
PHYSIOLOGY 
SECOND EDITION PHYSIOLOGY

Jake P. Mann

second edition

EUREKAEUREKA



Physiology 2e Prelims.indd   1Physiology 2e Prelims.indd   1 09/09/2022   09:0909/09/2022   09:09
Eureka_Physiology_2e_2022.indb   1Eureka_Physiology_2e_2022.indb   1 19/09/2022   12:5619/09/2022   12:56



EUREKA

Series editors
Janine Henderson MRCPsych MClinEd
Director of Mental Health and Community-based Education
University of York

David Oliveira PhD FRCP
Professor of Renal Medicine
St George’s, University of London

Stephen Parker BSc MS DipMedEd FRCS
Medical Director
Isle of Wight NHS Trust

Titles available
Biochemistry and Metabolism
Cardiovascular Medicine
Clinical Skills, Diagnostics and Reasoning
Endocrinology
Gastrointestinal Medicine
General Surgery & Urology
Neurology & Neurosurgery
Obstetrics & Gynaecology
Paediatrics
Physiology, second edition
Psychiatry
Renal Medicine
Respiratory Medicine
Rheumatology and Orthopaedics

EUREKA: the innovative series for students that fully  
integrates core science, clinical medicine and surgery

Physiology 2e Prelims.indd   2Physiology 2e Prelims.indd   2 09/09/2022   09:0909/09/2022   09:09

EUREKA

SECOND EDITION

Physiology 2e Prelims.indd   3Physiology 2e Prelims.indd   3 09/09/2022   09:0909/09/2022   09:09
Eureka_Physiology_2e_2022.indb   2Eureka_Physiology_2e_2022.indb   2 19/09/2022   12:5619/09/2022   12:56



EUREKA

Series editors
Janine Henderson MRCPsych MClinEd
Director of Mental Health and Community-based Education
University of York

David Oliveira PhD FRCP
Professor of Renal Medicine
St George’s, University of London

Stephen Parker BSc MS DipMedEd FRCS
Medical Director
Isle of Wight NHS Trust

Titles available
Biochemistry and Metabolism
Cardiovascular Medicine
Clinical Skills, Diagnostics and Reasoning
Endocrinology
Gastrointestinal Medicine
General Surgery & Urology
Neurology & Neurosurgery
Obstetrics & Gynaecology
Paediatrics
Physiology, second edition
Psychiatry
Renal Medicine
Respiratory Medicine
Rheumatology and Orthopaedics

EUREKA: the innovative series for students that fully  
integrates core science, clinical medicine and surgery

Physiology 2e Prelims.indd   2Physiology 2e Prelims.indd   2 09/09/2022   09:0909/09/2022   09:09

Jake P. Mann PhD MRCP (UK) MRCPCH MAcadMEd
Paediatric Hepatology Registrar
Birmingham Children’s Hospital

With contributions from

David Marples BA BM BCh MA DPhil PhD
Senior Lecturer in Physiology and Anatomy

University of Leeds

EUREKA

SECOND EDITION

Physiology 2e Prelims.indd   3Physiology 2e Prelims.indd   3 09/09/2022   09:0909/09/2022   09:09
Eureka_Physiology_2e_2022.indb   3Eureka_Physiology_2e_2022.indb   3 19/09/2022   12:5619/09/2022   12:56



© Scion Publishing Ltd, 2022

ISBN 9781914961151

Second edition first published 2022

First edition published in 2015 by JP Medical Ltd (ISBN 9781909836075)

All rights reserved. No part of this book may be reproduced or transmitted, in any 

form or by any means, without permission.

A CIP catalogue record for this book is available from the British Library.

Scion Publishing Limited

The Old Hayloft, Vantage Business Park, Bloxham Road, Banbury OX16 9UX, UK  

www.scionpublishing.com

Important Note from the Publisher

The information contained within this book was obtained by Scion Publishing 

Ltd from sources believed by us to be reliable. However, while every effort has 

been made to ensure its accuracy, no responsibility for loss or injury whatsoever 

occasioned to any person acting or refraining from action as a result of information 

contained herein can be accepted by the authors or publishers.

Readers are reminded that medicine is a constantly evolving science and while the 

authors and publishers have ensured that all dosages, applications and practices 

are based on current indications, there may be specific practices which differ 

between communities. You should always follow the guidelines laid down by the 

manufacturers of specific products and the relevant authorities in the country in 

which you are practising.

Although every effort has been made to ensure that all owners of copyright material 

have been acknowledged in this publication, we would be pleased to acknowledge 

in subsequent reprints or editions any omissions brought to our attention. 

Registered names, trademarks, etc. used in this book, even when not marked as 

such, are not to be considered unprotected by law.

Line artwork by Matthew McClements at Blink Studio Ltd (www.blink.biz)

Cover design by Andrew Magee Design Ltd

Typeset by Evolution Design & Digital Ltd, Kent, UK

Printed in the UK

Last digit is the print number: 10 9 8 7 6 5 4 3 2 1

Physiology 2e Prelims.indd   4Physiology 2e Prelims.indd   4 09/09/2022   09:0909/09/2022   09:09
Eureka_Physiology_2e_2022.indb   4Eureka_Physiology_2e_2022.indb   4 19/09/2022   12:5619/09/2022   12:56



Contents

Preface to the second edition vii

Acknowledgements viii

Abbreviations ix

1 First principles 1
2 Neuromuscular systems 39
3 Cardiovascular system and blood 67
4 Respiratory system 105
5 Renal system 131
6 Endocrine system and reproduction 163
7 Gastrointestinal system 191
8 Higher neural functions 237
9 Applied physiology 267
10 Self-assessment 279

Index 293

© Scion Publishing Ltd, 2022

ISBN 9781914961151

Second edition first published 2022

First edition published in 2015 by JP Medical Ltd (ISBN 9781909836075)

All rights reserved. No part of this book may be reproduced or transmitted, in any 

form or by any means, without permission.

A CIP catalogue record for this book is available from the British Library.

Scion Publishing Limited

The Old Hayloft, Vantage Business Park, Bloxham Road, Banbury OX16 9UX, UK  

www.scionpublishing.com

Important Note from the Publisher

The information contained within this book was obtained by Scion Publishing 

Ltd from sources believed by us to be reliable. However, while every effort has 

been made to ensure its accuracy, no responsibility for loss or injury whatsoever 

occasioned to any person acting or refraining from action as a result of information 

contained herein can be accepted by the authors or publishers.

Readers are reminded that medicine is a constantly evolving science and while the 

authors and publishers have ensured that all dosages, applications and practices 

are based on current indications, there may be specific practices which differ 

between communities. You should always follow the guidelines laid down by the 

manufacturers of specific products and the relevant authorities in the country in 

which you are practising.

Although every effort has been made to ensure that all owners of copyright material 

have been acknowledged in this publication, we would be pleased to acknowledge 

in subsequent reprints or editions any omissions brought to our attention. 

Registered names, trademarks, etc. used in this book, even when not marked as 

such, are not to be considered unprotected by law.

Line artwork by Matthew McClements at Blink Studio Ltd (www.blink.biz)

Cover design by Andrew Magee Design Ltd

Typeset by Evolution Design & Digital Ltd, Kent, UK

Printed in the UK

Last digit is the print number: 10 9 8 7 6 5 4 3 2 1

Physiology 2e Prelims.indd   4Physiology 2e Prelims.indd   4 09/09/2022   09:0909/09/2022   09:09
Eureka_Physiology_2e_2022.indb   5Eureka_Physiology_2e_2022.indb   5 19/09/2022   12:5619/09/2022   12:56



Eureka_Physiology_2e_2022.indb   6Eureka_Physiology_2e_2022.indb   6 19/09/2022   12:5619/09/2022   12:56



vii

Physiology underlies all clinical medical practice. A good understanding is crucial to making a diagnosis, 
predicting how pathological changes will influence the body and anticipating the effects of treatment.
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5′NT 5′ nucleotidase

5-DHT 5-dihydrotestosterone

5-HT serotonin

5-LO 5-lipoxygenase

A adenine

AC adenylate cyclase

ACE angiotensin-converting enzyme

ACEi angiotensin-converting enzyme 
inhibitor

ACh acetylcholine

AChE acetylcholine esterase

ACTH adrenocorticotropic hormone

ADH antidiuretic hormone (vasopressin)

ADP adenosine diphosphate

AKI acute kidney injury (acute renal 
failure)

AMP adenosine monophosphate

AMPA α-amino-3-hydroxy 5-methyl-
4-isoxazolepropionic acid

ANP atrial natriuretic peptide

ANS autonomic nervous system

APUD amine precursor uptake and 
decarboxylation

AQP aquaporin

AT anaerobic threshold

ATN acute tubular necrosis

ATP adenosine triphosphate

AVN atrioventricular node

BA bile acid

BNP B-type natriuretic peptide

bpm beats per minute

BUN blood urea nitrogen

C cytosine

CA carbonic anhydrase

cAMP cyclic adenosine monophosphate

CCK cholecystokinin

CDK cyclin-dependent kinase

CFTR cystic fibrosis transmembrane 
conductance regulator

cGMP cyclic guanosine monophosphate

CICR calcium-induced calcium release

CK creatine kinase

CN cranial nerve

CNS central nervous system

CO cardiac output

CoA coenzyme A

COPD chronic obstructive pulmonary 
disease

COX cyclo-oxygenase
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Abbreviationsx

CR complement receptor

CRH corticotrophin-releasing hormone

CT computerised tomography

CTZ chemoreceptor trigger zone

CVP central venous pressure

DAG diacyl glycerol

DBP diastolic blood pressure

DCT distal convoluted tubule

DHEA dehydroepiandrosterone

DHP dihydropyridine

DIT di-iodothyronine

DKA diabetic ketoacidosis

DMT divalent metal transporter

DNA deoxyribonucleic acid

DPP dipeptidyl peptidase

dTL descending thin limb 
(of loop of Henle)

ECF extracellular fluid

ECG electrocardiogram

ECL enterochromaffin-like

ECM extracellular matrix

ECV effective circulating volume

EDV end-diastolic volume

eGFR estimated glomerular filtration rate

Em resting membrane potential

ENaC epithelial sodium channel

ENS enteric nervous system

EPI extrinsic pathway inhibitor

EPO erythropoietin

EPSP excitatory post-synaptic potential

ERV expiratory reserve volume

ESV end-systolic volume

ETC electron transport chain

FAD flavin adenine dinucleotide

FADH₂ reduced form of flavin adenine 
dinucleotide

FFA free fatty acid

FII factor II

FIX factor IX

FIXa active form of factor IX

FRC functional residual capacity

FSH follicle-stimulating hormone

FV factor V

FVa active form of factor V

FVII factor VII

FVIIa active form of factor VII

FVIII factor VIII

FVIIIa active form of factor VIIIa

FX factor X

FXa active form of factor Xa

FXI factor XI

G guanine

G0 quiescent phase of the cell cycle

G1 first growth phase of the cell cycle

G2 second growth phase of the cell 
cycle

GABA γ-aminobutyric acid

GALT gastrointestinal-associated 
lymphoid tissue

GC guanylate cyclase

GFR glomerular filtration rate

GH growth hormone

GHRH growth hormone-releasing 
hormone

Gi G protein α subunit i (inhibitory)

GI gastrointestinal
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Abbreviations xi

GLP glucagon-like peptide

Glu glutamate

GLUT glucose transporter

GnRH gonadotropin-releasing hormone

GORD gastro-oesophageal reflux disease

GP general practitioner

Gp glycoprotein

GPCR G-protein-coupled receptor

Gq G protein α subunit q

Gs G protein α subunit s (stimulatory)

GTN glyceryl trinitrate

GTP guanosine triphosphate

haemo-
globin A adult haemoglobin

haemo-
globin A2 adult haemoglobin variant

haemo-
globin F fetal haemoglobin

Hb haemoglobin

HDL high-density lipoprotein

HIF1α hypoxia-induced factor 1α

HLA human leukocyte antigen

HP hydrostatic pressure

HPBC hydrostatic pressure in Bowman’s 
capsule

HR heart rate

HRE hypoxia response elements

HSD hydroxysteroid dehydrogenase

HSEC hepatic sinusoidal endothelial cell

IBD inflammatory bowel disease

ICF intracellular fluid

IF intrinsic factor

IFN interferon

Ig immunoglobulin

IGF insulin-like growth factor

IL interleukin

IP₃ inositol trisphosphate

IPSP inhibitory post-synaptic potential

IRS insulin receptor substrate

IRV inspiratory reserve volume

IV intravenous

JGA juxtaglomerular apparatus

LDL low-density lipoprotein

LH luteinising hormone

LMN lower motor neurone

LoH loop of Henle

LOS lower oesophageal sphincter

LPL lipoprotein lipase

M mitosis phase of the cell cycle

M₃-AChR muscarinic acetylcholine receptor 
subtype 3

mABP mean arterial blood pressure

MAC membrane attack complex

MELAS myoclonic epilepsy, lactic acidosis 
and stroke-like episodes

MG monoglyceride

MHC major histocompatibility complex

miRNA micro-RNA

MIT monoiodothyronine

MLCK myosin light-chain kinase

MLCP myosin light-chain phosphatase

MLH MutL homologue

MMC migrating motor complex

MR mineralocorticoid receptor

mRNA messenger ribonucleic acid

MSH melanocyte-stimulating hormone

MSH MutS homologue
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Abbreviationsxii

MTC medullary thyroid carcinoma

NA noradrenaline (norepinephrine)

NAChR nicotinic acetylcholine receptor

NAD+ nicotinamide adenine dinucleotide

NADH reduced form of nicotinamide 
adenine dinucleotide

NCC Na+-Cl– cotransporter

NK cell natural killer cell

NK neurokinin

NKCC2 co-
transporter Na+/K+/2Cl– cotransporter

NMDA N-methyl-d-aspartic acid

NO nitric oxide

NP natriuretic peptide

NPR natriuretic peptide receptor

NSAID non-steroidal anti-inflammatory drug

OAT organic anion transporter

OCT organic cation transporter

OVLT organum vasculosum of the lamina 
terminalis

PA alveolar air pressure

PACO2 partial pressure of alveolar carbon 
dioxide

PaCO2 partial pressure of arterial carbon 
dioxide

PAO2 partial pressure of alveolar oxygen

PaO2 partial pressure of arterial oxygen

PBS hydrostatic pressure in Bowman’s 
space

PC protein C

Pcap hydrostatic pressure in the capillary

pCO2 partial pressure of carbon dioxide

PCT proximal convoluted tubule

PDE phosphodiesterase

PG prostaglandin

P-gp permeability glycoprotein

πBC oncotic pressure in Bowman’s 
capsule

πCAP oncotic pressure in the capillary

πTS oncotic pressure in tissue space

Pi inorganic phosphate

PiO2 partial pressure of inspired oxygen

PIP2 phosphatidyl-inositol bisphosphate

PKA protein kinase A

PKC protein kinase C

PKG protein kinase G

PLA2 phospholipase A2

PLC phospholipase C

PNS peripheral nervous system

pO2 partial pressure of oxygen

POMC pro-opiomelanocortin

PRL prolactin

PS protein S

PTH parathyroid hormone

ptotal total pressure in a system

PTS hydrostatic pressure in tissue space

PVN paraventricular nucleus

PZ pancreozymin

Q
.

perfusion (the volume of blood per 
set weight of tissue per unit of time)

R receptor

RAAS renin–angiotensin–aldosterone 
system

RBC red blood cell

RBF renal blood flow

Re Reynolds number

RER rough endoplasmic reticulum

RISC RNA-induced silencing complex

RNA ribonucleic acid
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Abbreviations xiii

ROMK renal outer medullary potassium 
channel

RQ respiratory quotient

rT3 reverse tri-iodothyronine

RV residual volume

S DNA synthesis phase of the cell cycle

SAN sinoatrial node

SCN suprachiasmatic nucleus

SaO2 haemoglobin saturation

SBP systolic blood pressure

SER smooth endoplasmic reticulum

SERCA sarcoplasmic reticulum calcium-
transporting ATPase

SFO subfornical organ

sGC soluble guanylate cyclase

SGK serum- and glucocorticoid-
regulated kinase

SGLT sodium–glucose transport protein

siRNA small interfering RNA

SNS sympathetic nervous system

SON supraoptic nucleus

SSR somatostatin receptor

SUR sulphonylurea receptor

SV stroke volume

T thymine

T3 tri-iodothyronine

T4 thyroxine

TAL thick ascending limb 
(of loop of Henle)

TBBC TATA box–binding complex

TCA tricarboxylic acid

TCR T-cell receptor

TF tissue factor

TG triglyceride

ThG thyroglobulin

TM thrombomodulin

TM transport maximum

TNF-α tumour necrosis factor-α

tPA tissue plasminogen activator

TPR total peripheral resistance

TRH thyrotropin-releasing hormone

tRNA transfer ribonucleic acid

TSH thyroid-stimulating hormone

U uracil

UGT uridine diphosphate 
glucuronosyltransferase

UMN upper motor neurone

UOS upper oesophageal sphincter

V
.

ventilation (the volume of air 
moving in and out of the lungs per 
unit of time)

V
.
A alveolar ventilation (the volume of 

air reaching the alveoli in a given 
time period)

VC vital capacity

VCO2 rate of metabolic carbon dioxide 
production

Vdist volume of distribution

VEGF vascular endothelial growth factor

VHL von Hippel–Lindau protein

VLDL very-low-density lipoprotein

VO2 rate of oxygen use in cellular 
respiration

VSD ventricular septal defect

VT tidal volume

Vtotal total volume in a system

vWF von Willebrand factor

WAT white adipose tissue

WBC white blood cell
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4.1 Introduction
Respiration is broadly defined as the physical and 
chemical processes by which the body:
	V obtains the oxygen required for energy-

producing reactions in cells
	V removes the carbon dioxide formed as a waste 

product of these reactions.
Respiration involves:
	V ventilation (or breathing) to produce 

movements of the chest to inflate and deflate 
the lungs and thereby inhale and exhale air

	V passive diffusion of gases between air-filled 
spaces of the lungs and the adjacent blood 
vessels.

Blood gases are maintained at optimal pressures 
(sometimes called tensions) by neural control of 
the rate and depth of breathing. This control is 
provided by the integration of multiple reflexes.

If breathing ceases, cardiac arrest and hypoxic 
brain damage ensue within minutes as a result of 
oxygen starvation.

1. What prevents our lungs from collapsing?

2. How is more oxygen delivered to the most active tissues?

3. Why is carbon monoxide inhalation dangerous?

4. What controls the duration of each breath?

5. Why do lung diseases cause heart failure?

Answers to questions are to be found in Section 4.10.

Starter questions

Chapter 4
Respiratory system

105
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Chapter 4 Respiratory system106

Case 4.1: Laboured breathing in a premature baby

Presentation
Jenna Rose, aged 32 years, is 28 weeks pregnant. 
Until now, her pregnancy has been uneventful; 
however, she has suddenly entered labour. 
Evidence of fetal distress leads to an urgent 
forceps-assisted delivery.

However, at birth, the baby is bluish and 
grunting. His breathing is laboured: his chest 
is indrawn along the costal margin (subcostal 
recession) with each breath.

Analysis
These signs indicate respiratory distress, requiring 
assisted ventilation with a facemask for positive-
pressure ventilation. There are several potential 
causes; however, in premature neonates, 
particularly those born before 30 weeks, the most 
probable cause is lung surfactant deficiency. 
Production of surfactant begins at 24 weeks’ 
gestation, but reserves normally accumulate 
slowly. If there is enough time before delivery, 
two doses of corticosteroids are given to the 
mother, 12–24 h apart, to stimulate surfactant 
production.

Surfactant deficiency greatly increases 
respiratory effort and makes it extremely difficult 
for the baby to take its initial breaths. Before the 
first breath, the lungs are filled with (amniotic) 
fluid, which must be forced out of the alveoli 
by air pressure on inflation. Positive pressure 
ventilation is required to facilitate this process if 
the neonate is unable to generate the necessary 
respiratory effort on its own.

Further case
Two weeks later, the baby requires intubation 
and respiratory support with high ventilation 
pressures in the neonatal unit. A chest X-ray 
shows patchy areas of consolidation. A sudden 

deterioration in his condition is determined to be 
the result of a pneumothorax (air in the pleural 
space). However, after insertion of a chest drain 
he recovers and is discharged from hospital.

Further analysis
Surfactant reduces surface tension in the lung. 
Without it, the lung is poorly compliant so that 
large forces are required for inflation; alveoli 
remain collapsed, and small alveoli empty into 
larger ones. A huge amount of effort is needed 
to breathe due to the reduced ability to expand, 
and mechanical ventilation is required if there are 
signs of acute respiratory distress.

When many alveoli remain collapsed, as 
indicated by the patchy consolidation on X-ray, 
the surface area available for diffusion is reduced. 
A consequence of using high ventilation 
pressures is an increased risk of pneumothorax, 
which can be difficult to manage. Neonates with 
chronic lung disease may require supplemental 
oxygen for months, but most have normal long-
term respiratory function.

Normal alveoli Collapsed alveoli

Reduced surface
area for exchange

Hypoxia and
hypercapnia
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4.2 Properties of gases 107

4.2 Properties of gases
A gas consists of individual molecules existing  
separately in space and able to move 
independently of each other. A gas-filled space 
may contain a single element, for example pure 
oxygen, or a single compound. Alternatively, 
it may contain a mixture of elements or 
compounds; an example is the earth’s 
atmosphere, which comprises 74% nitrogen, 
21% oxygen and a small amount of water, carbon 
dioxide and other substances.

Understanding lung physiology requires 
discussion of the physical characteristics of gases, 
which are most easily explained by considering 
their behaviour in a container, i.e. in an enclosed 
space or system.

4.2.1 Partial pressure
The pressure exerted by a gas is the force 
its molecules generate against the walls of 
the container, as a result of their random 
movement. Such pressure is exerted by all gases 
in a container, for example each of the gases 
within the alveoli. The pressure attributable to 
a particular gas, irrespective of whether it is the 
only gas in the system or one of a mixture of 
gases, is termed its partial pressure.

The partial pressure of a gas drives its 
diffusion through and between spaces, in a 
similar way to the concentration of a substance 
providing the impetus for its diffusion through a 
liquid and between compartments.

Dalton’s law
This law describes the principle that the total 
pressure in a system (Ptotal) equals the sum of the 
partial pressures (P1, P2, P3, etc.) for each of its 
constituent gases:

Ptotal = P1 + P2 + P3 + ... Pn

Boyle’s law
Boyle’s law describes the relationship between 
the pressure of a gas and the volume (V) it 
occupies:

PV = a constant, k

Therefore,

P ∝
  1 

    V
For one gas and the volume (V1) it occupies in a 
mixture of gases, the equation can be rearranged 
in a series of steps in a way that has multiple 
applications in the respiratory system:

 P1  
=

  V1 
Ptotal     Vtotal

In this form, Boyle’s law explains that the partial 
pressure of a gas in a system is proportional to 
the fractional volume that it occupies in the 
whole system. Rearrangement of this equation 
shows that the partial pressure of each gas 
reflects its relative or fractional concentration in 
the system:

P1 = Ptotal × ( V1 )Vtotal

In other words,

P1 = Ptotal × fractional concentration of gas1 
in mixture

As an example, the Ptotal of air (at sea level) is 
100 kPa, and oxygen comprises 21% of air by 
volume, so PO2 at sea level is 21 kPa.

4.2.2 Flow dynamics
Many of the principles of movement of fluid 
through tubes apply equally to the movement of 
gases (see Section 3.2.1). The relationship between 
flow, velocity and total cross-sectional area is 
particularly significant:

flow = velocity × total cross-sectional area

As the airways divide from the trachea to the 
alveoli, their total cross-sectional area greatly 
increases. Therefore, to maintain uniform flow 
throughout the lung, the velocity of gas flow 
must be extremely low in the smallest airways 
(Figure 4.1).

Eureka_Physiology_2e_2022.indb   107Eureka_Physiology_2e_2022.indb   107 19/09/2022   12:5719/09/2022   12:57



Chapter 4 Respiratory system108

At high altitudes, oxygen comprises 21% of 
inspired air, as it does at sea level, but the 
atmospheric pressure is much lower. Applying 
Boyle’s law, if atmospheric pressure is reduced 
to 50 kPa instead of the 100 kPa at low altitudes, 
the PO2 is 10 kPa instead of 21 kPa. At 10 kPa, 
less oxygen dissolves in the blood. Therefore, an 
artificial oxygen supply is required to exercise at 
high altitudes, unless there has been a period 
of acclimatisation to increase oxygen carriage. 
(The effect of altitude is discussed further in 
Section 9.6).

4.3 Lungs, pleurae and muscles of respiration
The respiratory system comprises the tubes 
leading from the mouth and nose to the lungs, 
the lungs themselves, and the structures in the 
chest that move air into and out of the lungs.

This section focuses on the lungs, pleurae and 
muscles of respiration, because of their key roles 
in ventilation.

4.3.1 The lungs
These soft, flexible organs are in the thorax. They 
are bounded by the chest wall, which comprises 
a bony skeleton and the muscles of respiration.

If the lungs were simply two air-filled sacs, 
their internal surface area would be insufficient 
for the amount of gaseous exchange necessary 
to meet the demands of cellular respiration. 
Therefore multiple branching of the airways 
creates the huge surface area required for 
adequate gaseous exchange (Figure 4.2).

4.3.2 The pleurae
The lungs and the inner face of the chest wall are 
covered by pleurae, thin layers of epithelial cells 
and connective tissue.

	V The visceral pleura covers the lungs
	V The parietal pleura lines the chest wall.

The two pleural sacs are in continuity with each 
other at the lung hilum, such that there is a 
potential cavity between them (the pleural space; 
Figure 4.3), similar to that between the layers of 
the serous pericardium (see Section 3.3.1).

The pleural space contains a small amount of 
fluid, which:
	V lubricates the two pleural layers so that they 

can move freely over each other during 
breathing

	V holds the parietal and visceral pleurae 
together, by acting as a vacuum seal.

In this way, the pleural space keeps the lungs 
expanded against the chest wall.

4.3.3 Muscles of respiration
These are the intercostal muscles and the 
diaphragm. The diaphragm is a sheet of 
musculofibrous tissue that separates the thoracic 
and abdominal cavities.

Figure 4.1 Gas velocity in the airways. As the 
airways divide, their total cross-sectional area 
increases. Constant flow of air results in an 
exponential reduction in gas velocity from the 
trachea to the alveoli.
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4.3 Lungs, pleurae and muscles of respiration 109

Accessory muscles of respiration
Attached to the ribcage are the accessory 
muscles of respiration, which aid the intercostal 
muscles and diaphragm in the effort of 
breathing. The accessory muscles are:

	V In the neck: sternocleidomastoid, trapezius 
and the scalene muscles

	V In the thorax: serratus anterior and the pectoral 
muscles

	V In the abdomen: rectus abdominis and the 
oblique muscles.

Figure 4.2 The respiratory tree and its blood supply. The trachea separates into two bronchi, which 
divide into successively smaller bronchioles with about 25 orders of branching from the trachea to the 
terminal bronchioles. About 500 million alveoli arise from the terminal bronchioles to provide an area of 
75 m2 for gaseous exchange between the alveolar cavities and the dense network of capillary vessels in 
the alveolar walls.
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Figure 4.3 Layers of pleura. 
The parietal pleura (lining the 
chest wall) and the visceral 
pleura (lining the lung) are in 
continuity with each other at the 
lung hilum. This arrangement 
creates a potential cavity, the 
pleural space. Formation of 
radiographically opaque plaques 
on the pleurae is strongly 
associated with asbestos 
exposure (see Figure 4.5).
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4.4 Ventilation
Ventilation, or breathing, is the mechanical 
movements responsible for inspiration and 
expiration, which enable the exchange of gases 
in the lungs.

Various factors affect ventilation:
	V lung volumes and capacities
	V pleural pressure
	V compliance and elasticity
	V surface tension and pulmonary surfactant
	V resistance.

4.4.1 Lung volumes and 
capacities
The four lung volumes and three capacities (each 
of which consists of two or more lung volumes) 
are shown in Figure 4.4.
	V Tidal volume (VT) is the volume of air that 

moves into or out of the lungs with each 
breath at rest; it is usually about 500 mL

	V Inspiratory reserve volume (IRV) is the 
additional volume taken into the lungs with 
effort after inspiration of VT

	V Expiratory reserve volume (ERV) is the 
additional volume expelled from the lungs 
with effort after expiration of VT

	V Residual volume (RV) is the volume of air 
that remains in the lungs after exhalation of 
the ERV (the lungs cannot normally collapse 
completely)

	V Functional residual capacity (FRC) is the 
volume (about 2.7 L) left in the lung after 
expiration of VT; it is ERV and RV combined

	V Vital capacity (VC) is the total volume of air 
that can be moved in or out of the lungs with 
effort; it is the sum of IRV, VT and ERV

	V Total lung capacity is the maximum volume 
contained by the lungs and therefore the sum 
of all four volumes.

In restrictive lung diseases such as pulmonary 
fibrosis, lung volumes (particularly RV 
and FRC) are reduced. Resulting inadequate 
ventilation and oxygenation can lead to respiratory 
failure.

Minute ventilation
The volume of air entering or leaving the lungs in 
a given time period depends on the respiratory 
rate as well as the volume of air moved into or 
out of the lungs with each breath. For example, 
the volume of air breathed in a minute (the 
minute ventilation) is calculated as follows:

minute ventilation (V ) = VT × frequency (f  )

Dead space
This is the volume of air in the airways that is 
unavailable for gaseous exchange. It has two 
components:
	V anatomical dead space (typically 150 mL) 

is the total volume in the conducting zone, 
where no gaseous exchange occurs, i.e. the 
conducting bronchioles and above

Figure 4.4 Lung volumes and 
capacities. ERV, expiratory reserve 
volume; FRC, functional residual 
capacity; IRV, inspiratory reserve 
volume; RV, residual volume; 
TLC, total lung capacity; VC, vital 
capacity; VT, tidal volume.
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4.4 Ventilation 111

	V alveolar dead space is the volume in 
the respiratory zone (i.e. the respiratory 
bronchioles and below) where gaseous 
exchange is not occurring. It is zero in healthy 
people and increases, for example, if alveoli fill 
with fluid (e.g. pneumonia) or there is a loss of 
surface area (e.g. emphysema).

4.4.2 Pleural pressure
Between the visceral pleura over each lung and 
the parietal pleura over the chest wall is the fluid-
containing pleural space (Figure 4.6). The two 
layers of pleura are pulled apart by the propensity 
of the chest wall to expand and the lung to 
recoil. Thus these opposing forces generate 
a negative pressure (relative to atmospheric 
pressure) in the pleural space between them.

4.4.3 Compliance and elasticity
Pulmonary compliance affects ventilation, 
because patients whose lungs have poor 
compliance must use greater effort to inhale a 
normal volume of air.

The compliance of a structure is the volume 
it achieves when subjected to a given distending 
pressure:

compliance = change in volume/ 
change in pressure

Therefore a highly compliant structure requires 
only a small pressure to produce a large increase 
in volume.

Elasticity is the inverse of compliance:

elasticity = 1/compliance = change in pressure/
change in volume

A highly elastic structure has a propensity to 
maintain its volume. When subjected to a force 
that increases its volume, it stores potential 
energy. This energy returns the structure to its 
original volume when the distending pressure is 
removed.

The content and arrangement of 
connective tissues (e.g. elastin, collagen and 
glycosaminoglycans) in a structure determine its 
compliance and elasticity. The elasticity of the 
lung and visceral pleura confer a tendency for 
the lung to collapse, whereas chest wall elasticity 
confers a tendency to expand. However, the lung 
and visceral pleura are held to the chest wall and 
parietal pleura by the fluid in the pleural space, 
and negative pleural pressure ensures that the 
lung and chest wall act as a single structure.

Figure 4.5 Chest X-ray showing bilateral pleural 
plaques 1 . These are calcified areas of pleura 
that occur in response to asbestos exposure. The 
plaques themselves are not harmful or malignant 
but can have a shocking appearance on X-ray.

1

Figure 4.6 Chest X-ray showing a right-sided 
pleural effusion 1 . This collection of fluid in the 
pleural space was due to an underlying infection 
that had stimulated production of reaction fluid 
by the pleura.

1
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Chapter 4 Respiratory system112

Static compliance (i.e. compliance in the 
absence of airflow) of the lungs and chest wall 
is shown in Figure 4.7. Compliance is greatest 
at about FRC, i.e. after a normal expiration, when 
there is zero distending pressure. Therefore 
minimum force is required to inflate the lungs by 
the usual amount, VT, and expiration is passive, 
thereby minimising the effort required for quiet 
breathing. Substantially more force is required for 
forced inspiration or expiration.

Respiratory muscles use energy to expand the 
ribcage (Figure 4.8). The resulting movement of 
the parietal pleura away from the visceral pleura 
(and lung) further reduces the negative pleural 
pressure that connects the lungs and chest wall. 
As the whole lung expands, a distending pressure 
is exerted throughout the lung that opens each 
airway to increase the volume of the lungs and 
airways.

A rearrangement of Boyle’s law describes how 
these changes produce ventilation:

V1 × P1 = V2 × P2

As alveolar volume increases from V1 (at the start 
of the breath in (FRC)) to V2 (end of inhalation 
(FRC+VT)), there is a proportional decrease in 
intrathoracic pressure from P1 to P2 to maintain 
equilibrium. Consequently, airway pressure 
decreases to below atmospheric pressure, 

causing gases from outside the body to move 
into the alveoli.

This process is reversed in expiration. Passive 
recoil of the chest wall and lung towards their 
positions at resting volume occur at FRC, i.e. 
at the end of a normal breath. Pleural pressure 
increases and causes gases to move from the 
alveoli to outside the body. The increase in 
alveolar pressure also generates a pressure on 
the lung’s airways, which can cause their collapse 
and the trapping of air in the lung. This is seen in 
patients with disease that increases small airway 
resistance, such as chronic obstructive pulmonary 
disease (COPD).

4.4.4 Surface tension and 
pulmonary surfactant
Pulmonary compliance also depends on the 
surface tension of the mucoid lining of the 
alveoli. Pulmonary surfactant decreases this 
surface tension, thereby increasing pulmonary 
compliance and reducing the effort needed to 
expand the lungs.

Figure 4.7 Compliance curve for lung (red), 
chest wall (blue) and both structures together 
(green), showing changes in volume with 
changes in distending pressure. FRC, functional 
residual capacity.
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4.4 Ventilation 113

Surface tension
Much of the elastic recoil of the lung is the 
result of surface tension effects at air–water 
interfaces; a lung filled with fluid is much more 
compliant. These surface tension effects arise 
because all alveoli are covered in a thin layer 
of fluid. The van der Waals forces between 
adjacent water molecules in this fluid exert radial 
and circumferential forces that favour alveolar 
collapse (Figure 4.9). Therefore, for alveoli to 
remain at constant volume, these forces must be 
countered by an equal, opposing force from their 
internal gas pressure.

The internal pressure (P) required to keep a 
fluid-lined sphere such as an alveolus inflated is 
calculated by Laplace’s law:

P = 2T / r

In this equation, T is wall tension, the pulling 
force exerted on the alveolar wall, and r is the 
radius. Surfactant maintains a nearly constant T.

Accordingly, small alveoli (with a small r) 
require a higher internal pressure to remain 
inflated. Theoretically, this implies that the high 
pressure in small alveoli would equalise by 
transfer to low pressure larger alveoli. However, 
this is inhibited by surfactant.

Surfactant
Surfactant is a phospholipid that is amphiphilic, 
i.e. both hydrophilic and hydrophobic, secreted 
by type 2 pneumocytes of the alveolar 
epithelium. The large surfactant molecules come 
between the water molecules in the fluid lining 

the inner alveolar surface, with their hydrophobic 
lipid tails projecting into the gases in the alveolus 
(Figure 4.9). The effect is to interrupt van der 
Waals forces between the water molecules and 
thereby reduce surface tension.

The action of surfactant has three 
consequences:
	V Lung compliance is increased, reducing the 

effort required for breathing
	V The internal pressure required to maintain 

alveolar inflation is reduced; surfactant has a 
greater effect in smaller alveoli, so it helps to 
prevent small alveoli emptying into large ones

	V Increased compliance means smaller forces 
are required for airway movement, minimising 
the amount of fluid drawn into the alveoli that 
inhibits gaseous exchange.

4.4.5 Resistance
The movement of air during ventilation is 
accompanied by resistance – the forces of friction 
and stiffness opposing air flow. It is calculated 
as the ratio of pressure to the rate of flow (see 
Section 4.2.2). The respiratory muscles expend 
energy to move the chest wall to expand the 
lungs, thereby enabling the intake of air. A small 
amount of resistance is generated by the stiffness 
of tissues of the lung and chest wall. However, 
80–90% of resistance is dynamic resistance: the 
friction generated by gas movement itself.

When dynamic resistance is plotted on the 
compliance curve, it is apparent that airway 
resistance during inspiration and expiration is 

Figure 4.9 Forces of alveolar 
surface tension. The van der Waals 
forces between water molecules 
in the fluid lining the alveoli 
cause circumferential and radial 
(collapsing) forces. These forces 
are equally opposed by alveolar air 
pressure (PA). The dual hydrophilic−
hydrophobic nature of surfactant 
enables it to decrease the attraction 
between water molecules in the 
alveoli, thereby greatly reducing 
surface tension.
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unequal. This is an example of hysteresis – when 
a physical property varies due to delayed effects 
– and is due to changes in compliance during 
the ventilatory cycle (Figure 4.10).
	V In early inspiration, resistance is high while 

alveoli are recruited (i.e. expanding as more 
gas enters them) as they have low compliance 
due to surface tension

	V In early expiration, alveoli have low 
compliance because of resistance to flow 
through the bronchial tree.

A 10-year-old boy presents to the emergency 
department with breathlessness and a 
cough. He complains of a feeling of tightness in 
his chest. His parents say that he has been waking 
up coughing at night for the past few weeks. 
A wheeze throughout his chest is audible on 
auscultation.

Asthma is a common obstructive airway disease. 
It is characterised by fully reversible airway 
obstruction (unlike chronic obstructive pulmonary 
disease, in which the obstruction is irreversible). 
Acute asthma attacks usually have a trigger, 
such as intercurrent viral illness or exposure 
to an allergen; untreated patients may have 
milder symptoms between attacks. Treatment 
includes avoidance of precipitating factors, and 
administration of bronchodilators (e.g. salbutamol, 
a β2-adrenergic receptor agonist) and anti-
inflammatory drugs (corticosteroids).

Resistance through the bronchial tree
Resistance to airflow is greatest in the upper 
respiratory tract (the larynx and pharynx) and 
large airways. These parts of the respiratory tract, 
in accordance with Poiseuille’s law (see Section 
3.2.1), have the smallest total radius and therefore 
highest resistance to air flow. The radius of the 
thorax, for example, is smaller than the sum of all 
the radii of the bronchioles.

Furthermore, large airways are more likely to 
have turbulent flow. The probability of turbulence 
occurring is described by the Reynolds number 
(see Section 3.2.1). Turbulent flow is more likely in 
airways with larger lumina, higher flow velocity 
and increased branching. Turbulent flow is less 
energy-efficient because of its chaotic, irregular 
nature, therefore it increases resistance.

Bronchodilation and 
bronchoconstriction
Bronchioles, as small airways, have only a small 
contribution to the total resistance in the 
respiratory system. However, their resistance 
can be varied, because the smooth muscle in 
their walls allows their diameter to be changed 
by bronchodilation or bronchoconstriction 
(Table 4.1).
	V Bronchiole resistance is reduced by 

bronchodilation

Figure 4.10 Hysteresis of the lung. The dynamic 
resistance of the lung during inspiration and 
expiration is not linear or equal, because of 
differences in resistance to the movement of 
gases through the large airways.

Expiration

Inspiration

Vo
lu

m
e

Transmural pressure

Table 4.1 Factors that cause bronchial constriction and dilation

Bronchoconstriction Bronchodilation

Parasympathetic stimulation at muscarinic 
acetylcholine receptors
Low airway carbon dioxide
Leukotrienes, histamine and bradykinin

Sympathetic stimulation at β2-adrenergic receptors
Non-adrenergic, non-cholinergic innervation
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	V Bronchiole resistance is increased by 
bronchoconstriction.

Two of the most common respiratory conditions, 
asthma and chronic obstructive pulmonary 
disease, are characterised by inappropriate 
bronchoconstriction. The aims of treatment are to 
reduce inflammation (e.g. with inhaled steroids or 
montelukast, a leukotriene receptor antagonist) 
and to promote bronchodilation (e.g. with β2-
adrenergic receptor agonists).

Chronic obstructive pulmonary disease is 
characterised by irreversible small airway 
obstruction, and is almost always secondary 
to smoking. Chronic inflammation causes smooth 
muscle hyperplasia, increases mucus production, 
narrows airways and increases resistance to flow, 
with a marked decrease in airway pressure during 
expiration. Forced expiration results in a positive 
pleural pressure that exceeds airway pressure, 
resulting in airway collapse, cessation of airflow 
and obstruction during exhalation.

4.5 Gaseous exchange
Once air is inhaled, gaseous exchange occurs 
through the passive diffusion of gases between 
the alveoli and adjacent blood vessels, i.e. 
the pulmonary capillaries. In this way, blood 
transported from the heart to the lungs by the 
pulmonary arteries gains oxygen and loses 
carbon dioxide. The oxygenated, carbon dioxide-
depleted blood is then carried back to the heart 
by the pulmonary veins.

The aim of gaseous exchange is to maintain 
respiratory gases in systemic circulation at partial 
pressures sufficient for metabolic needs.

4.5.1 Alveolar gases
Oxygen moves from the alveoli into pulmonary 
capillaries, and alveolar carbon dioxide moves 
in the opposite direction. These gases move 
across the respiratory membrane down their 
concentration gradients until their alveolar partial 
pressures equalise with the partial pressures at 
the ends of the pulmonary capillaries, where the 
pulmonary venous circulation begins.

The partial pressures of alveolar gases are 
almost stable throughout the respiratory cycle, 
for two reasons:
	V the volume reaching the alveoli in a normal 

breath is only about 350 mL of the 2.7 L FRC, 
the volume of air left in the lung after a normal 
exhalation

	V gases move extremely slowly in the alveoli, 
because of their large total cross-sectional 
area.

Anatomical dead space – where gaseous 
exchange cannot occur – means that the partial 
pressures of gases leaving the lungs at the start 
of an exhalation are essentially the same as 
those in the atmosphere. In contrast, the partial 
pressures of gases expelled at the end of an 
exhalation are the same as those in the alveoli.

As air passes through the nose and upper 
airways, it becomes saturated with water vapour. 
This effect helps to avoid damage to the delicate 
cells of the alveoli from the inhalation of dry air.

The water vapour has a significant partial 
pressure of its own: roughly 6 kPa. The partial 
pressure of the water vapour reduces the partial 
pressures of the other gases relative to their 
values in dry air. Typical values are given in 
Table 4.2.

Alveolar carbon dioxide
The percentage of carbon dioxide in inspired 
air is almost zero (0.04%). Therefore virtually all 

Table 4.2 Partial pressures of gases in the 
atmosphere and in healthy alveoli

Gas Atmospheric 
pressure 
(kPa)

Alveolar 
pressure 
(kPa)

Carbon dioxide 0.05 5.5

Oxygen 21 13.5

Hydrogen 0 6.5

Nitrogen 80 75.5
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the carbon dioxide in alveoli originates from the 
body, as a waste product of cellular respiration.

At the arterial ends of pulmonary capillaries, 
the PCO2 is about 6 kPa. However, it is only 
5 kPa in the alveoli. Therefore, carbon dioxide 
passively diffuses from the blood into the alveolar 
space, driven by the partial pressure gradient. 
By the end of the pulmonary capillary, PaCO2 has 
equalised with PACO2.

The higher the rate of metabolic carbon 
dioxide production (V̇CO2), the higher the alveolar 
carbon dioxide. Ventilation removes the gas, 
because air moving into and out of the alveoli 
dilutes the alveolar carbon dioxide. Therefore:

PACO2 ∝ V̇CO2/V̇A

In this equation, PACO2 is the partial pressure 
of carbon dioxide in the alveoli, and V̇A is the 
alveolar ventilation (i.e. the volume of air reaching 
the alveoli in a given time period).

Plotting PACO2 against V̇A produces a slope 
known as the metabolic hyperbola (Figure 4.11). 
At a constant V̇CO2, V̇A is the only factor 
influencing PACO2 and, assuming normal gaseous 
exchange, PaCO2. Therefore PaCO2 can be used as 
a marker of the efficiency of ventilation.

By the time the blood has reached the venous 
ends of pulmonary capillaries, its PCO2 will have 
equalised with that of the alveoli (i.e. PACO2). After 
passing through the left side of the heart, this will 
enter the systemic arterial circulation. In this way, 
changes in ventilation directly affect the PACO2 in 
the rest of the body:
	V Hyperventilation decreases PCO2, causing 

respiratory alkalosis
	V Impaired ventilation increases PCO2, causing 

respiratory acidosis.

Alveolar oxygen
Oxygen enters alveoli from the air during 
breathing. Therefore the PO2 in the alveoli, i.e. 
the PAO2, is proportional to the partial pressure 
of oxygen in the air and its rate of diffusion into 
the blood. If oxygen is inspired at a higher partial 
pressure, for example when supplementary 
oxygen is given, PAO2 is driven up.

Pulmonary capillaries arrive at the alveoli 
deficient in oxygen, because they carry blood 
from the systemic venous circulation. Oxygen 

from the alveoli enters the blood.
The higher the rate of oxygen use in cellular 

respiration (V̇O2), and the lower the venous PO2, 
the greater the amount of oxygen leaving the 
alveoli. PAO2 decreases as alveolar oxygen is 
removed and its place is taken by carbon dioxide.

PAO2 ∝ PiO2 – (V̇O2/V̇A)

In this equation, PiO2 is the partial pressure of 
inspired oxygen.

Therefore as V̇A increases, PAO2 approaches 
PiO2.

When the partial pressure of arterial oxygen 
(PaO2) is plotted against V̇A, the whole curve can 
be shifted by an increase in metabolic activity 
or a change in the partial pressure of inspired 
oxygen (Figure 4.12).

4.5.2 Respiratory quotient
The rate at which oxygen is replaced by carbon 
dioxide in the mix of alveolar gases is the 
respiratory quotient (RQ). It is the ratio between 
carbon dioxide production and oxygen intake:

RQ = V̇CO2/V̇O2

When pure carbohydrates are metabolised, one 
molecule of carbon dioxide is produced for 
each molecule of oxygen used. However, with 
fats or proteins, some oxygen is combined with 
hydrogen (and other atoms), so the RQ is <1. 
For the average mixed western diet, the RQ is 
typically about 0.8.

Figure 4.11 The metabolic hyperbola: the 
effect of changes in alveolar ventilation (V̇A), and 
increased carbon dioxide production (V̇CO2), on 
the partial pressure of arterial carbon dioxide 
(PaCO2).
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4.5.3 Alveolar gas equation
We can use an estimate of alveolar PCO2 (from 
expired carbon dioxide and ventilation rate or 
from arterial PCO2) along with knowledge of the 
RQ to estimate the PAO2 for a given inspired PO2. 
This is known as the alveolar gas equation, and a 
simplified form is:

PAO2 = PiO2 – (PaCO2/ RQ)

Therefore PAO2 can be calculated for a known 
partial pressure of arterial carbon dioxide (PaCO2), 
which is assumed to be equal to PACO2. This 
equation can be used to calculate the alveolar−
arterial PO2 difference, which is useful clinically in 
the differential diagnosis of hypoxia.

4.5.4 Gaseous exchange in 
the lung
When gases move between the alveolar space 
and the blood in pulmonary capillaries, they pass 
through the four layers that comprise the alveolar 
diffusion barrier (Figure 4.13).
	V The inner surface of each alveolus is lined with 

a small amount of alveolar (interstitial) fluid
	V This layer of fluid overlies type 1 pneumocytes 

(the alveolar epithelial cells that do not secrete 
surfactant)

	V The layer of pneumocytes lies on the 
basement membrane of the alveolus, which 
is fused to the basement membrane of the 
adjacent pulmonary capillary

	V The fused layer of basement membrane is next 
to a layer of endothelial cells.

The diffusion capacity of the lung depends on 
the thickness of the barrier and the surface area 
available for gaseous exchange. Each of these 
factors may be affected by certain pathologies. 
For example, pulmonary fibrosis thickens the 
alveolar barrier, and emphysema reduces the 
surface area over which gases diffuse.

Determinants of rate of gaseous 
exchange
For a gas to pass through the alveolar barrier, it 
must go through a gaseous phase and a liquid 
phase before a phase of variable protein binding 
when it reaches the blood.

The rate of diffusion of an alveolar gas 
through the first of these phases is inversely 
proportional to its molecular weight (Graham’s 
law); larger molecules move more slowly. 
Therefore oxygen, which has a molecular weight 
of 32, diffuses through the alveolar space 
slightly more quickly than carbon dioxide, with a 
molecular weight of 44, does.

The movement of gas through the liquid 
phase depends on its partial pressure gradient 
(Henry’s law) and solubility coefficient (a measure 
of how readily it dissolves).
	V Oxygen has a large partial pressure gradient 

across the alveolar barrier (5−13 kPa) but poor 
solubility in water

Figure 4.12 Effects of V̇O2 and PiO2 on PaO2. 
As alveolar ventilation (V̇A) increases, the partial 
pressure of arterial oxygen (PaO2) increases. If the 
body’s rate of oxygen use (V̇O2) increases, or 
the partial pressure of inspired oxygen (PiO2) 
decreases, the curve shifts downwards, thereby 
reducing the ability of increasing V̇A to increase 
PAO2.

P aC
O

2

Raised VO2 or
reduced PiO2

Alveolar ventilation, VA

Figure 4.13 The alveolar diffusion barrier is 
formed of four layers.
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	V Carbon dioxide has a smaller partial pressure 
gradient (6–5 kPa) but is highly soluble.

Therefore, overall, carbon dioxide diffuses 
through the alveolar barrier 20 times faster than 
oxygen does.

Perfusion-limited gases
Under physiological conditions, oxygen and 
carbon dioxide are perfusion-limited gases. This 
means that their rate of exchange between 
alveoli and blood is limited by blood flow to 
the capillaries, and not by how readily they 
diffuse across the respiratory membrane. The 
alveolar and capillary partial pressures of each 
gas equalise during perfusion of the pulmonary 
capillaries (Figure 4.14). However, once 
equilibrium is reached at the venous ends of 
the pulmonary capillaries, no further diffusion of 
oxygen and carbon dioxide is possible.

An increase in the perfusion rate of 
pulmonary circulation increases the amount of 
gaseous exchange, as it provides more blood for 
oxygen to pass into capillaries and for carbon 
dioxide to leave into the alveoli. Thus the rate 
of gaseous exchange is limited by the perfusion 
rate.

As an example, carbon dioxide is moderately 
soluble in water, so it dissolves in alveolar fluid 
to generate a partial pressure in the liquid phase. 

Carbon dioxide then diffuses through the rest 
of the alveolar barrier and into the blood in the 
pulmonary capillary. Only a small amount binds 
to proteins in the blood; almost all the carbon 
dioxide that diffuses through the alveolar barrier 
exerts a partial pressure in the blood. The result 
is full equilibrium at an early stage in the blood’s 
transport along the length of the pulmonary 
capillary. Therefore in this case perfusion rate, not 
transport across the alveolar diffusion barrier, is 
the rate-limiting step.

Diffusion-limited gases
Gases with a high affinity for plasma proteins 
are diffusion-limited. This means that their rate 
of exchange is limited more by their rate of 
diffusion across the respiratory membrane, rather 
than blood flow through pulmonary capillaries, 
i.e. perfusion.

For example, carbon monoxide has a high 
affinity for haemoglobin, maintaining a low 
partial pressure (PaCO) all along the capillary. 
Therefore carbon monoxide does not equilibrate 
by the end of the capillary, irrespective of blood 
flow. The exchange rate is limited by the diffusion 
rate.

Alveolar−arterial oxygen difference
In a normally functioning respiratory system, 
pulmonary venous PO2 and PAO2 are equal. 
However, PaO2 in the systemic circulation is 
about 1 kPa lower than PAO2. This alveolar−
arterial difference is a consequence of shunting 
and ventilation−perfusion (V̇/Q̇) mismatch 
(see Section 4.7.1).

Shunting is the movement of blood from one 
side of the circulation to the other.
	V Left-to-right shunts (e.g. atrial septal defect) 

transfer blood from the systemic circulation to 
the pulmonary circulation; in the long term, 
these shunts can cause cardiac failure, because 
they increase blood flow in the pulmonary 
circulation

	V Right-to-left shunts cause blood to pass 
from the systemic venous circulation back into 
the systemic arterial circulation, bypassing the 
lungs; the result is mixing of oxygenated and 
deoxygenated blood.

Figure 4.14 Perfusion- and diffusion-limited 
gases. The partial pressures of oxygen and carbon 
dioxide, as perfusion-limited gases, have fully 
equalised with their alveolar gas partial pressures 
by the time the blood reaches the venous end 
of the pulmonary capillary. In contrast, the partial 
pressure of carbon monoxide, a diffusion-limited 
gas, continues to increase as the blood travels 
the whole length of the vessel.
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4.6 Gas transport in blood 119

There are two examples of right-to-left shunts, 
which reduce haemoglobin oxygen saturation of 
arterial blood:
	V the bronchial arteries arise from the thoracic 

aorta to supply the conducting airways and 
drain into the pulmonary veins, i.e. back into 
systemic arterial circulation

	V the Thebesian veins drain the myocardium of 
the left ventricle, depositing deoxygenated 
blood into the ventricle itself, mixing with 
oxygenated blood that enters systemic 
circulation.

Pulmonary fibrosis is characterised by 
deposition of extracellular matrix in the 
interstitial space of lungs, thickening the 
diffusion barrier. Eventually, this limits the 
movement of oxygen, the gas most susceptible to 
diffusion limitation, and chronic hypoxia develops. 
In severe cases, pulmonary fibrosis may impair 
ventilation to the point at which PaCO2 is increased.

4.6 Gas transport in blood
Blood carries oxygen to the tissues and carbon 
dioxide to the lungs. Various factors affect this 
transport.

4.6.1 Oxygen transport
Oxygen is transported in the blood in two ways: 
dissolved in plasma and bound to haemoglobin. 
At a partial pressure of only 13 kPa, the oxygen 
dissolved in blood would be insufficient to 
supply the body’s tissues. Therefore they rely on 
haemoglobin for their oxygen supply.

About 98.5% of the oxygen in blood is bound 
to haemoglobin, enabling blood to be ‘loaded’ in 
the lungs and ‘unloaded’ in the tissues, thereby 
delivering oxygen to where it is most needed.

Blood oxygen levels are discussed as oxygen 
content and oxygen capacity estimated from 
blood samples:
	V the oxygen content is the total dissolved and 

haemoglobin-bound oxygen
	V the oxygen-carrying capacity is the maximum 

amount of oxygen that can be carried by the 
measured amount of haemoglobin.

Haemoglobin
Haemoglobin is a tetramer protein with four 
subunits. Each subunit comprises a polypeptide 
chain and a haem group; the latter binds oxygen 
reversibly. The subunits are linked by non-
covalent bonds. There are four main types of 
subunit: alpha (α), beta (β), delta (δ) and gamma 
(γ). Different combinations of these subunits 
produce different types of haemoglobin.

The composition of different types of 
haemoglobin determines their function. Each 
subunit has a different oxygen affinity, affecting 
the overall affinity of the haemoglobin molecule. 
Fetal haemoglobin (HbF), for example, has a 
higher oxygen affinity than adult haemoglobin 
(HbA) in order to ensure the fetus’ oxygen 
demands are met (Table 4.3).
	V HbA is the main adult haemoglobin and 

consists of two α and two β chains. The 
latter mean that HbA oxygen affinity 
varies according to the presence of 
2,3-diphosphoglycerate (2,3-DPG)

	V HbA2 contains two α and two δ chains. It 
normally has a minor role, but is important 
in compensating in individuals with β chain 
abnormalities

	V HbF consists of two α and two γ chains, 
conferring high oxygen affinity and exchange 
to fetal circulation in the placenta.

Haemoglobin–oxygen dissociation 
curve
The coupling of oxygen to haem is driven by the 
partial pressure of oxygen dissolved in blood, i.e. 
PaO2. Each of the four haem groups may bind a 
molecule of oxygen to form oxyhaemoglobin. 
The binding is cooperative: the binding of an 
oxygen molecule to one haem facilitates the 
binding of another oxygen molecule to another 
haem. This property of haemoglobin is reflected 
by the sigmoidal shape of the haemoglobin–
oxygen dissociation curve (Figure 4.15).
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The haemoglobin–oxygen dissociation 
curve is a plot of haemoglobin saturation 
(as a percentage) against PaO2. Haemoglobin 
saturation (SaO2) is a measure of the amount 
of oxygen bound to haemoglobin in a sample, 
compared with the sample’s oxygen capacity:

SaO2 (%) = [(O2 content – dissolved O2)/ 
O2 capacity] × 100

The consequence of cooperative binding is that 
when PAO2 is high (about 13 kPa), haemoglobin 

rapidly becomes almost fully saturated. This effect 
persists throughout the arterial system, even 
if tissue PO2 decreases, because gas exchange 
cannot occur through arterial walls. However, 
as blood moves to the tissues, where tissue 
fluid PO2 is substantially lower (4–8 kPa), oxygen 
dissociates more quickly and diffuses across 
the capillary membrane. In this way, oxygen is 
delivered efficiently to the most hypoxic tissues.

Excessive breakdown of red blood cells 
(haemolysis) has various causes, including 
fragile red cell membranes, destruction by 
the immune system and intrinsic enzyme 
defects. Haemolysis has two effects: anaemia, 
with reduced oxygen-carrying capacity, and 
jaundice, resulting from increased bilirubin 
production. Treatment depends on the cause, but 
in severe cases patients require blood transfusions 
or immunosuppressants.

Curve shift and the Bohr effect
The haemoglobin–oxygen dissociation curve 
is shifted to the right or left by factors that 
influence the formation of oxyhaemoglobin. The 
curve is shifted to the right by characteristics of 
highly metabolically active tissues:
	V increased carbon dioxide levels
	V decreased pH
	V increased temperature
	V increased 2,3-DPG levels.

Figure 4.15 The haemoglobin−oxygen and 
myoglobin dissociation curves. The Bohr effect 
shifts the haemoglobin−oxygen dissociation 
curve to the right. Haemoglobin F has higher 
oxygen affinity than haemoglobin A, so its 
curve is set to the left. The myoglobin−oxygen 
dissociation curve is hyperbolic, reflecting its very 
high affinity for oxygen.
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Table 4.3 Examples of different types of haemoglobin

Characteristic Haemoglobin A Haemoglobin A2 Haemoglobin F

Proportion of total 
haemoglobin in an adult

98% 1% 1%

Proportion of total 
haemoglobin in a fetus

5–10% 0 90–95%

Globin chains Two α chains
Two β chains

Two α chains
Two δ chains

Two α chains
Two γ chains

2,3-Diphosphoglycerate 
binding

Binds 
2,3-diphosphoglycerate to 
reduce oxygen affinity

Unable to bind Unable to bind 
2,3-diphosphoglycerate, 
so has a higher affinity 
for oxygen
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Each of these factors promotes the stability of 
deoxyhaemoglobin, so they are associated with 
the local release of oxygen and lower SaO2. An 
increase in carbon dioxide or a decrease in pH 
produces the Bohr effect (see Figure 4.15). This 
is a rightward shift in the haemoglobin–oxygen 
dissociation curve, reflecting reduced oxygen 
affinity, and is due to the effect of hydrogen ions 
(H+) on haemoglobin.

2,3-DPG is a metabolic by-product of 
glycolysis, and its levels increase when cells are 
forced to use anaerobic metabolism. 2,3-DPG 
stabilises deoxyhaemoglobin by binding to 
haemoglobin α chains.

Myoglobin
Small amounts of this haem-containing 
molecule are present in highly metabolic tissues, 
particularly skeletal muscle.

Myoglobin binds only one molecule of 
oxygen, so cooperative binding is not possible, 
and the myoglobin−oxygen dissociation curve is 
hyperbolic (Figure 4.15). Because myoglobin’s 
affinity for oxygen is higher than that of haemo-
globin, it draws oxygen from the blood and traps 
it in the muscle cells. Only at very low tissue PO2 
does myoglobin release its bound oxygen.

Haemoglobin F (fetal haemoglobin)
In the fetus, 98% of haemoglobin is HbF. The 
HbF tetramer comprises two α chains and two 
γ chains. The absence of α chains precludes the 
binding of 2,3-diphosphoglycerate, therefore 
haemoglobin F has a higher oxygen affinity than 
that of HbA. Consequently, the HbF−oxygen 
dissociation curve is permanently shifted to the 
left of that for HbA. This ensures the transfer of 
oxygen from the maternal circulation to HbF at 
the placental barrier.

4.6.2 Carbon dioxide transport
Carbon dioxide is carried in three ways:
	V 90% as bicarbonate (HCO3

–)
	V 5% as dissolved carbon dioxide
	V 5% bound to the amine groups of proteins, 

especially haemoglobin, as carbamino groups 
(–NHCOO–).

The diffusion of dissolved carbon dioxide from 
tissues to blood is driven by a concentration 
gradient until its partial pressures achieve 
equilibrium. As the amount of carbon dioxide in 
the blood increases, it is used to form carbamino 
groups and bicarbonate.

In the lungs, dissolved carbon dioxide levels 
decrease as it diffuses into the alveoli. This 
process prompts the conversion of carbamino 
compounds and bicarbonate back to carbon 
dioxide. The reaction equilibrium shifts due to 
the low blood PCO2, promoting loss of carbon 
dioxide from carbamino groups and conversion 
of bicarbonate back to carbon dioxide, which can 
then diffuse into alveoli.

This section focuses on the transport of 
carbon dioxide as bicarbonate, because this is the 
form in which most of it is carried.

Carriage of carbon dioxide as 
bicarbonate
Carbon dioxide diffuses through the membranes 
of red blood cells; it then reacts with the water 
inside (Figure 4.16). This reaction is catalysed by 
carbonic anhydrase and forms carbonic acid, 
which dissociates rapidly into its constituent ions, 
i.e. bicarbonate and hydrogen ions:

CO2 + H2O  H2CO3  HCO3
– + H+

Some of the hydrogen ions are buffered by 
binding to the amine groups of proteins (such 
as deoxygenated haemoglobin). In addition, CO2 
can form carbamino groups on haemoglobin 
molecules. Bicarbonate leaves the red blood 
cells and passes into the plasma in exchange for 
chloride ions (Cl–).

Anaemia is a decrease in the concentration of 
haemoglobin in the blood, which reduces the 
oxygen-carrying capacity of blood. Despite a 
haemoglobin saturation of 100%, a patient with 
a haemoglobin concentration of 70 g/L has half 
the oxygen capacity of a patient with a normal 
concentration of haemoglobin (i.e. 140 g/L).

Anaemia is caused by reduced production of red 
cells, shortened red cell lifespan or loss of blood. 
Anaemia can be relatively well tolerated but only if 
it develops gradually.
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The Haldane effect
This is responsible for the increased carbon 
dioxide content of blood in the venous 
circulation. The phenomenon is the effect of 
decreasing PaO2 on carbon dioxide carriage by 
the blood (Figure 4.17).

The Haldane effect has two main causes:
	V Deoxyhaemoglobin binds carbon dioxide as 

carbamino compounds more efficiently than 
oxyhaemoglobin does, thereby increasing 
the amount of carbon dioxide bound to 
haemoglobin

	V Deoxyhaemoglobin is a weaker acid than 
oxyhaemoglobin, so it is better at accepting 
hydrogen ions; this property promotes 
the generation of bicarbonate by carbonic 
anhydrase.

The dissociation curve of carbon dioxide is 
essentially linear at physiological PCO2, whereas 
that of oxygen is markedly non-linear. This gives 
the oxygen dissociation curve ‘loading’ and 
‘unloading’ sections, whereas carbon dioxide 
dissociation is directly proportional to PaCO2. Also, 
the carbon dioxide content of blood is almost 
double that of oxygen:
	V at a PaO2 of 13 kPa, the oxygen content of 

blood is 150−200 mL/L
	V at PaCO2 5 kPa, its carbon dioxide content is 

400–500 mL/L.
This illustrates the importance of carbon dioxide 
transport as bicarbonate; it allows the transport of 

a large amount of cellular waste carbon dioxide 
while maintaining a relatively constant pH.

Role of the lungs in acid−base 
balance
Regulation of carbon dioxide, carbonic acid and 
bicarbonate in the lungs is crucial in the control 
of blood pH. Blood pH is discussed fully in 
Chapter 5.

Respiratory acidosis and alkalosis
Respiratory pathologies may cause acid−base 
abnormalities by altering V̇A, the amount of air 
reaching the alveoli.
	V Hypoventilation decreases V̇A

	V Hyperventilation increases V̇A.

Figure 4.16 Carbon dioxide 
from cellular respiration is 
converted to bicarbonate and 
hydrogen ions by carbonic 
anhydrase (CA) in red blood 
cells. The hydrogen ions are 
buffered by the nitrogen (N–) 
terminal ends of serum proteins 
such as haemoglobin (Hb).
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Measurements of blood pH, oxygen, carbon 
dioxide and bicarbonate are used to assess 
how well a patient is breathing, and whether 
or not respiratory support is required. 
For example, low pH accompanied by high carbon 
dioxide suggests inadequate ventilation, which 
requires ventilatory support, such as intubation 
and ventilation. Blood oxygen values are used 
to titrate oxygen therapy to demand, because 
measurement of oxygen saturation becomes less 
reliable at values <93%.

Conditions causing hypoventilation, such as 
chronic obstructive pulmonary disease, and 
inadequate ventilation relative to V̇CO2 cause a 
rightward shift along the metabolic hyperbola 
(Figure 4.11). The consequence is an increase 
in PaCO2, which promotes formation of carbonic 
acid, and thus hydrogen ions, by carbonic 
anhydrase. The excess hydrogen ions cause 
acidaemia (respiratory acidosis):

H2O +  ↑CO2 → ↑ H+ + HCO3
−

Conversely, hyperventilation, for example as a 
result of pulmonary embolism and high altitude, 
causes a leftward shift along the metabolic 
hyperbola (see Figure 4.11). The consequent 
reduction in PaCO2 results in a decrease in 
hydrogen ions and therefore respiratory alkalosis:

H2O + ↓CO2 → ↓H+ + HCO3
−

Respiratory compensation for metabolic 
acidosis
If a non-respiratory pathology produces 
acidaemia (a metabolic acidosis, e.g. in renal 
failure), the excess hydrogen ions combine with 
bicarbonate to form carbon dioxide:

H2O + ↑CO2 ← ↑H+ + HCO3
–

The increase in PaCO2, together with the effect 
of low pH, stimulates an increase in V̇A to help 
clear the excess carbon dioxide. pH normalises, 
because the respiratory system has compensated 
for the acidosis originating elsewhere.

4.7 Ventilation and perfusion
In respiratory physiology,
	V ventilation is the movement of air into and out 

of the lungs, measured as V̇, the volume of air 
per unit of time

	V perfusion is the delivery of blood to the tissues 
of the body; it is usually expressed as Q̇, the 
volume of blood per set weight of tissue per 
unit of time.

4.7.1 V̇/Q̇ across the lung
Overall, the lung receives a larger volume of 
blood by perfusion (Q, 5 L/min) than the volume 
of air it receives by ventilation (V, 4 L/min).  
Therefore the V̇/Q̇ ratio is 0.8. However, 
ventilation and perfusion are not evenly 
distributed throughout the lung, because of the 
effects of gravity.

Ventilation
Ventilation is greater at the base of the lung; 
this tissue is more compliant than the apex and 

therefore receives 2.5 times more air. In other 
words, with each breath the lower part of the 
lung expands more than the upper part.

The apex of the lung is subject to the weight 
of the lung tissue beneath it, which pulls the 
lung away from the chest wall. Consequently, 
pleural pressure is more negative at the apex 
than at the base.

This means that the lung apex functions 
higher up on the compliance curve, as it 
is subjected to a distending – i.e. positive 
transmural – pressure at FRC (Figure 4.18). This 
is why the apex is less compliant than the base.

The greater compliance of the base of the 
lung enables it to take in more air than the 
apex when a distending pressure is applied 
during inspiration, an effect that is illustrated 
when the values for the apex and base of the 
lung are plotted on the static compliance curve 
(static meaning in the absence of airflow).
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Perfusion
Perfusion is also greater at the bases of the lungs 
than at their apices, with the base of each lung 
receiving 6 times more blood than the apex does.

The pulmonary vasculature is compliant and 
greatly influenced by gravity. These properties 
result in a higher hydrostatic pressure towards 
the lung bases and more capillaries are perfused 
than at the apex.

A plot of V̇ against Q̇ shows that, overall, the 
base receives disproportionately more perfusion 
and the apex more ventilation (Figure 4.19).

Effect on alveolar gases
The principles of the movement of alveolar 
gases discussed so far are based on a V̇/Q̇ of 0.8. 
However, V̇/Q̇ varies in different areas of the lung, 
and this variation influences airflow and gaseous 
exchange.
	V At the apex, ventilation exceeds perfusion  

(V̇/Q̇ >0.8), which shifts the metabolic 
hyperbola leftwards (see Figure 4.11), 
resulting in reduced PACO2 and increased PAO2

	V At the base, perfusion exceeds ventilation 
(V̇/Q̇ <0.8), which results in carbon dioxide 
accumulation and a decreased supply of 
oxygen, i.e. PACO2 is increased and PAO2 
reduced.

4.7.2 Physiological adjustment
Pulmonary arterioles and bronchioles are 
sensitive to changes in the partial pressures of 
gases in the airways, and they respond to try to 
correct the V̇/Q̇ ratio (Table 4.4). Consequently, 
blood is shunted towards well-ventilated areas 
and away from poorly ventilated areas.

These responses usually produce local 
changes; however, they may affect the entire 
lung under certain conditions. Under normal 
physiological conditions, the changes are 
adaptive, enabling efficient oxygenation of 

Figure 4.19 Alveolar ventilation and perfusion 
and their ratio at different levels of the lung.
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Table 4.4 Response of bronchioles and pulmonary 
vasculature to local changes in ventilation/perfusion 
(V̇/Q̇) ratio

V̇/Q̇ Consequence Response

Increased Hyperoxia Bronchoconstriction

Hypocapnia Vasodilatation

Reduced Hypoxia Bronchodilation

Hypercapnia Vasoconstriction

Figure 4.18 The static compliance curve shows 
how the volume of air moving into and out of 
the lungs changes with transmural pressure 
(the pressure inside the lung minus the pressure 
outside it). The apex is higher on the curve due 
to a more negative intrapleural pressure. The 
same increase in distending pressure during 
inspiration produces greater ventilation at the 
more compliant base of the lung compared with 
at the less compliant apex.
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the blood by reducing blood flow in poorly 
ventilated areas. However, the effects can 
compound pathologies, affecting the entire 
lung. For example, at high altitudes or in 
chronic hypoxic lung disease (e.g. emphysema), 
widespread pulmonary vasoconstriction causes 
pulmonary hypertension. This condition can 
lead to right-sided heart strain, and in the long 
term right-sided cardiac failure (cor pulmonale).

Another example is pneumonia, where 
infections and inflammatory infiltrate reduce the 
V̇/Q̇ ratio (Figure 4.20).

Pulmonary embolism causes a very high V̇/Q̇. 
The condition is almost always a consequence of 
embolisation of a large deep vein thrombosis from 
the pelvic veins into the pulmonary arteries. In the 
affected part of the lung, perfusion decreases to 
zero but ventilation continues, effectively creating 
alveolar dead space. Pulmonary embolism can 
cause potentially life-threatening severe hypoxia 
with back-pressure effects on the heart.

4.8 Cellular response to hypoxia
As described above, the respiratory system 
aims to maintain adequate oxygen tension for 
all actively respiring tissues. However, when 
hypoxia does arise, almost all cells demonstrate 
an important transcriptional response that has 
implications for treatment of several conditions, 
including cancer.

4.8.1 Hypoxia-induced factor 1α
HIF1α (hypoxia-induced factor 1α) is a 
transcription factor expressed in almost all cells. 
HIF1α increases in response to hypoxia and 
this causes transcription of multiple genes that 
mediate the cellular response to hypoxia.

HIF1α is constitutively expressed (i.e. it 
is transcribed at a relatively constant rate 
irrespective of cellular oxygen tension) but 
cellular levels of the protein are controlled 
in response to oxygen (Figure 4.21). Under 
normoxia (i.e. adequate oxygen tension), HIF1α is 
hydroxylated on proline residues in an oxygen- 

(and iron-)dependent manner by enzymes called 
prolyl hydroxylases (PHD). The hydroxylated form 
of HIF1α is then poly-ubiquitinated (attachment 
of multiple ubiquitin proteins onto another 
protein) by von Hippel–Lindau protein (VHL). 
Poly-ubiquitinated HIF1α is then ‘targeted’ to the 
proteasome, an intracellular protein machine 
that breaks down proteins. (Poly-ubiquitination 
for protein degradation by the proteasome is a 
generic process that can control the expression 
of multiple proteins, e.g. p53 tumour suppressor 
gene.) Therefore, in the presence of oxygen, 
HIF1α is destroyed and cannot get to the nucleus 
to transcribe genes.

In the setting of hypoxia, there is insufficient 
oxygen available for HIF1α to be hydroxylated, 
therefore it is not destroyed and cellular levels 
of HIF1α increase. HIF1α can then move to the 
nucleus where it binds to specific regions, known 
as hypoxia response elements (HRE). These 
are adjacent to genes that are important in the 

Figure 4.20 Chest X-ray showing a right lower 
zone pneumonia. Alveoli are filled with mucus, 
bacteria and inflammatory cells, which cause 
opacification on X-ray and a reduced ventilation/
perfusion ratio. 1  Pneumonic consolidation.

1
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response to hypoxia. Genes up-regulated by 
HIF1α-HRE include:
	V Metabolism: enzymes involved in glycolysis 

(e.g. PGK1), to promote ATP generation 
through glycolysis without requiring oxidative 
phosphorylation in the electron transport 
chain. A non-insulin dependent glucose 
transporter (GLUT1) is also increased to raise 
the amount of glucose getting into cells

	V Angiogenesis: this is the process of generation 
of new capillaries and is controlled by several 
genes, including vascular endothelial 
growth factor (VEGF)

	V Erythropoiesis: increased transcription of EPO 
(erythropoietin), particularly by renal tubular 
cells, which acts on the bone marrow to 
promote development of new blood vessels

	V Proliferation and growth: expression of genes 
involved in cell survival (e.g. MYC, p53) and 
those that keep cells relatively ‘undifferentiated’ 
(e.g. WNT pathways).

Von Hippel–Lindau syndrome is an autosomal 
dominant condition characterised by abnormal, 
excessive growth of haemangiomas (tumours 
derived from blood vessels) and other specific 
tumours (e.g. kidney cancer). It is caused by 
inheriting a defective copy of VHL, which results in 
increased HIF1α signalling, pro-growth pathways 
and raised VEGF expression.

4.8.2 Role in cancer
While this pathway is part of the body’s normal 
response to hypoxia, it is particularly important 
for the malignant transformation. Cancer, the 
unregulated growth of cells, arises chaotically 
within tissues and initially develops without a 
dedicated blood supply. This causes local hypoxia 
where the cancer first begins, which activates the 
HIF1α pathway. Many of the genes upregulated 
by HIF1α promote cellular growth, which can 
then select for more aggressive malignant cells. 
It also promotes a glycolytic metabolism; this has 
been described in cancer (the Warburg effect), 
where increased glucose uptake is even used 
as a way of finding malignancy using PET-FDG 
scans. Most importantly, HIF1α activation causes 
angiogenesis and therefore promotes the growth 
of new blood vessels to supply the tumour.

This discovery led to the use of anti-VEGF 
treatments for cancer with the hope that it would 
‘starve’ tumours of oxygen and cause them to 
die. But it appears that blocking VEGF makes 
tumour blood vessels more stable, which can 
help chemotherapy access the tumour. Therefore, 
anti-VEGF drugs (e.g. bevacizumab) are given 
alongside standard chemotherapy for some 
cancers (e.g. metastatic colorectal cancer).

Figure 4.21 Figure 4.21 Regulation of hypoxia-
responsive genes by HIF1α (hypoxia-induced 
factor 1α). Under normoxia, prolyl hydroxylases 
(PHDs) hydroxylate HIF1α, which allows it to 
bind VHL (von Hippel–Lindau protein) and be 
poly-ubiquitinated for proteasomal degradation. 
This does not happen in hypoxia, which allows 
HIF1α to bind hypoxia response elements (HRE) 
on target genes.
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4.9 Control of breathing
Breathing patterns can be adjusted in response 
to changes both inside and outside the body.

4.9.1 Respiratory rhythm
Respiratory rhythm is controlled by both 
voluntary and involuntary mechanisms. The 
cerebral cortex can override the intrinsic control 
of inspiration and expiration for short periods, 
for example during speech. However, at all other 
times the respiratory cycle is under involuntary 
control, which determines:
	V the initiation of inspiration and expiration
	V the rate and depth of breathing.

In this way, the body maintains optimal PaO2, 
PaCO2 and pH.

Neural centres
The primary centres for the control of respiration 
are in the medulla and pons of the brainstem. 
Dorsal and ventral groups of nuclei in the 
medulla interact with the pontine respiratory 
group and the medullary Bötzinger complex. 
Multiple connections between each of these 
centres provide the complex integration of 
stimulatory output to the phrenic nerve and 
intercostal muscles (Figure 4.22). The Bötzinger 
complex normally coordinates the cessation 
of inspiration by inhibiting all the inspiratory 
centres. With increasing respiratory work, when 

active expiration is required, the Bötzinger 
complex provides activation to the internal 
intercostals, supported by the ventral medullary 
respiratory group.

Input to respiratory nuclei comes from 
a number of sources. The nucleus tractus 
solitarius, a major integrating centre for the 
autonomic nervous system, communicates with 
the medullary respiratory centres.

During normal breathing at rest, inspiration is 
an active process brought about by movement 
of the diaphragm only, driven by activity in the 
phrenic nerve. Expiration is entirely passive; a 
reduction in phrenic nerve activity is followed by 
diaphragmatic relaxation before the start of the 
next inspiration.

Increasing respiratory work requires activation 
of the intercostal muscles and accessory muscles 
of respiration to support ventilation.

The Hering–Breuer reflex
The Hering–Breuer reflex is one mechanism 
contributing to the cessation of inspiration and 
the initiation of expiration. Slowly adapting 
stretch receptors in the small airways of the 
lung are activated as the lung expands. Afferent 
signals are then conveyed to the nucleus tractus 
solitarius through the vagus nerve. The reflex 
output is a reduction in phrenic nerve activity.

Figure 4.22 The key neural 
centres that control breathing. 
Green, excitatory connections; 
red, inhibitory connections.
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Inhibition of the Hering–Breuer reflex can 
be demonstrated experimentally: severing of 
the vagus nerve (vagotomy) causes slow, deep 
inspiration.

4.9.2 Chemoreceptors
The main homeostatic role of the respiratory 
system is to keep blood gases (oxygen and 
carbon dioxide) and pH constant. This is 
dependent on the action of chemoreceptors, 
specialised nerve endings where a chemical 
stimulation is converted (or transduced) into an 
electrical signal. Their output allows ventilation to 
be matched to the body’s requirements.

There are central receptors in the central 
nervous system, and peripheral chemoreceptors 
in the peripheries (Table 4.5).

Peripheral chemoreceptors
Peripheral chemoreceptors are present in the 
carotid body (innervated by the accessory nerve) 
and the wall of the aorta (innervated by the 
vagus nerve). They detect changes in arterial 
blood and are stimulated by:
	V a decrease in PaO2

	V an increase in PaCO2

	V a decrease in pH (acidosis), regardless of 
the cause.

The peripheral chemoreceptors are the only sites 
for response to hypoxia and metabolic acidosis.

Sensing of hypoxia
The carotid body is composed of modified 
neurones called glomus cells. Type 1 glomus 
cells are responsible for the transduction of 
chemical signals indicating hypoxia. These cells 
have an extremely high metabolic rate and 

therefore require a very high arterial blood flow. 
This extensive blood supply also means smaller 
changes in PaO2 are more easily detected by the 
glomus cells.

The exact mechanism by which type 1 
glomus cells sense hypoxia remains unclear, 
but this results in the closure of potassium 
channels. The closure of these channels causes 
membrane depolarisation, which activates 
voltage-gated calcium channels. The resulting 
increase in intracellular calcium stimulates fusion 
of neurosecretory vesicles with the glomus cell 
membrane. The release of the transmitters stored 
in these vesicles initiates a signal that travels 
along the glossopharyngeal nerve.

Central chemoreceptors
Central chemoreceptors on the ventral surface 
of the medulla provide 80% of the body’s 
overall response to carbon dioxide. They do this 
indirectly by responding to changes in the pH of 
the cerebrospinal fluid (CSF).

Patients with chronic hypercapnia, an 
excessive amount of carbon dioxide in the 
blood, develop tolerance to these higher 
levels. Their central chemoreceptors no longer 
respond to increased carbon dioxide, because 
the import of serum bicarbonate neutralises 
cerebrospinal fluid pH. 

These patients rely on mild hypoxia to stimulate 
respiratory effort, so overtreatment of their mild 
hypoxia suppresses their respiratory effort. This 
results in severe hypoventilation and respiratory 
acidosis despite improved oxygen saturation values.

Table 4.5 Comparison of the two types of chemoreceptor

Characteristic Central chemoreceptors Peripheral chemoreceptors

Location Medulla Carotid body and aortic arch

Activating stimuli Reduced cerebrospinal fluid pH  
(caused by increased PaCO2)

Reduced PaO2, increased PaCO2 and 
reduced serum pH

Overall response Most of the response to carbon dioxide; 
normally dominant

All the response to oxygen and metabolic 
acidosis

PaCO2, partial pressure of arterial carbon dioxide; PaO2, partial pressure of arterial oxygen
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Carbon dioxide crosses into the CSF, in which 
it dissolves spontaneously to form carbonic acid, 
which dissociates into bicarbonate and hydrogen 
ions. The blood−brain barrier is impermeable 
to ions, including hydrogen ions, so the pH of 
CSF is determined by PaCO2. When the central 
chemoreceptors detect an increase in CSF pH, 
they send signals to the brainstem respiratory 
centres to increase ventilation (Figure 4.23).

Chronic hypercapnia
After long-standing ventilatory impairment, 
such as in COPD, the central chemoreceptor 
response to increased PaCO2 becomes blunted. 
High PaCO2 decreases cerebrospinal fluid pH. 
However, chronic exposure to carbon dioxide 
stimulates bicarbonate−chloride ion exchange 
over the blood−brain barrier. Bicarbonate is 
imported to buffer the excess hydrogen ions 
in the cerebrospinal fluid, but this reduces the 
body’s response to PaCO2. Consequently, patients 
with chronic hypercapnia tolerate high PaCO2 and 
become much more reliant on PaO2 to stimulate 
breathing.

4.9.3 Overall response
Figures 4.24 and 4.25 show the body’s 
responses to changes in PaCO2 and PAO2, 
respectively. Ventilation is much more sensitive 
to alterations in PaCO2 than it is to changes in 
PaO2. A small increase in PaCO2 causes a large, 
linear increase in V̇A. In contrast, the ventilatory 
response to a decrease in PaO2 is much more 
gradual, given the hyperbolic shape of the curve.

Changes in PaCO2, PaO2 and pH (arterial) are 
synergistic:
	V A decrease in PaO2 causes a leftward shift of 

the PaCO2−V̇A curve (Figure 4.26a)
	V An increase in PaCO2 or a decrease in pH 

causes an upward shift of the PaO2−V̇A curve 
(Figure 4.26b).

Ondine’s curse is an extremely rare condition 
arising from the loss of involuntary control 
of breathing. The unconscious control of 
ventilation is absent either because of a congenital 
abnormality or as a consequence of brainstem 
injury. Patients rely on conscious effort for 
ventilation; without treatment, they develop 
respiratory arrest during sleep. Ondine was a water 
nymph who cursed her unfaithful mortal lover, 
making him forget to breathe when he fell asleep.

Figure 4.23 Central chemoreception and 
ventilation. Carbon dioxide crosses the blood−
brain barrier; the resultant change in the pH of 
the cerebrospinal fluid is detected by central 
chemoreceptors. This effect stimulates an 
increase in alveolar ventilation.
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Figure 4.24 PaCO2 and alveolar ventilation. 
An increase in the partial pressure of arterial 
carbon dioxide (PaCO2) causes a sharp, linear rise 
in alveolar ventilation (V̇A).
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4.10 Answers to starter questions
1. Lungs are soft structures consisting of elastic 

tissue with a tendency to collapse inwards. They 
are kept expanded by being connected to the 
chest wall by the pleurae. The pleurae lining the 
inside of the chest wall and the outside of the 
lung remain opposed because of the surface 
tension of the fluid between them.

2. Body tissues consume more oxygen and produce 
more carbon dioxide when active than when at 
rest. The more oxygen consumed, the lower the 
PO2 of the tissue’s interstitial fluid. The reduction 
in PO2 promotes oxygen transfer from blood to 
tissue.

3. Carbon monoxide is a colourless, odourless gas 
with an extremely high affinity for haemoglobin. 
When Hb-CO is formed, it blocks binding sites 
for oxygen on haemoglobin; therefore it reduces 
the oxygen-carrying capacity of the blood. The 
resulting tissue hypoxia (lack of oxygen) causes 
unconsciousness and cardiac arrest.

4. A series of nuclei in the pons and medulla 
initiate inspiration, stop inspiration and start 
expiration. They are influenced by the Hering–
Breuer reflex, which detects lung stretch at 
the end of inspiration and acts to stop it. The 
duration of each breath also changes alongside 
the respiratory rate to maintain blood gases at 
optimum levels.

5. Chronic lung diseases (e.g. chronic obstructive 
pulmonary disease and pulmonary fibrosis) can 
cause chronic hypoxia. In an attempt to match 
the ventilation of alveoli, and the perfusion of 
blood to the alveolar capillaries [the ventilation 
(V̇ )/perfusion (Q̇) ratio], pulmonary arterioles 
vasoconstrict. This increases pressure in the right 
side of the heart, and can eventually lead to 
right-sided heart failure (cor pulmonale).

Figure 4.25 PaO2 and alveolar ventilation. 
An increase in the partial pressure of arterial 
oxygen (PaO2) causes a gradual, hyperbolic 
decrease in alveolar ventilation (V̇A).
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Figure 4.26 Synergistic relationship between 
PaO2 and PaCO2. (a) Hypoxia makes alveolar 
ventilation (V̇A) more sensitive to changes in the 
partial pressure of carbon dioxide (PaCO2). (b) 
Hypercapnia makes V̇A more sensitive to changes 
in the partial pressure of oxygen (PaO2).
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