise
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Figure 1.2.13 HR regulation in response to exercise






HR regulation in response to recovery
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Figure 1.2.14 HR regulation in response to recovery





The vascular system


The vascular system is the dense network of blood vessels and the blood which they carry in one direction around every corner of the human body. This ensures oxygen and nutrients are delivered to all respiring cells for energy production, and waste is removed efficiently.


The blood consists of approximately 45 per cent cells and 55 per cent plasma (fluid), which functions to:





•  transport nutrients such as oxygen and glucose



•  protect and fight disease



•  maintain the internal stability of the body (homeostasis) and regulate temperature.
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Activity


Draw a maximal heart rate graph showing rest, exercise and recovery phases. Identify resting and maximal HR, including units, on the vertical axis and time on the horizontal axis. Write a paragraph for each stage describing how HR is being regulated. Include neural, intrinsic and hormonal control, sympathetic and parasympathetic activity.
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Blood vessels


There are three main types of blood vessels – arteries, veins and capillaries – each with a different structure and function.


Arteries and arterioles


Arteries and arterioles transport oxygenated blood from the heart to the muscles and organs. The main artery is the aorta and carries blood at high pressure directly from the left ventricle. It subdivides into arterioles slowing blood flow.





•  Arteries have a large layer of smooth muscle and elastic tissue to cushion and smooth the pulsating blood flow.



•  Arterioles also have a large layer of smooth muscle allowing both vessels to vasodilate and vasoconstrict to regulate blood flow and control blood pressure.



•  Arterioles also have a ring of smooth muscle surrounding the entry of a capillary bed called pre-capillary sphincters. These dilate and constrict to control the blood flow through the capillary bed.
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Key terms


Vasodilate: widening of arteries, arterioles and pre-capillary sphincters.


Vasoconstrict: narrowing of arteries, arterioles and pre-capillary sphincters.
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Capillaries



Capillaries bring the blood slowly into close contact with the muscle and organ cells for gaseous exchange.





•  Capillary walls are composed of a single layer of cells, thin enough to allow gas, nutrient and waste exchange





Veins and venules


Veins and venules transport deoxygenated blood from the muscles and organs back to the heart. Venules leaving the capillary bed reconnect to form veins. The main vein is the vena cava and carries slow-moving blood at low pressure back to the right atria (largely against gravity).





•  Veins and venules have a small layer of smooth muscle allowing them to venodilate and venoconstrict to maintain the slow flow of blood towards the heart.



•  Veins have one-way pocket valves which prevent the backflow of blood as it travels against gravity.
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Figure 1.2.15 Blood vessels of the human body
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Study hint


Venodilate is the widening of the veins and venules, and venoconstrict is the narrowing of the veins and venules. In the same way, vasodilate and vasoconstrict are the widening and narrowing of the arteries and arterioles.
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Venous return mechanisms


Venous return is the return of blood to the heart through the venules and veins back to the right atrium, largely against gravity. At rest, blood pressure and the structure of veins will maintain venous return. However, during exercise, a far greater demand for oxygenated blood requires a far greater venous return to increase stroke volume and therefore cardiac output (Starling’s law). There are additional mechanisms which assist the blood to travel back to the heart to maximise venous return during exercise.
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Figure 1.2.16 Vein showing the pocket valves and effect of the muscle pump during exercise





Mechanisms of venous return





1  Pocket valves. One-way valves located in the veins which prevent the backflow of blood.



2  Smooth muscle. The layer of smooth muscle in the vein wall venoconstricts to create venomotor tone which aids the movement of blood.



3  Gravity. Blood from the upper body, above the heart, is helped to return by gravity.



4  Muscle pump. During exercise, skeletal muscles contract compressing the veins located between them, squeezing the blood back to the heart.



5  Respiratory pump. During inspiration and expiration, a pressure difference between the thoracic and abdominal cavity is created, squeezing the blood back to the heart. As exercise increases respiratory rate, the respiratory pump is maximised.
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Key terms


Inspiration: drawing of air into the lungs.


Expiration: expelling of air from the lungs.


Blood pooling: accumulation of blood in the veins due to gravitational pull and lack of venous return.


Active recovery: low-intensity activity post exercise to maintain elevated heart and breathing rates.
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As we finish exercising and enter recovery, cardiac output is still high. However, there may not be sufficient pressure to return the vast quantity of blood back to the heart. This can cause feelings of being lightheaded or dizzy. Equally, this blood may sit in the pocket valves and pool. This is known as blood pooling and is often described as a feeling of ‘heavy legs’ after exercise. To combat this effect and maintain venous return, it is essential to complete an active recovery (cool down). This low-intensity exercise maintains the muscle and respiratory pump to aid the return of blood to the heart.
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Study hint


It is important you can identify and describe the five venous return mechanisms but also why a good venous return is so important to a performer.
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Redistribution of cardiac output


Cardiac output at rest is approximately 5 l/min. This can rise to more than 20 l/min during intense exercise. The difference in cardiac output from rest to exercise is not only in volume; where the blood is sent to also changes dramatically.


At rest, our body primarily serves to digest, filter and excrete. Therefore, the vast majority of the oxygen and nutrient-rich blood is required around the organs (approximately 75 per cent). As we start to exercise, demand from the muscles for oxygen and nutrients steps up and the more intense the exercise the higher the demand (approximately 88 per cent at maximum effort). Regardless of how hard we are exercising, our heart has its own coronary blood supply which is maintained.
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Figure 1.2.17 Distribution of cardiac output: a) at rest, and b) during exercise









	
Table 1.2.5 Changes in blood flow from rest to maximal exercise






	Organ

	At rest (cm3)


	% blood flow


	Maximum effort (cm3)


	% blood flow







	Skeletal muscle

	1,000


	  20


	26,000


	  88







	Coronary vessels

	   250


	    5


	  1,200


	    4







	Skin

	   500


	  10


	    750


	        2.5







	Kidneys

	1,000


	  20


	    300


	     1







	Liver/gut

	1,250


	  25


	    375


	          1.25







	Brain

	   750


	  15


	    750


	        2.5







	Whole body

	5,000


	100


	30,000


	100







	Source: Clegg, Exercise Physiology, Feltham Press, 1995
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Activity


Using the data presented in Table 1.2.5, calculate the total percentage blood flow to all organs at rest and during maximal exercise. Compare this to the percentage blood flow to skeletal muscles. Create a line graph showing the change in blood flow from rest to exercise. Plot the percentage blood flow (y axis) from rest to exercise (x axis) to the skeletal muscles and organs (key). Summarise your findings.
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Vascular shunt mechanism


The redistribution of blood flow from one area of the body to another is controlled by the vascular shunt mechanism.
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Key terms


Vascular shunt mechanism: the redistribution of cardiac output around the body from rest to exercise which increases the percentage of blood flow to the skeletal muscles.


Arterioles: blood vessels carrying oxygenated blood from the arteries to the capillary beds, which can vasodilate and vasoconstrict to regulate blood flow.


Pre-capillary sphincters: rings of smooth muscle at the junction between arterioles and capillaries, which can dilate or constrict to control blood flow through the capillary bed.
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Arterioles lead to capillary beds, which serve to bring the blood in close contact with organ and muscle cells. These capillaries are the site for oxygen and nutrient exchange with CO2 and waste products. Blood flow into the capillary beds is controlled by pre-capillary sphincters at the entrance to the capillary bed:





•  They can constrict, which limits blood flow through the capillary bed.



•  They can dilate, which maximises blood flow into the capillary bed.





At rest, a high percentage of cardiac output is distributed to the organs, whereas a very low percentage is distributed to the muscles. This happens because:





•  arterioles to the organs vasodilate, increasing blood flow, while arterioles to the muscles vasoconstrict to limit blood flow



•  pre-capillary sphincters dilate, opening up the capillary beds to allow more blood flow to the organ cells, while constricting, closing the capillary beds to the muscle cells.





During exercise, roles reverse. Arterioles and pre-capillary sphincters serving the capillary beds surrounding the muscle cells dilate, maximising blood flow, nutrient and gaseous exchange, while constricting to the organs.
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Figure 1.2.18 A capillary bed serving the organs: a) at rest, where the pre-capillary sphincters are open and blood flows through all capillaries, and b) during exercise, where the pre-capillary sphincters are closed and blood flow bypasses the capillary bed






Vasomotor control


The vascular shunt mechanism is under the control of the vasomotor control centre (VCC) in the medulla oblongata of the brain. The smooth muscle in the walls of arterial blood vessels is always in a slight state of constriction, known as vasomotor tone. However, when sensory information is received, the VCC alters the level of stimulation sent to the arterioles and pre-capillary sphincters at different sites in the body.
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Key terms


Vasomotor control centre: the control centre in the medulla oblongata responsible for cardiac output distribution.


Vasomotor tone: the partial state of smooth muscle constriction in the arterial walls.
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The VCC receives information from:





•  chemoreceptors regarding chemical changes, such as CO2 and lactic acid rising during exercise



•  baroreceptors regarding pressure changes on the arterial walls.





In receipt of sensory information, sympathetic stimulation will be either increased or decreased to alter the level of vasoconstriction of the arterioles and pre-capillary sphincters:





•  Sympathetic stimulation increases to vasoconstrict arterioles and pre-capillary sphincters to limit blood flow to an area, such as the muscles at rest.



•  Sympathetic stimulation decreases to vasodilate arterioles and pre-capillary sphincters to increase blood flow to an area, such as the muscles during exercise.







[image: ]

Figure 1.2.19 Vasomotor control of cardiac output in response to exercise
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Figure 1.2.20 Vasomotor control of cardiac output in response to recovery
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Evaluation





•  The VCC is the vasomotor control centre located in the medulla oblongata.



•  The VCC is responsible for the distribution of cardiac output.



•  At rest, the arterioles and pre-capillary sphincters are stimulated to vasoconstrict, limiting blood flow to the muscle cells.



•  During exercise, the arterioles and pre-capillary sphincters vasodilate, increasing blood flow to the muscle cells.



•  At maximal intensities, up to 88 per cent of cardiac output is re-distributed to the working muscles.
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Extend your knowledge


The vascular shunt mechanism can be a whole-body response, as shown here, for athletes such as marathon runners or cross-country skiers. However, it may be a more localised response. Within moments of an injury, such as a sprained ankle, chemicals are released which dramatically increase blood flow to the area. This carries nutrients and immune response to the site of the damage.
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Activity


Re-draw and complete the table below detailing the response of several cardiovascular structures to exercise.






	Table 1.2.6 Cardiovascular response to exercise






	Cardiovascular structure

	Response to exercise

	Functional effect






	SA node activity

	Release of adrenaline

Increased sympathetic stimulation via accelerator nerve


Increased firing rate




	Increased HR






	Left ventricle

	 

	Increased SV






	Muscle and respiratory pump

	 

	 






	Arterioles and pre-capillary sphincters to the muscle cells
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The respiratory system at rest, during exercise and during recovery


The respiratory system consists of the nose, a series of airways, lungs and respiratory muscles that work together as the mechanism for breathing and gaseous exchange.


The respiratory system has two main functions:





1  Pulmonary ventilation: the inspiration (breathing in) and expiration (breathing out) of air.



2  Gaseous exchange:







    a  external respiration: the movement of oxygen into the blood stream and carbon dioxide into the lungs


    b  internal respiration: the release of oxygen to respiring cells for energy production and collection of waste products.





The cardiovascular system provides the link between these two processes by transporting the deoxygenated blood to the lungs to become re-oxygenated.



The structure of the respiratory system


Air is drawn into the nasal cavity through the nose and travels down the pharynx, larynx and trachea. The surface of these passageways has a mucous membrane and ciliated cells (covered in tiny hairs) which moisten, warm and filter the air before entering the lungs. The trachea then divides into the left and right bronchi as they enter the lung cavity. The right lung has three lobes and the left has two to accommodate the heart. The bronchi subdivide into smaller bronchioles and end in alveolar ducts. This is the entrance for air to move into the alveoli, tiny grape-like clusters with a vast surface area for gaseous exchange (to be discussed later in the chapter).
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Key terms


Alveoli: clusters of tiny air sacs covered in a dense network of capillaries which together serve as the external site for gaseous exchange.


Gaseous exchange: the movement of oxygen from the alveoli into the blood stream and carbon dioxide from the blood stream into the alveoli.
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The alveolar walls are a single cell thick and lined with fluid. Covering the outer surface of the alveoli are the most extensive capillary beds of the body. With very slow blood flow and very thin, moist walls that are in extremely close contact, the perfect conditions for gaseous exchange are presented. Oxygen moves from the alveoli into the blood stream and carbon dioxide moves from the bloodstream into the alveoli to be expired.
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Figure 1.2.21 The respiratory system: a) the pathway of air through the respiratory organs, b) the dense capillary network on the surface of the alveoli, and c) gaseous exchange at the alveolar-capillary site






Gas transport


The blood consists of approximately 45 per cent cells and 55 per cent plasma. Oxygen is an essential gas carried in the bloodstream from the alveoli to the body tissues to produce energy aerobically. The greater the efficiency to inspire, transport and use oxygen the greater the aerobic capacity to perform for long periods of low-intensity activity. Oxygen can be transported in two ways:





1  Carried within haemoglobin (Hb) in the red blood cells (approximately 97 per cent). Hb + O2 = HbO2 or oxyhaemoglobin.



2  Carried within blood plasma (approximately 3 per cent).
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Key terms


Haemoglobin: an iron-rich globular protein in red blood cells which can chemically combine with four O2 molecules to form oxyhaemoglobin.


Oxygen: the essential gas required for aerobic energy production in the muscle cells.


Carbon dioxide: the waste product of aerobic energy production in the muscle cells.
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Carbon dioxide is the waste product of aerobic energy production and must be removed from the respiring tissues and transported to the alveoli if effective performance is to be maintained. Carbon dioxide can be transported in three ways:





1  Dissolved in water and carried as carbonic acid (approximately 70 per cent).



2  Carried within haemoglobin (approximately 23 per cent). Hb + CO2 = HbCO2 or carbaminohaemoglobin.



3  Dissolved in blood plasma (approximately 7 per cent).
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Extend your knowledge


Each molecule of haemoglobin can combine with four molecules of oxygen totalling approximately 1.34 ml. Haemoglobin concentration within the blood is approximately 15 g per 100 ml. Therefore, 100 ml of blood can transport 20 ml of oxygen.
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Breathing rate, tidal volume and minute ventilation


In a similar way to the cardiac measures of heart rate and stroke volume to assess the efficiency of an individual’s respiratory system, we can measure breathing rate and tidal volume. The interaction of these two variables will show us the minute ventilation. Monitoring of these measures is essential to maximise aerobic performance and live an active, balanced and healthy lifestyle.
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Key terms


Breathing rate: the number of inspirations or expirations (breaths) per minute (resting, approximately 12–15 breaths/min).


Tidal volume: the volume of air inspired or expired per breath (resting, approximately 500 ml).
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Activity


Bearing in mind at rest approximately 5 l/min of blood is circulated around the body, calculate the volume of oxygen delivered to respiring tissues. Write a paragraph summarising your consideration of the effects of exercise on cardiac output and oxygen volume transported and the distribution of cardiac output at rest and during exercise.
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Breathing rate


Breathing rate (f) represents the number of inspirations or expirations (breaths) taken in one minute. An average resting breathing rate is approximately 12–15 breaths per minute.
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Activity


It is very difficult to assess your own breathing rate because, when you are aware of assessment, breaths tend to become slower and deeper. At some point during the lesson, watch a classmate’s back rise and fall as they work. Over 15 seconds, count how many breaths they take. Multiply this number by 4 and you can present them with their breathing rate. Ask them to do the same for you. Consider your breathing rate and that of others around you. Discuss why some people’s breathing rates may be higher than others.
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Tidal volume


Tidal volume (TV) is the volume of air inspired or expired in one breath. An average TV is 500 ml. This figure can vary dramatically depending on the size of the lungs and thoracic cavity, age, gender, fitness and any respiratory condition, such as bronchitis. Of the 500 ml, approximately 350 ml reaches the alveoli for gaseous exchange. The other 150 ml remains in the airways and is known as dead space.
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Study hint


Remember when talking about respiratory measures we are considering the volume of air inspired or expired, not oxygen.
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Extend your knowledge


Breathing rate and tidal volume can be measured using a spirometer. Housed in most biology laboratories, a performer will seal their nose and breathe normally into a mouthpiece. They will usually be asked to take one maximal inspiration (breath in) followed by a maximal expiration (breath out). A trace will be produced that can be used to measure breathing rate, tidal volume and other measures such as forced expiratory volume and vital capacity.
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Figure 1.2.22 a) A spirometer is used to measure lung volumes, b) a spirometry trace showing breathing frequency (from X: 3.5 breaths in 20 s = 10.5 breaths per minute) and tidal volume (at Y: 700 ml)





Minute ventilation


Minute ventilation (VE) is the volume of air inspired or expired per minute. It is the product of breathing rate (f) and tidal volume (TV) and can be calculated using the formula:
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Key term


Minute ventilation: the volume of air inspired or expired per minute. TV × f = VE (resting, approximately 6–7.5 l/min).
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Based on a resting breathing rate of 15 breaths per minute and TV of 500 ml, resting VE is 7500 ml per minute (7.5 l/min). An aerobic athlete’s VE may be lower than their untrained counterpart due to more efficient gaseous exchange and transport. This means they can meet the demands for oxygen more efficiently at rest.






	Table 1.2.7 Comparison of f, TV and VE of a trained and untrained individual at rest






	 

	f

	TV

	VE






	Untrained

	12–15 breaths/min

	500 ml

	6–7.5 l/min






	Trained

	11–12 breaths/min

	500 ml

	5.5–6 l/min







Respiratory volume response to exercise and recovery


As we start to exercise, the demand for oxygen by the muscles rapidly increases. It is the role of the respiratory system to increase the supply of air to the alveoli and therefore oxygen for gaseous exchange. The response of the respiratory system will depend on the intensity of exercise.



Breathing rate response to exercise


Breathing rate increases in proportion to the intensity of exercise until we approach our maximum of around 50–60 breaths per minute. In sub-maximal, steady-state exercise, breathing rate can plateau due to the supply of oxygen meeting the demand from the working muscles.
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Figure 1.2.23 Breathing rate response to increasing exercise intensity





Tidal volume response to exercise


Tidal volume or the depth of breathing increases initially in proportion to exercise intensity at sub-maximal intensities, up to approximately 3 litres.


Tidal volume reaches a plateau during sub-maximal intensity because increased breathing rate towards maximal intensities does not allow enough time and requires too much muscular effort for maximal inspirations or expirations.


Note the short and shallow breaths marathon runners, such as Paula Radcliffe, take as they reach exhaustion.
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Figure 1.2.24 Tidal volume response to increasing exercise intensity





Minute ventilation response to exercise and recovery


Minute ventilation is the product of breathing rate and tidal volume and therefore the response to exercise and recovery is a combination of the two. VE increases in line with exercise intensity, whereby breathing rate and tidal volume will both increase.
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Figure 1.2.25 Minute ventilation response to increasing exercise intensity (as shown by % of maximal oxygen uptake)





During sustained sub-maximal intensity exercise, minute ventilation can plateau as we reach a comfortable steady state. This plateau represents the supply meeting demand for oxygen delivery and waste removal. This can be seen in Figure 1.2.26, whereby during light intensity exercise, there is:





1  an initial anticipatory rise in VE prior to exercise due to the release of the hormone adrenaline



2  a rapid increase in VE at the start of exercise due to increased breathing rate and tidal volume to increase oxygen delivery and waste removal in line with exercise intensity



3  a steady state VE throughout the sustained intensity exercise as oxygen supply meets demand



4  an initially rapid and then more gradual decrease in VE to resting levels as recovery is entered and the demand for oxygen dramatically reduces.





During maximal intensity exercise, VE does not plateau as exercise intensity continues to increase. This is shown by the heavy intensity exercise in Figure 1.2.26. There is a growing demand for oxygen and waste removal which VE must continually strive to meet. Tidal volume will plateau and the further increase in VE is from a continued rise in breathing rate.


In recovery, there is a rapid decrease followed by a slower decrease to resting levels. Although breathing rate and tidal volume will both decrease post exercise, it is important to do this gradually. Using an active recovery maintains VE providing the continued need for oxygen for aerobic energy production and the removal of waste products.
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Figure 1.2.26 Minute ventilation (l/min) in response to exercise of a light, moderate and heavy intensity









	Table 1.2.8 Average f, TV and VE for an untrained performer at rest and maximal intensity






	Untrained performer

	Rest

	Maximal intensity






	f

	12–15 breaths/min

	40–50 breaths/min






	TV

	0.5 l

	2.5–3 l






	VE

	6–7.5 l/min

	100–150 l/min
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Activity


Add another column to Table 1.2.8 and write the definitions for each measure of respiratory function. Write a paragraph to describe and explain the differences shown for a trained athlete using the data given in Table 1.2.9.
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	Table 1.2.9 Comparison of average f, TV and VE for a trained aerobic athlete at rest and maximal intensity






	Trained athlete

	Rest

	Maximal intensity






	f

	11–12 breaths/min

	50–60 breaths/min






	TV

	0.5 l

	3–3.5 l






	VE

	5.5–6 l/min

	160–210 l/min







Mechanics of breathing


The lungs are situated in the thoracic cavity and encased in pleural sacs. A layer of pleural fluid between the lung and pleural membranes reduces friction during inspiration and expiration. The pleural sacs attach the lung tissue to the rib cage. As the rib cage expands, so do the lungs.
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Figure 1.2.27 The thoracic cavity





Breathing is a mechanical process through which muscles contract to cause a movement of the rib cage and sternum, which in turn changes the volume and pressure of the thoracic cavity. It is the change in pressure which causes air to rush into or out of the lungs.


Mechanics of inspiration at rest


Inspiration is an active process. There are two muscles largely responsible for inspiration at rest, which contract to increase the volume of the thoracic cavity:





1  The external intercostals, which lie between each rib, contract lifting the rib cage and sternum up and out.



2  The diaphragm, which lies underneath the lungs and separates the thoracic and abdominal cavity, contracts and flattens.





As the external intercostals and diaphragm contract, the volume inside the thoracic cavity and space inside the lungs increases. This lowers the pressure below the atmosphere outside the body. All gases move from an area of high to low pressure, so air rushes into the lungs. One inspiration is complete.
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Figure 1.2.28 Respiratory muscles at rest





Mechanics of inspiration during exercise


As we start to exercise, the demand for oxygen and production of CO2 increases and so does minute ventilation. Tidal volume can rise from approximately 0.5 litres to 3 litres.


In addition to the external intercostals and diaphragm, additional inspiratory muscles can be recruited to give a larger force of contraction:





1  Sternocleidomastoid



2  Pectoralis minor





This creates a greater up and outward movement of the rib cage and sternum. The greater movement increases the volume and decreases the pressure inside the thoracic cavity more than at rest. This increases the depth of breathing and therefore the volume of air inspired.
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Study hint


When learning the mechanics of breathing, try and remember two rules:




1  The four steps: muscles create movement, which changes the volume, which changes the pressure (M.M.V.P.).


2  All gases move from an area of high pressure to an area of low pressure.
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Figure 1.2.29 Additional inspiratory muscles recruited during exercise
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Extend your knowledge


Inspiration and expiration at rest is referred to as a ‘quiet’ process and is hard to see visually. As taught in CPR first aid, it is often easier to feel whether someone is breathing by placing the cheek above the nose and mouth of a casualty rather than watching for the rise and fall of the chest.
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Mechanics of expiration at rest


Expiration at rest is a passive process. The two muscles responsible for inspiration at rest relax into their natural state, which decreases the volume of the thoracic cavity:





1  The external intercostals relax, lowering the rib cage and sternum down and in.



2  The diaphragm relaxes and returns to its dome shape.





As the external intercostals and diaphragm relax, the volume inside the thoracic cavity and space inside the lungs decrease. This increases the pressure above the atmosphere outside the body; therefore, air is pushed out of the lungs. One resting expiration is complete.


Mechanics of expiration during exercise


When exercise begins, expiration becomes an active process. The natural relaxation of the external intercostals and diaphragm does not provide enough force to expire quickly enough for breathing rate to increase. Additional expiratory muscles can be recruited to give a larger force of contraction:





1  Internal intercostals



2  Rectus abdominis
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Figure 1.2.30 Additional expiratory muscles recruited during exercise





This creates a greater down and inward movement of the rib cage and sternum. The greater movement decreases the volume and increases the pressure inside the thoracic cavity more than at rest. This increases the rate of breathing and therefore the overall volume of air expired per minute.
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Evaluation


The muscles involved in the mechanics of breathing:





•  Inspiration







    •  Rest: external intercostals and diaphragm (contract)


    •  Exercise: in addition, sternocleidomastoid and pectoralis minor (contract).








•  Expiration







    •  Rest: external intercostals and diaphragm (relax)


    •  Exercise: in addition, internal intercostals and rectus abdominis (contract).
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Activity


Re-draw the following table and complete the mechanical process for expiration at rest and during exercise.






	Table 1.2.10 Mechanical process for inspiration and expiration at rest and during exercise






	 

	Muscles

	Movement of ribs and sternum

	Volume of thoracic cavity

	Pressure in lung tissue






	Inspiration (rest)

	External intercostals and diaphragm contract

	Up and out

	Increases

	Decreases






	Inspiration (exercise)

	External intercostals, diaphragm, sternocleidomastoid and pectoralis minor contract with more force

	Up and out further

	Increases more than at rest

	Decreases more than at rest






	Expiration (rest)

	 

	 

	 

	 






	Expiration (exercise)

	 

	 

	 

	 







[image: ]





Respiratory regulation


Breathing rate and depth is continually adjusted to maintain the appropriate levels of oxygen and CO2 in the blood stream while expending as little respiratory energy as possible. As a period of exercise or recovery appears, the brain gets involved to regulate breathing rate. This is known as respiratory control.
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Key terms


Respiratory control centre (RCC): a control centre in the medulla oblongata responsible for respiratory regulation.


Inspiratory centre (IC): a control centre within the RCC responsible for inspiration.


Expiratory centre (EC): a control centre within the RCC responsible for expiration.
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The respiratory control centre (RCC) receives information from the sensory nerves and sends direction through motor nerves to change the rate of respiratory muscle contraction. There are two centres within the RCC:





1  The inspiratory centre (IC) stimulates inspiratory muscles to contract at rest and during exercise.



2  The expiratory centre (EC) is inactive at rest, but will stimulate additional expiratory muscles to contract during exercise.





Which respiratory muscles are fired will determine the mechanical change to breathing rate or depth.


Respiratory regulation at rest


At rest, the IC is responsible for the rhythmic cycle of breathing. Nerve impulses are generated and stimulate the inspiratory muscles causing them to contract, via the:





•  intercostal nerve to the external intercostals



•  phrenic nerve to the diaphragm.





This causes the thoracic cavity volume to be increased, lowering the lung air pressure. Approximately 500 ml of air will be inspired. After approximately two seconds, stimulation stops and the inspiratory muscles relax. Lung tissues recoil, causing a passive expiration. This will be repeated approximately 12–15 times per minute.


The expiratory centre is inactive at rest due to the natural relaxation of the diaphragm and external intercostals.
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Figure 1.2.31 Respiratory regulation at rest





Respiratory regulation during exercise


Breathing rate and depth must be increased to meet the rising demands for oxygen supply and CO2 removal. Sensory nerves relay information to the RCC where a response is initiated by both the IC and EC. The RCC is chemosensitive and very receptive to chemical information.





•  Chemoreceptors located in the aorta and carotid arteries pick up an increase in blood acidity, increase in CO2 concentration and decrease in O2 concentration.





There are also neural stimuli which feed information to the RCC:





•  Thermoreceptors inform of an increased blood temperature.



•  Proprioceptors inform of motor activity in the muscles and joints.



•  Baroreceptors (also known as stretch receptors), located in the lung tissue and bronchioles, inform of the state of lung inflation.





Chemoreceptors, thermoreceptors and proprioceptors inform the IC, which increases the stimulation of the diaphragm and external intercostals to contract with more force. The IC also recruits the additional inspiratory muscles, sternocleidomastoid and pectoralis minor, to contract. This greater force of contraction increases the depth of inspiration.


Baroreceptors (stretch receptors) inform the EC on the extent of lung inflation. If the lung tissue begins to become excessively stretched, the EC stimulates additional expiratory muscles, internal intercostals and rectus abdominis, to contract. This reduces the volume of the thoracic cavity, increasing the lung air pressure. This causes a forced expiration, which reduces the time available for inspiration.
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Activity


Breathing rates and minute ventilation remain elevated post exercise and gradually reduce, especially if an active recovery is used. Based on the information the chemical and neural receptors send to the RCC post exercise, write a paragraph explaining why breathing rate and minute ventilation remain high, reducing gradually in recovery.
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Extend your knowledge


The Hering-Breur reflex


This reflex is a spontaneous response of the lungs that prevents over-inflation by recruiting the EC to stimulate the expiratory muscles to create a forced expiration.
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As exercise intensity increases, the combination of IC and EC control leads to an increased breathing rate and decreased breathing depth to maximise efficient respiration.
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Activity


Create a spider diagram with the medulla oblongata in the brain at the centre. In your spider diagram, show:





•  the sensory information fed to the medulla oblongata as a person moves from rest to exercise (include neural, intrinsic, hormonal and chemical controls)



•  the three control centres (include CCC, VCC and RCC)



•  the effector mechanism and how the control centres create a change in heart rate, cardiac output distribution and the mechanics of breathing.
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motion to generate a large force to apply to the football.
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rising to the toes to go on pointe.






OEBPS/OEBPS/images/35-2.gif
Stroke volume (V)

140

(ml/beat)

Maximum stroke volume appears
to be reached at an exercise intensity
of 40-60% of maximum.

SV,

0 100%
Relative exercise intensity






OEBPS/OEBPS/images/39-2.gif
Valve (open)

Contracted
skeletal
muscle

Valve (closed)

Direction of
blood flow





OEBPS/OEBPS/images/16-1.gif
Ball and socket joint

Pelvic girdle and femur

Sagittal plane

Flexion

Extension

lliopsoas

Gluteus maximus

Sacrum

[ Femur

L? j—

Frontal plane

Adduction

Abduction

Adductor longus, adductor brevis and adductor magnus

Adductor brevis
Adductor longus

Adductor magnus

Gluteus medius and gluteus minimus

Posterior view

Gluteus
medius

Gluteus
minimus

Transverse pla

Medial rotation

Lateral rotation

Gluteus medius and gluteus minimus

Gluteus maximus

When Olympic weightlifting in the upward phase, the agonist, the
gluteus maximus, will concentrically contract to create hip extension
while the antagonist, the iliopsoas, co-ordinates the action.
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The elbow joint is essential for creating power in a netball shot. In the
preparation phase, the biceps brachii will concentrically contract to flex
the elbow, lowering the ball. In the execution phase, the triceps brachii
concentrically contracts to extend the elbow joint through a large range
of motion to generate a large force to apply to the ball.






OEBPS/OEBPS/images/37-2.gif
Neural control
Chemoreceptors: increased
€O, and lactic acid levels
Proprioceptors: increased
motor activity
Baroreceptors: increased
stretch on vessel walls
Intrinsic control

Increased temperature
Increased venous return
Hormonal control
Sympathetic release of
adrenaline and
noradrenaline

CCC in medulla
oblongata

Sympathetic nervous
system increases
stimulation of the
SA node via

the accelerator
nerve to increase HR.
Greater force of
ventricular contraction
increases SV.

HR x SV = CO
increased.






OEBPS/OEBPS/images/18-1.gif
Movement Transverse plane
Medial rotation Lateral rotation

Agonist muscles  Teres major and subscapularis (anterior view) Teres minor and infraspinatous (posterior view)

Subscapularis
Teres minor

Infraspinatous

Practical
application

W To mobilise the shoulder joint as part of a warm-up, you may use star
jumps. In the outward phase of a star jump, the agonist, the middle
deltoid, concentrically contracts to abduct the shoulder joint.





OEBPS/OEBPS/images/39-1.gif
Elastic tissue
Endothelium

Smooth muscle
Connective tissue.

Blood flow,





