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Preface

Historically, it was always accepted that breathing was a vital function of life. Breathing was often connected to the soul, and early on in human civilisation, disordered breathing was recognised as a feature of disease. However, it was not possible to measure lung function and quantify air volume and flow properties accurately until suitable methods were developed.

Lung function testing has evolved over the years from a tool used purely for research to a commonly utilised form of clinical investigation. The importance of performing a variety of tests in patients suffering from respiratory diseases was widely accepted by specialists for many years, but more recently there has been an increase in awareness amongst additional groups of medical and paramedical personnel involved in the investigation and management of the common forms of chronic airflow obstruction (asthma and chronic obstructive pulmonary disease), as well as many forms of restrictive lung diseases. Lung volume, gas exchange abnormalities and exercise limitations are noted in a variety of pulmonary and systemic diseases, and knowledge of these may be crucial in determining management. The management algorithms in current guidelines for these disorders include lung function parameters.

The structure of this book is designed so that different chapters can be read as stand-alone sections, but cross-referencing to the other chapters completes the picture for the interested reader. It begins with lung structure and anatomy, proceeds to basic functional considerations and then moves on to discuss the tests themselves. Particular attention is given to spirometry and lung volume measurements, each of which is dealt with in a separate chapter. Following the basic principles of testing, we describe functional assessment of exercise capacity and respiratory muscle strength, and conclude with preoperative evaluation and recommendations. We have elected to devote a full chapter to preoperative evaluation, as more patients are now undergoing surgery despite various levels of respiratory insufficiency. Although thoroughly researched, in keeping with the rest of the ‘Made Easy’ series of books, there is no formal referencing.

Anyone using pulmonary function tests must also be aware of the limitations and technical pitfalls of this form of physiological testing. Lung function testing relies on patient compliance, ‘operator’ motivation, satisfactory hardware (selection, reliability and calibration of the equipment) and accurate software (as reflected in correctly predicted normal values when compared to subjects of the same population group). Faults in any of these factors can result in aberrant results. There is a wide perception that obtaining lung function results is rather like pressing the button on a console and automatically receiving a printout of the correct results and it is for that reason that we included sections in many of the chapters (and a dedicated chapter in the case of spirometry) on the pitfalls of the tests. We feel that by appreciating these limitations, clinicians will be more rigorous in their testing and more demanding of their lung function laboratories.

Boxes have been added to help emphasise important topics in the text. In addition, we have highlighted questions that can be used for short tutorials or problem-based learning. These features summarise important points that may facilitate a better understanding of the results and lead to further background reading. We have included a section on blood gas abnormalities in chapters where these are relevant to the content, but for a more comprehensive approach to blood gases and their abnormalities, we refer the reader to another book in the series, Arterial Blood Gases Made Easy, by I. Henessey and A. Japp (Churchill Livingstone, 2007).

Despite the fact that many departments of respiratory medicine manage patients with sleep-related problems, particularly sleep-disordered breathing, this discipline is not strictly a part of lung function testing and cannot be adequately covered in a book of this size, so we have not included it.

The book is aimed at doctors, medical students, general practitioners, nurses, inhalation therapists and those involved in clinical research or pharmaceutical studies who frequently employ physiological measurement and monitoring techniques. We have endeavoured to provide a considerable amount of basic scientific information while focusing on the practical aspects of lung function testing, as this broad audience will have a range of educational backgrounds.

Overall, we have aimed to create a book that is useful for both the interested and the occasional reader, building on basic knowledge, and helpful in the clinical setting.


RJS, JS







Acknowledgements

We would like to thank Professor J.M.B. Hughes (National Heart and Lung Institute, Imperial College School of Medicine, London, UK) for his comprehensive review and help with the manuscript.

We would sincerely like to thank our wives, Claudie and Caroline, and our families for putting up with our absences whilst we worked on the book.





Abbreviations







	Abbreviation
	Definition (Unit of measurement)



	AaDO2
	Alveolo-arterial pressure gradient



	AHR
	Airway hyperresponsiveness



	ALS
	Amyotrophic lateral sclerosis; see also MND



	ASA
	American Society of Anesthesiologists



	AT
	Anaerobic threshold



	ATPS
	Ambient temperature, pressure and saturation



	ATS
	American Thoracic Society



	AV
	Atrio-ventricular



	BAMPS
	Bilateral anterolateral magnetic phrenic nerve stimulation



	BE
	Base excess



	BMI
	Body mass index (kg/m2)



	BTPS
	Body temperature, pressure and fully saturated



	BTS
	British Thoracic Society



	C
	Capacitance



	CABG
	Coronary-arterial bypass graft



	CAO
	Chronic airflow obstruction



	CI
	Confidence interval



	CMAP
	Compound muscle action potential (mV)



	CPET
	Cardiopulmonary exercise testing



	CO
	Carbon monoxide



	CO2
	Carbon dioxide



	COPD
	Chronic obstructive pulmonary disease



	Cough Pgas
	Maximal cough gastric pressure (cmH2O)



	CPAP
	Continuous positive airway pressure



	DLCO
	Diffusion capacity for carbon monoxide (TLCO) (mmol/min/kPa)



	2,3 DPG
	2,3-diphosphoglycerate



	ECG
	Electrocardiogram



	ECSC
	European Coal and Steel Community



	ERS
	European Respiratory Society



	ERV
	Expiratory reserve volume (L)



	ESWT
	Endurance shuttle walk test



	FEF
	Forced expiratory flow at certain levels of vital capacity, same as MEF or [image: image]max (e.g. 25%, 50%, 75% or 25–75% of FVC) (L/min)



	FEV1
	Forced expiratory volume in 1 s (L)



	FEV6
	Forced expiratory volume in 6 s (L)



	FIF
	Forced inspiratory flow, same as MIF (L/min)



	FRC
	Functional residual capacity, derived from helium dilution method (L)



	Fres
	Resonance frequency



	FVC
	Forced vital capacity (L)



	GI
	Gastrointestinal



	GOLD
	Global Initiative for Obstructive Lung Disease



	H+
	Proton ion



	Hb
	Haemoglobin (g/dL)



	HbF
	Fetal haemoglobin (g/dL)



	HR
	Heart rate (beats per min)



	I
	Inertance



	IC
	Inspiratory capacity (L)



	IRV
	Inspiratory reserve volume (L)



	ISWT
	Incremental shuttle walk test



	ITGV
	Intrathoracic gas volume, derived from body plethysmograph (L)



	KCO
	Transfer coefficient (Krogh factor) for carbon monoxide (TLCO (DLCO)/VA) (mmol/min/kPa/L)



	kPa
	Kilo Pascal (conversion factor to mmHg is multiplying by 7.5)



	LABA
	Long-acting beta-agonists



	LBBB
	Left bundle branch block



	MEF
	Maximal expiratory flow at certain levels of vital capacity, same as FEF or [image: image]max (e.g. 25%, 50%, 75% or 25–75% of FVC) (L/min)



	MEFV
	Maximal expiratory flow–volume curve



	MEP
	Maximal expiratory pressure, often referred to as PEmax (cmH2O)



	MET
	Metabolic equivalents of tasks



	MIF
	Maximal inspiratory flow at certain levels of vital capacity, same as FIF (e.g. 50%) (L/min)



	MIFV
	Maximal inspiratory flow–volume curve



	MIP
	Maximal inspiratory pressure, often referred to as PImax (cmH2O)



	mmHg
	Millimetre of mercury (conversion factor for kPa is dividing by 7.5)



	MND
	Motor neuron disease; see also ALS



	MVV
	Maximal voluntary ventilation (L/min)



	NSCLC
	Non-small cell lung cancer



	OR
	Odds ratio



	OSA
	Obstructive sleep apnoea



	O2
	Oxygen



	P
	Pressure (cmH2O)



	paCO2
	Partial pressure of carbon dioxide (kPa or mmHg)



	Palv
	Pressure within alveolus



	paO2
	Partial pressure of oxygen (kPa or mmHg)



	Patm
	Atmospheric pressure



	Pb
	Bronchial pressure (cmH2O)



	PC20
	Provoking concentration to reduce FEV1 by 20%



	PD20
	Provoking total dose of agent to cause a fall of 20% in the FEV1



	Pdi
	Transdiaphragmatic pressure (cmH2O)



	PEF
	Peak expiratory flow (L/min)



	Pel
	Elastic recoil pressure



	PEmax
	Maximal expiratory pressure, often referred to as MEP (cmH2O)



	P50
	Partial pressure of oxygen when 50% of haemoglobin is saturated with oxygen (mmHg)



	Pgas
	Gastric pressure (cmH2O)



	PImax
	Maximal inspiratory pressure, often referred to as MIP (cmH2O)



	Pmouth
	Mouth pressure (cmH2O)



	Pnasal
	Nasal pressure (cmH2O)



	Poes
	Oesophageal pressure (cmH2O)



	PPC
	Postoperative pulmonary complications



	Ppl
	Pleural pressure (cmH2O)



	Ppo
	Predicted postoperative



	PTCA
	Percutaneous transluminal coronary angioplasty



	Ptp
	Transpulmonary pressure (cmH2O)



	r
	Radius



	R
	Resistance



	Raw
	Airway resistance (kPa *s/L)



	RBBB
	Right bundle branch block



	RCRI
	Revised cardiac risk index



	Rosc
	Resistance measured by oscillation



	RQ
	Respiratory quotient, calculated as [image: image]CO2/[image: image]O2



	RV
	Residual volume (L)



	SABA
	Short-acting beta-agonists



	SB
	Single breath



	SCLC
	Small cell lung cancer



	SD
	Standard deviation



	SEVC
	Slow expiratory vital capacity (L)



	SIVC
	Slow inspiratory vital capacity (L)



	6-MWT
	6-minute walk test



	SLE
	Systemic lupus erythematosus



	Sniff Pdi
	Maximal sniff transdiaphragmatic pressure (cmH2O)



	Sniff Pnasal
	Maximal sniff nasal pressure (cmH2O)



	Sniff Poes
	Maximal sniff oesophageal pressure (cmH2O)



	sRaw
	Specific airway resistance (kPa *s)



	SS
	Steady state



	SVC
	Slow vital capacity (L)



	TEA
	Thoracic epidural anaesthesia



	TLC
	Total lung capacity (L)



	TLCB
	TLC as measured by the body plethysmography method (L)



	TLCHe
	TLC as measured by the helium dilution method (L)



	TLCO
	Transfer factor for carbon monoxide (DLCO) (mmol/min/kPa)



	Twitch Pdi
	Twitch transdiaphragmatic pressure, measured following magnetic or electric stimulation of the phrenic nerve (cmH2O)



	Twitch T10
	Twitch gastric pressure, measured following magnetic stimulation of the 10th thoracic nerve root (cmH2O)



	UAMPS
	Unilateral anterolateral magnetic phrenic nerve stimulation



	V
	Volume (L)



	VA
	Alveolar volume (L)



	VATS
	Video-assisted thoracoscopic surgery



	VC
	Vital capacity (L)



	
[image: image]CO2
	Exhalation of carbon dioxide (L/min)



	VD
	Dead space volume (L)



	
[image: image]E
	Minute ventilation (L/min)



	
[image: image]Emax
	Maximal minute ventilation reached during exercise test (L/min)



	
[image: image]O2
	Oxygen uptake (L/min)



	
[image: image]O2/HR
	Oxygen pulse (L)



	
[image: image]O2max
	Maximal oxygen uptake (L/min)



	VT
	Tidal volume (L)



	W
	Workload (Watt)



	Wmax
	Maximal workload (Watt)



	X
	Reactance



	Z
	Impedance








Chapter 1 Respiratory Structure and Function


Key Points



[image: image] The key functions of the respiratory system include transport of gases (oxygen and carbon dioxide) in and out of the lung, diffusion of gases into the blood, and transport of gases within the blood to and from the organs. It also fulfils a variety of other functions (e.g. cough, phonation, mucociliary clearance), which involve multiple organs.

[image: image] The respiratory system can be divided into the upper and the lower respiratory tracts separated by the glottis.

[image: image] Changes in the diameter of the upper airways have a significant and exponential (r4) impact on the airway resistance.






Introduction

The respiratory system comprises multiple organs and fulfils very diverse functions. The most proximal parts are the upper airways, which comprise the nose, mouth, pharynx and larynx; these continue to the lower respiratory tract, which includes the trachea, bronchi, bronchioles and alveoli (Figure 1.1). Once oxygen passes beyond the basal membrane of the lung (air–blood barrier), the capillaries, arteries, veins and blood containing haemoglobin play an important role in gas exchange and gas transport. Similarly, the tissue surrounding the lung, which includes pleura, chest and neuromuscular system, forms the respiratory muscle pump, essential for respiratory function. All the organs mentioned above play a key role in at least one of the three basic functions of the respiratory system (Figure 1.2):


1. Ventilation

2. Diffusion

3. Perfusion.




[image: image]
Fig. 1.1 The respiratory system, including upper and lower respiratory tracts and diaphragm.

The magnified inset top right shows the alveoli surrounded by capillaries.



[image: image]
Fig. 1.2 Schematic illustration of the vital functions of the respiratory system.

1. Ventilation. 2. Diffusion. 3. Perfusion.


Each of these three functions can lead to disease if it fails in the respective organ. Ventilation, perfusion and diffusion have to be synchronised to provide optimal control of breathing. Asynchrony may cause ventilation–perfusion mismatch or impaired control of breathing.

As well as being instrumental in oxygen (O2) uptake and carbon dioxide (CO2) elimination, the respiratory system plays an important role in acid–base homeostasis, speech, defecation and micturition. It is also at the forefront of host defence and allergy exposure, and has a participating role in sensing taste and smell. Air inhaled through the nose is filtered, humidified and warmed. The larynx and epiglottis stop food and liquids entering our lower respiratory tract (see Figure 1.1).




Structure of the Respiratory System

The anatomy of the respiratory system can be divided into several functional parts and organs. The conducting airway consists of the upper airway (from nose/mouth to the larynx), trachea and main bronchi (with a diameter of around 2 cm in an adult), further dividing into the segmental bronchi and, finally, the terminal bronchioles (with a diameter of less than 2 mm). The gas exchange region of the lung includes the respiratory bronchioles and alveolar ducts, as well as the alveolar sacs. Surrounding the lung is the pleura, which has a visceral and a parietal part. The chest wall and the spinal column shape the thorax. The respiratory muscles pump air into the lung; expiration is passive at rest but can be enforced during exercise or when needed, using the expiratory muscles (mainly abdominal). The respiratory muscle pump is innervated and its function closely monitored by the central nervous system and the brain stem via several afferent and efferent nerves and feedback mechanisms (chemo- and baroreceptors). The phrenic nerve is worth mentioning here as it leaves the spine between the 3rd and 5th cervical segments (C3–C5) bilaterally and runs through the mediastinum to both hemidiaphragms, activating the strongest inspiratory muscle, the diaphragm (Figure 1.3; Chapter 7).


[image: image]
Fig. 1.3 The human diaphragm, view from the abdominal cavity

(From Drake R et al. Gray's anatomy for students. Edinburgh: Churchill Livingstone, 2009 with permission.)



In the air-conducting zone of the respiratory system diseases are usually caused by obstruction of the airway, which diminishes the overall cross-sectional area (Figure 1.10); this leads to an increased resistance and in some cases to total airway occlusion. The impact of the airway diameter on ventilation is demonstrated by Equation 1.1:


[image: image]
Fig. 1.9 Ventilation–Perfusion relationship in the alveoli and capillaries.

(From Cherniack R. Pulmonary function testing. Philadelphia: WB Saunders, 1977 with permission)




[image: image]Equation 1.1 Modified Poiseuille´s Equation




[image: image]



ΔP = pressure change, L = length of the airway, η = viscosity of the gas, [image: image] = ventilation, r = radius of the airway.

Minute ventilation is directly influenced by the work of breathing (ΔP), the airway geometry (radius and length) and the consistency of the inhaled gas (viscosity). Change of the radius (r4) has the greatest impact: an increase of 10% in the radius of the airway would result in an overall rise of 46% in ventilation, while narrowing the airway by 10% of the radius would lead to a 44% reduction of ventilation, assuming that all other parameters remained the same and work of breathing did not increase.



Narrowed airways may lead to an increase in work of breathing and, as a result of turbulent airflow, stridor may be observed. Stridor is generally distinguished as inspiratory or expiratory, and in clinical practice this distinction may yield information about the location of the airway obstruction. Inspiratory stridor is typically caused by an extrathoracic airway problem (Chapter 3). A physiological phenomenon, the Bernoulli's principle, may even lead to a total collapse of the extrathoracic airway in inspiration, while the intrathoracic airways are usually widened in inspiration due to the expansion of the chest, with the resulting negative pleural pressure transmitting the force to the lung parenchyma and bronchi. In contrast, expiratory stridor may be a sign of intrathoracic tracheal or bronchial obstruction as the intrathoracic airways collapse with a decrease in lung volume and the extrathoracic airways are kept open by gas escaping from the chest.

Potential factors causing proximal (upper) airway obstruction include various kinds of external compressive obstruction, teeth, tongue and mandible, tonsils, epiglottis, retropharyngeal space, soft palate, vocal cords and subglottic trachea (Figures 1.4 and 1.5).


[image: image]
Fig. 1.4 Schematic view of the oral cavity.

The Mallampati index is a simple scoring system for pharyngeal obstruction and a narrowed upper airway due to cranio-facial shape, tongue size and obesity. It is used to assess potential difficulties during intubation and correlates with obstructive sleep apnoea.



[image: image]
Fig. 1.5 Schematic illustration of the vocal cords.

This is the view seen by an investigator standing behind the patient's head and looking into the upper airway, e.g. during intubation.


Factors leading to subglottic airway obstruction are tracheomalacia and tracheal stenosis, frequently observed following intubation trauma or abnormal high cuff pressure, use of an endotracheal tube, intratracheal mass and extrinsic compression by mediastinal structures (vascular, adenopathy, tumour/goitre).


Trachea and Main Bronchi

The diameter of the trachea is shaped like a horseshoe, with a rigid, U-shaped cartilaginous anterior part and a posterior membrane separating it from the oesophagus. The trachea splits into the left and the right main bronchi at the bifurcation, also called the carina. This area is important for the cough reflex, as it contains a network of tactile, sensitive receptors. The main bronchi enter the lungs at their respective hilus. Like the trachea, they are protected by cartilage (Figure 1.6).


[image: image]
Fig. 1.6 Schematic illustration of the trachea and main bronchi.

The right main stem is at a steeper angle than the left main bronchus; it is also wider and shorter. Aspiration of foreign bodies is therefore more likely to occur into the right main bronchus.





Bronchi and Lung

The main bronchi lead to the lobular bronchi, which consist of the upper, middle and lower lobes on the right, and the upper (including the lingula) and lower lobes on the left (Figure 1.1). The next generation of airways is made up of the segmental and subsegmental bronchi. The right side of the lung has ten different segments: three in the upper lobe, two in the middle lobe and five in the lower lobe. The left side contains of nine segments: five in the upper lobe, two of which are in the lingula and four in the lower lobe. The missing segment is number 7, which is considered to be left out due to the heart taking up its space. The anatomy is important in certain clinical scenarios, e.g. to manœuvre a bronchoscope, to identify locations on a chest X-ray or CT scan of the thorax, and to make decisions before lung resections. The bronchi further divide (there are 23 generations overall) until, most proximally, the air reaches the alveolar sacs for the purpose of gas exchange.




Alveoli

The respiratory bronchioles lead to the alveolar ducts. The ducts are further connected to the alveolar sacs containing the alveoli, grouped around the ducts like grapes. The basic gas exchange unit is called the acinus. The interior surface of the alveoli produces surfactant to reduce surface tension. The exterior alveolus is covered with fine capillaries, separated from the air only by a thin layer of epithelium, basal membrane and endothelium (Figures 1.1 and 6.3; Chapter 6) of around 1 μm, through which gases diffuse according to their partial pressure gradient. The overall surface area of all the alveoli available for the gas exchange process is approximately 140 m2.




Pleura

The pleura forms a thin layer that covers the outside of the lung, the inside of the chest, the upper part of the diaphragm and the mediastinum. It is separated into visceral and parietal sections. In contrast to the lung parenchyma, the pleura is very sensitive and pain can be caused by irritation during acute diseases of the chest. There is a small gap between the parietal and visceral parts, which is filled with fluid; the lung can slide along the inner surface of the chest and still remain expanded because of the sealed pleural space. The pleural pressure is usually negative or subatmospheric, and is determined by the elasticity of the lung and the chest wall, which oppose each other (see compliance, Chapter 2). However, if the pleura is damaged and air enters the pleural space, the elastic recoil of the lung becomes unopposed and the lung collapses, causing a pneumothorax. The pleura usually balances production and reabsorption of fluid but, in disease, production can be increased or reabsorption can be impaired, leading to fluid collection in the pleural space and a pleural effusion.




Chest Wall and Respiratory Muscles

The respiratory muscles are an important part of the respiratory system, as the muscle pump is responsible for ventilating air into and, if required, out of the chest. All the muscles involved in respiration insert on to the skeletal structures of the chest (vertebrae, ribs, shoulder blades, clavicles and sternum). They provide the lung with protection and stability, but leave enough space for expansion while breathing and moving. Failure of the respiratory muscle pump commonly results in hypercapnic respiratory failure (type II), which is characterised by an increase in CO2 levels, accompanied by low oxygen
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Functions of the Respiratory System




Ventilation–Perfusion
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