
123

From Basic Science  
to Clinical Practice

Kostas N. Priftis
Leontios J. Hadjileontiadis
Mark L. Everard
Editors 

Breath Sounds



Breath Sounds



Kostas N. Priftis 
Leontios J. Hadjileontiadis • Mark L. Everard
Editors

Breath Sounds
From Basic Science to Clinical Practice



Editors
Kostas N. Priftis
Children’s Respiratory and Allergy Unit 
Third Department of Paediatrics  
“Attikon” Hospital
National and Kapodistrian University  
of Athens
Athens
Greece

Mark L. Everard
Division of Child Health 
University of Western Australia
Perth Children’s Hospital
Perth
Australia

Leontios J. Hadjileontiadis
Department of Electrical & Computer 
Engineering
Aristotle University of Thessaloniki
Thessaloniki
Greece

ISBN 978-3-319-71823-1    ISBN 978-3-319-71824-8 (eBook)
https://doi.org/10.1007/978-3-319-71824-8

Library of Congress Control Number: 2018938548

© Springer International Publishing AG, part of Springer Nature 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer International Publishing AG 
part of Springer Nature
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-319-71824-8


v

Preface

It is now just over 200 years since René-Théophile-Hyacinthe Laennec invented the 
stethoscope and 2018 will be the bicentennial of the publication of his masterpiece, 
A treatise on the diseases of the chest and on mediate auscultation. The intervening 
centuries have seen the stethoscope becoming a ubiquitous tool that is synonymous, 
in the minds of the general public, with the medical profession. Despite repeated 
reports of its imminent demise, the stethoscope continues to evolve and contribute 
to clinical care throughout the world.

In light of the imminent anniversary of Laennec’s textbook, it seems appropriate 
to revisit the role of this inexpensive tool in the assessment of respiratory health and 
disease and consider its future in a world in which the conventional stethoscope is, 
in a number of settings, being replaced by increasingly sophisticated electronic 
devices. This publication is not intended to be a classical ‘textbook’, but rather a 
‘state-of-the-art’ review on specific clinical and research topics on the subject of 
respiratory sounds. The starting point was the training of the clinician: from the 
student to the chest physician. At the same time, the goal was to allow the clinician 
to talk to the scientist and get an idea of the cutting edge of relevant technology and 
research.

The book is divided in four parts. The first part covers a wide spectrum of general 
issues regarding the history of stethoscope, the clinical usefulness, epidemiology 
and nomenclature of breath sounds. The second part of the book is mainly devoted 
to the science, i.e. sound recording, analysis and perception. The third part deals 
with clinical issues regarding adventitious respiratory sounds, laryngeal origin 
sounds, sleep and cough sounds. Finally, the fourth part chapters emphasise a view 
of the future.

In order to provide the most comprehensive picture of the past, present and future 
evolution of the stethoscope, from the original roll of parchment to its highly sophis-
ticated electronic descendants that connect to the Internet and provide computerised 
analysis, experts from a range of backgrounds were invited to share their knowl-
edge. We are grateful to all the authors for their effort, time and efficiency in this 
common endeavour.
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1Introduction

Andrew Bush

A long time ago in a galaxy far, far away, I started in the University College Hospital 
London medical school and purchased my first stethoscope, which consisted of a 
bell and a diaphragm joined by a rubber tube to two earpieces. At that time, tele-
phone calls were made on Bakelite telephones with a circular dial, and one inserted 
a finger into the appropriate hole and rotated it; urgent communications were by 
telegram at a given cost per word; and lecturers used glass-mounted slides or drew 
on the blackboard to illustrate their talks. After nearly 40 years as a doctor, and more 
than a quarter of a century of consultant practice, smartphones are replete with 
unbelievable quantities of APPs, computing and storage power; the telegram is as 
dead as the dinosaurs, and instead social media such as Facebook, Instagram, 
Snapchat and Twitter rule; and PowerPoint reigns supreme in the conference and 
lecture room. And lo! My stethoscope still consists of a bell and a diaphragm joined 
by a rubber tube to two earpieces. It is difficult to believe that this medical stagna-
tion in the face of so much technological transformation elsewhere reflects much 
credit on anyone. So where are we, and where are we going: and the main purpose 
of this book is to review exactly this. This introduction is intended to set the scene 
by being a provocative look at past, present and future chest auscultation, in order 
to stimulate thought (and possibly rage!) in the interested reader.

AB is an NIHR Senior Investigator and additionally was supported by the NIHR Respiratory 
Disease Biomedical Research Unit at the Royal Brompton and Harefield NHS Foundation Trust 
and Imperial College London.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_1&domain=pdf
mailto:A.Bush@rbht.nhs.uk
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1.1  The Thoracic Cage as Checkpoint Charlie: The Good, 
the Bad and the Totally Unintelligent

An important evolutionary task is to protect the organism from external assaults 
such as heat, cold and a well-directed spear by encasing it in protection either natu-
ral (e.g. bones, a thick hide, scales or a shell) or artificially manufactured armour. 
The thoracic cage gives good protection to the heart and lungs, but this natural 
protective layer has the undesirable effect of muffling or eliminating many signals 
of disease from within the organism, the discernment of which may allow a benefi-
cial intervention. This was of small concern when there were no such interventions, 
and all the physician had to offer amounted to little more than tea and sympathy. In 
the twenty-first century, the field has changed:

• We have ever more powerful diagnostic tests which completely bypass the pro-
tective layers, such as HRCT, MRI and other imaging modalities, to say nothing 
of sophisticated biological tests including genetics, ciliary function and increas-
ingly likely -omics technology.

• There are increasingly precise therapeutics, such as the designer molecules for 
gene class-specific mutations in cystic fibrosis [1, 2] and an increasingly formi-
dable array of monoclonals for asthma [3, 4].

• We are moving further away from asking ‘are you feeling better’ to the use of 
specific biomarkers and molecular tests for diagnosis [5] and to monitor disease 
progression [6].

• Non-invasive testing in preschool infants and even babies is increasingly moving 
out of the research field and into the routine clinical arena [7]. So, for example, 
sputum induction for the diagnosis of tuberculosis is being performed in primary 
health-care centres in South African townships [8], and multiple breath washouts 
are feasible in clinical settings [9, 10].

So has the time come for the clinician to be pensioned off in favour of a more 
cheerful version of Douglas Adams’s Marvin the severely depressed and bored 
robot with a brain the size of a planet (The Hitchhikers Guide to the Galaxy)? 
Paradoxically, the greater technological advances mean that clinical skills become 
more, not less, important. So not every child with a runny nose can or should have 
nasal nitric oxide, assessment of ciliary beat frequency and pattern, ciliary electron 
microscopy and electron microscopic tomography, whole exome sequencing, cili-
ary immunofluorescence and finally ciliary culture lest a diagnosis of primary cili-
ary dyskinesia is missed [11, 12]. The clinical skill that is absolutely essential is to 
pick out the handful of such children in whom this diagnosis should be pursued at 
all hazard [13–16]. To do this, old-fashioned skills of history and physical examina-
tion must be deployed but with two important caveats: firstly, we must not be com-
placent but accept that these can and should be honed, and secondly, we need to 
recognise when the patient’s journey has reached the point when clinical skills are 
no longer useful.

A. Bush
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So the basic skills of the thoracic physician are history and physical examination, 
with the latter split into the time-honoured inspection, palpation, percussion and 
auscultation. The purpose of this introduction is to place auscultation, the subject of 
this book, in the context both of clinical skills and the exciting new diagnostic and 
therapeutic technologies. My thesis will be that the stagnation of the stethoscope, 
far from suggesting that Laennec’s great invention [17] has reached its apogee, in 
fact reflects badly on the complacency and lack of drive of the respiratory commu-
nity (this author included). However, I will propose that the stethoscope is not dead, 
merely sleeping, and modern physics and mathematical signal processing may 
transform a sleeping pygmy into a wide awake giant.

1.2  Consensus Documents: A Step Forward or the Blind 
Leading the Deaf?

Attempts to agree nomenclature have been made for decades [18, 19], culminating in 
a recently published ERS Task Force [20]. Linguistic differences, as well as those in 
the performance of the eighth cranial nerves, have complicated the field. From early 
on, analysis of breath sounds, by analogy with electrocardiography, was proposed 
[18]. The recent Task Force includes an online library of lung sounds, a major edu-
cational asset. However, experts sitting around a table cannot be considered the last 
word in evidence, no matter how eminent they may appear in at least their own eyes.

1.3  Even a Mole May Instruct a Philosopher in the Art 
of Digging (Earnest Bramah, The Wallet of Kai Lung)

It is well known that the thorax contains two organs of interest: the right lung and 
the left lung. There is a third minor organ, the oesophagus, and finally the heart. Yet 
perhaps we can learn a lesson from cardiologists about auscultation, which we may 
apply to the lungs.

In the days before sophisticated imaging and cardiac catheterisation, the stetho-
scope was the primary diagnostic tool for heart disease and was in the best ears 
exceedingly accurate. The great Sir Thomas Lewis recognised the findings in mitral 
stenosis as he did ‘the bark of his favourite dog’ [21]. But nowadays, the next step 
would be a non-invasive test, transthoracic echocardiography, to confirm the diag-
nosis and further assess severity. On that basis, the need or otherwise of more 
sophisticated or invasive testing is determined. Increasingly, cardiac auscultation is 
used as a screening test for any abnormality, rather than to make a specific diagno-
sis, although the experienced cardiologist will still be proved right by further testing 
on many occasions.

Applying this to respiratory medicine, should the stethoscope be relegated to 
merely dichotomising patients into normal and abnormal? I think such would be an 
error, because we do not have the equivalent of echocardiography in our 

1 Introduction
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armamentarium as the next step. For sure, the chest radiograph is simple and 
involves minimal radiation, but its lack of sensitivity compared to, for example, 
thoracic computed tomography, is well known. Although access to the lungs via the 
airway allows detailed functional assessments through spirometry, multiple breath 
washouts, impulse oscillometry, plethysmography and many others, not merely at 
rest but when stressing the system with maximal exercise, physiology can make 
only two diagnoses: exercise-induced bronchoconstriction and hyperventilation. 
For sure, restrictive and obstructive physiological patterns may point to groups of 
diseases, such as the airway and the interstitium, but not actual specific diagnoses, 
unlike echocardiography. By contrast, echocardiography is non-invasive and does 
not require radiation exposure but gives superb information on cross-sectional anat-
omy and hence specific diagnoses. Paradoxically, the barrier to lung ultrasound is 
not the sturdy chest wall but air, although there is some diagnostic utility in pneu-
monia and pleural effusion. So we need firstly to understand how good we are with 
current auscultation and, next, whether technological advances could be deployed to 
improve our performance.

1.4  Thoracic Auscultation: The Way We Were

The history of the nomenclature of lung sounds makes Babeldom seem a model of 
clarity and precision. ‘Wheeze’, ‘Rhonchi’, ‘Râles’, ‘crepitations’, ‘crackles’ and 
many more were used to describe what was heard. ‘When I use a word’, Humpty 
Dumpty said, in rather a scornful tone, ‘it means just what I choose it to mean—
neither more nor less’. ‘The question is’, said Alice, ‘whether you can make words 
mean so many different things’ (Lewis Carroll, Through the Looking Glass). 
Humpty Dumpty ruled, and Alice’s assumption that there were so many things to 
describe when auscultating the chest was never challenged. Richard Asher has 
taught us that the first essential is to describe what we actually see (or in this case, 
hear), in simple modern words, and not to speculate about their origin, because 
such speculations will almost certainly be proved wrong [22]. Do we describe a 
newborn as a ‘vesicular baby’? That would be ridiculous, so why call normal 
breath sounds ‘vesicular’. And how often do we see the words ‘wheeze’ and 
‘bronchospasm’ used synonymously? This fallacious thinking means that the 
speaker has jumped from a noise heard (or thought to have been heard!) and a 
pathophysiological mechanism (airway smooth muscle constriction) and the 
likely erroneous prescription of a short-acting β-2 agonist and even worse, a diag-
nosis of ‘asthma’. Instead, the argument should go that there is narrowing of the 
airway, which may be from causes within the airway lumen (e.g. airway mucus), 
within the wall (e.g. airway smooth muscle constriction, developmental narrow-
ing or acquired airway remodelling), or extramural (loss of alveolar tethering). 
The greater the uncertainty, the more Asher’s rule holds. As Socrates said (The 
Plato Collection), ‘he who first gave names and gave them according to his con-
ception of the things which they signified; if his conception was erroneous, shall 
we not be deceived by him?’ And the answer is a resounding affirmative. An 

A. Bush
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example from chest auscultation is the phrase ‘reduced air entry’, which is so 
often used. The fatal assumption that is palmed off with all the skill of the London 
three-card-trick conman is going from what is heard (softer than expected breath 
sounds) to an assumption of what this means (e.g. reduced localised or gener-
alised ventilation, whereas exactly the same findings could be produced by nor-
mal ventilation but a chest wall thickened by tumour). This is not of course to say 
that modelling and other studies to determine mechanisms are not without their 
use; but as time goes by, any model is likely to be superseded, and there should be 
clear blue water between the naming of sounds and the speculation about mecha-
nisms. Asher would certainly have approved of the great Paul Forgacs who simpli-
fied nomenclature (Table  1.1) and proposed a pictorial way of describing 
auscultatory findings (Fig. 1.1) [23–25]. Perhaps this is a bit too simple, missing 
as it does the end-inspiratory squawk [26, 27]. Despite Forgacs and Asher, the 
Humpty Dumpties ruled, and those that darkened council by words without 
knowledge (Book of Job) were allowed full play in the Chest Clinic. Only one 
thing was needed to complete the chaos, and that was putting stethoscopes in the 
ears of everyone; the stethoscope was still the physician’s prerogative, at least for 
a short time. But to paraphrase Oscar Wilde ‘seems we Doctors have everything 
in common with other doctors except the language’ (Oscar Wilde, The Canterville 
Ghost).

Table 1.1 Simplified nomenclature of lung sounds [23–25]

Sound Timing Nature
Crackles Inspiration, expiration or both Fine or coarse
Wheeze Inspiration, expiration or both Monophonic or polyphonic
Pleural rub Inspiration, expiration or both Coarse, continuous noise

Inspirationa

b

Expiration
High frequency

Low frequency

Inspiration                        Expiration
High frequency

Low frequency

• • •
•

•

Fig. 1.1 Visual representation of lung sounds [23–25]. (a) Expiratory polyphonic wheeze. (b) 
Fine end-inspiratory crackles

1 Introduction
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1.5  Thoracic Auscultation: The Way We Are

Modern audio technology now allows documentation of the sounds that cross the 
thoracic wall (and note I distinguish this from sounds actually heard!) so that 
physician opinion could actually be cross-checked with reality. In a second devel-
opment, it was realised that ill-informed talk was not the prerogative of the physi-
cian, but allied health professionals, nurses and parents could also acquire 
ignorance and a stethoscope and join the circus. The utility and perceived mean-
ing of the word ‘wheeze’ has long been studied. To the physician, wheeze means, 
in Paul Forgacs’ nomenclature [23–25], a musical, polyphonic expiratory noise. 
To even intelligent lay people, wheeze is an umbrella term for a wide variety of 
upper and lower airway noises [28–30]. In a clinical setting (a walk-in, paediatric 
ambulatory urgent care facility), objective transthoracic recording of the presence 
and severity of wheeze was compared with parental, nurse and paediatrician opin-
ion [31]. Physicians and parents agreed one third of the time, physicians and 
nurses only half the time (nothing new there, then) and physicians and objective 
recordings 77% of the time. This means that on 23% of occasions, physicians got 
this commonplace sign wrong. As well as implications for clinical care, these 
findings call into question the use of ‘Dr-diagnosed wheeze’ in epidemiological 
and genetic studies, a point to which I return below. Nonetheless, noises made by 
airways may have value prognostically; the Aberdeen group used a pragmatic 
classification of ‘whistle’, ‘rattle’ and ‘purr’ to help parents identify the noise 
their child was making at age 2 years. In total, 210 out of 1371 (15.3%) had ‘cur-
rent wheeze’ of whom only 24 had ‘whistle’ (1.8% of the total population or 11% 
of ‘wheezers’. The reproducibility of parental identification of noises was far 
from perfect, but nonetheless, the ‘whistlers’ were around twice as likely to have 
persistent symptoms age 5 years [32].

An important recent experimental study asked 12 doctors (half paediatri-
cians) to listen to 20 audio recordings and determine which of 10 noises were 
heard [33]. Perhaps unsurprising, although most combinations of the ears and 
recordings determined there was an abnormality present, agreement between 
observers was poor; reproducibility was much better if the two simple catego-
ries of ‘crackles’ and ‘wheezes’ were used. The authors rightly point out that 
there is still a utility of auscultation, for example, crackles being predictive of 
pneumonia [34]. Limitations to the study of course include that auscultation is 
never carried out in isolation, and the ability to detect change in a patient was 
not studied; nonetheless, similar findings have been reported by others using 
less sophisticated methods [35–37]. There are also important lessons to be 
learned. Firstly, simplicity is best; an elaborate and non- reproducible classifi-
cation is more worthless than a politician’s promises. Secondly, the unfortunate 
medical student or examination candidate who has not ‘heard’ the signs cor-
rectly should not be unduly penalised; he/she may be doing no better or worse 
than the professor who is the examiner. Similar poor agreement between 
observers has also been reported in studies using less sophisticated 
methodology.

A. Bush
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So in summary, at the present time, it is indisputable to say that we cannot:

• Agree on the best nomenclature of lung sounds.
• Agree on what we are actually hearing.
• Reliably report what is recorded transthoracically by a machine.

So should the stethoscope join other great medical artefacts like Maxwell’s box 
and Morland’s needle (used to treat tuberculosis with an artificial pneumothorax) in 
honoured places in a medical museum? For those of us, including the authors and 
editors of the present volume who believe the answer to be no, the above findings 
are a rude wake-up call. It is clear that the present use of the stethoscope in chest 
medicine is intellectually untenable; so where do we go from here?

1.6  Thoracic Auscultation: Where Do We Want to Get to, 
and What Is the Roadmap?

There are a number of ways in which we need to think modern, including new technol-
ogy and the positioning of auscultation in clinical practice in a new era of medicine.

 1. Clearly we need to remove as much of the element of subjectivity from thoracic 
auscultation and also try to maximise the information we obtain, given the lack 
of a ‘pulmonary echocardiogram’ (above). A corollary of this is to avoid elabo-
rate and unreproducible classifications. The obvious way to maximise informa-
tion is digital recording of lung sounds and the use of signal processing. Crackles 
and wheezes can be described numerically, for example, in terms of frequency, 
duration and timing within the inspiratory and expiratory cycle; but with modern 
mathematical techniques, more sophisticated analyses are surely possible. 
Smartphones have more than enough number crunching ability to handle the 
data generated. So there is work to do; we need to obtain digital recordings of 
cohorts of well-characterised patients and move from ‘Velcro crackles’ (how 
twentieth century is that phrase!) to numerical description of the physical signs.

 2. The phrase ‘Dr-heard wheeze’ needs to disappear from the research vocabulary. It is 
depressing to see immensely sophisticated genetic studies, with huge cohorts, in 
which the sophistication of the science is matched only by the crudity of clinical clas-
sification. Smartphone technology should be used to determine exactly what noises 
are emanating from the thorax, and this should be the entry criterion if we are going 
to rely only on clinical examination, replacing what a variably trained and attentive 
pair of ears and brain think might be what noises are present. This is not just devel-
oped world fantasy—smartphones are ubiquitous in low and middle income settings. 
Is it impossible to imagine that sound recordings (from which respiratory rate and 
also heart rate can also be derived) should not be recorded in a primary care outpost 
miles from a hospital, analysed mathematically and bluetoothed centrally and as a 
result, a diagnosis being made? Or even cutting out the central reading and taking 
action on the smartphone analyses using robust clinical algorithms?

1 Introduction
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 3. Auscultation needs to be repositioned in a clinical context. The oldest catch in 
the book is the silent chest or upper airway, which betokens no improvement in 
the child with asthma or croup but impending catastrophe. So woe betide the 
physician who assesses auscultatory signs without also considering the state of 
the child. One of the greatest bedside teachers of them all, Max Klein, published 
a simple scheme combining auscultation with other clinical findings to localise 
the site of disease in the child with airway (in the broadest sense of the word) 
disease (Fig. 1.2) [38]. Few if any signs or findings can be considered stand- 
alone—and clinical context is everything. So parents frequently palpate their 
child’s chest if they hear a wet cough and actually feel rattling underneath their 
hands—where all too often the physician may be misled by the absence of 

When is obstruction worst?

INSPIRATION

EXTRATHORACIC

Obstruction is

Obstucted when
MOUTH BREATHING

or crying?

BILATERAL AIR
TRAPPING
is present?

NO

NOSE

or

PHARYNX

YES

PERIPHERAL
AIRWAYS

2 4

1 3 NO

TRACHEA

or

MAIN BRONCHI

EXPIRATION

INTRATHORACIC

Obstruction is

YES

LARYNX
or

extrathoracic trachea

Fig. 1.2 Integrating auscultatory findings into the clinical picture to determine the site of obstruc-
tion [38]
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 auscultatory signs, another example of the ‘silent chest’ which is not a sign of 
well- being but rather masks disaster.

 4. Finally, we always need to start by determining what question do I need to 
answer and thus what tools are needed to answer that question. So, for example, 
is this 10-year-old with cystic fibrosis suffering from a pulmonary exacerbation? 
The ideal tool to answer that question in the future is likely a molecular bio-
marker [39, 40], but it is also likely that some sort of screening will be needed to 
determine who should have this test carried out. So the question then becomes, 
should this 10-year-old undergo specific diagnostic tests for a pulmonary exac-
erbation? Whereas the finding of new crackles on auscultation will certainly be 
good evidence that an exacerbation is likely and may of itself lead to treatment, 
the history is likely as least as important, and the absence of new auscultatory 
findings will not exclude a pulmonary exacerbation. In the era of precision medi-
cine, history and examination are likely to be increasingly used to select patients 
for further testing; we will need our clinical skills for the foreseeable future.

So to sum up, hopefully our professional children, starting out on their careers, 
will move from the bell and diaphragm, the earpieces and the rubber tube to a high- 
fidelity microphone attached to a smartphone; they will understand the strengths 
and weaknesses of auscultation as a clinical tool and how to frame the right ques-
tions in a given clinical situation and determine whether or not auscultation is the 
way to answer those questions or, better, how auscultation will contribute to finding 
the answer to the question. For this to happen, clinicians and physicists and other 
scientists need to collaborate to develop the tools they will need. In this volume, this 
collaboration is evident, with discussions of history and the current clinical situation 
mixed with sophisticated science leading to a clear vision of the future.
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2The Stethoscope: Historical 
Considerations

Robert Lethbridge and Mark L. Everard

It is now more than 200 hundred years since René Laennec invented the stethoscope 
[1–6], a device that became the unofficial badge of office for doctors for the best 
part of two centuries. Hailed as one of the great additions to the physician’s non- 
invasive diagnostic armamentarium, there is no doubt that it has had a huge impact 
on clinical practice for much of this time. Laennec’s classic textbook, A Treatise on 
Mediate Auscultation and Diseases of the Lungs and Heart first published 1819 [1], 
provided entirely novel and profound insights into both pulmonary and cardiac dis-
ease. In this he describes the events that lead to the invention of the stethoscope just 
3 years earlier and his insights into the significance of the clinical findings he was 
able to elicit both with ‘mediate auscultation’ via the stethoscope and using the 
recently described technique of percussion, which he helped popularise. He was 
also able to use his skills in the field of morbid anatomy to inform his interpretation 
of the clinical signs he elicited when examining his many patients. Thus he helped 
play a central role in developing a rational scientific foundation for examination of 
the chest that continues to underpin routine clinical practice to this day.

2.1  The Significance of Laennec and the Stethoscope

The stethoscope can be regarded as the first of a long line of instruments that 
have given us an ever greater ability to examine the internal structure and func-
tion of the human body in health and disease. Laennec noted that at the time, the 
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only tools available to explore the inner workings of the body were the probes 
used by surgeons. The latest devices such as PET scanners are just a step along 
the evolutionary progress that has its roots in the work of Laennec and his 
contemporaries.

Even prior to the invention of the stethoscope and publication of his textbook, 
Laennec was recognised as one of the great clinical empiricists and teachers. The 
first translation of his textbook into English by Dr. Forbes was published in 1821 
[7], and the first review of his original publication appeared in an American journal 
the same year. As a member of the Paris school of physicians in the early nineteenth 
century, he was part of the movement that was revolutionising medical thinking. In 
the eighteenth century, medicine was still wedded to a ‘philosophic’ approach to the 
management of disease that was based on balancing the four ‘humours’ through 
practices such as blood-letting and dietary changes that dated back to the ancient 
Greeks. In a matter of a few decades however, around the turn of the century, 
Medicine had transitioned to a more questioning profession in which scientific 
insights from the rapidly developing disciplines of anatomy, pathology and physiol-
ogy were transforming our understanding of health and disease.

This time of change was reflected in comments by Forbes in the preface to his 
first translation of Laennec’s work, which suggested that the introduction of the 
stethoscope would not be welcome by physicians who would prefer to continue 
with their ‘philosophical’ approach rather than improving their diagnostic skill 
using a new device and the new ideas associated with it. Fortunately, most physi-
cians and their patients welcomed the move towards the improved diagnostic accu-
racy and prognostication. Laennec’s work can be seen as one of the most significant 
contributions to the rapid transition of medical practice from centuries of dogma to 
a scientific discipline.

2.2  Immediate and Mediate Auscultation

The value of assessing breath sounds audible at a distance from the subject, or heard 
through ‘immediate’ auscultation achieved by applying one’s ear to the chest wall, 
was known to Hippocrates and the ancient Greeks and is referred to in a number of 
publications from various sources through the ensuing centuries, though this 
approach does not appear to have been widely adopted at any stage. The idea of 
augmenting sounds from the chest had already been explored in the previous cen-
tury by Hooke, but his initial experiments were not pursued [8].

In his introduction, Laennec mentions that he and his fellow students were aware 
of listening directly to the chest as a possible adjunct to the examination (Fig. 2.1) 
but that few practiced this in large part because it was felt that it rarely added any 
information other than in some cardiac cases. He noted that other reasons for its 
‘limited application’ included ‘it is always inconvenient both to the physician and 
patient: in the case of females it is not only indelicate but often impractical; and in 
the class of persons found in hospitals it is disgusting.’ Despite these issues, and in 
contrast to most of his colleagues, he noted that ‘Nevertheless, I had been in the 
habit of using this method for a long time and it was the employment of it which led 
me to the discovery of a much better one’. He then goes on to describe the 
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well- known story of wishing to examine a young lady with a cardiac problem whose 
‘great degree of fatness’ had negated obtaining any useful clinical information from 
palpation and percussion and in whom immediate auscultation was ‘inadmissible 
because of the age and sex of the patient.’

To circumvent these difficulties, Laennec rolled up a ‘quire’ of paper (24 sheets) 
and ‘was not a little surprised and pleased to perceive the action of the heart in a 
manner much more clear and distinct than I had ever been able to do by the immedi-
ate application of the ear.’ In 3 years between this episode, which took place towards 

Fig. 2.1 Laennec listens to the chest of patient with tuberculosis prior to the invention of the 
stethoscope A L’Hopital Necker, Ausculte Un PhtisiqueThéobald Chartran (1849–1907)
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the end of 1816, and the publication of his textbook in 1819, he refined his stetho-
scope (Figs 2.2 and 2.3). Having experimented with a variety of designs and materi-
als, he then correlated his auscultatory findings with observations from the numerous 
post mortems he undertook. This led him to note ‘The consequence is, that I have 
been enabled to discover a set of new signs of diseases of the chest, for the most part 
certain, simple, and prominent, and calculated, perhaps, to render the diagnosis of 
the diseases—of the lungs, heart and pleura, as decided and circumstantial, as the 
indications furnished to the surgeon by the introduction of the finger or sound 
(probe), in the complaints wherein these are used.’

This 3-year period also marked an explosion of activity, which included writing 
a very substantial textbook. This is all the more remarkable as it took place at a time 
when the effects of pulmonary tuberculosis were increasingly starting to impinge on 
his wellbeing. This disease would eventually take his life at the age of 45 years. He 
notes in his first edition that his work was not complete. Both his deteriorating 
health and the frequent misinterpretation of his discoveries, as they were otherwise 
spread by word of mouth, prompted him to rush publication. Following this, how-
ever, his health did improve for a time, and he was able to expand and develop some 
of his ideas in the second edition published in 1826, the year of his death.

Laennec recognised that the limited responses of the lungs due to a variety of 
diseases made it difficult to distinguish them on the basis of history alone—an 

Fig. 2.2 Painting of Laennec using his stethoscope on a boyThis picture was taken from a paint-
ing by Robert Thom, copyrighted in 1960
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observation that is just as relevant today. This paucity of descriptive symptomatol-
ogy drove him to try and improve the usefulness of the physical examination. “…the 
diseases of the thoracic viscera are very numerous and diversified, and yet have 
almost all the same class of symptoms. Of these the most common and prominent 
are cough, dyspnoea, and, in some, expectoration. These, of course, vary in different 
diseases; but their variations are by no means of that determinate kind which can 
enable us to consider them as certain indications of known variations in the dis-
eases. The consequence is, that the most skilful physician who trusts to the pulse 
and general symptoms, is often deceived in regard to the most common and best 
known complaints of this cavity.”

To further expand the investigative potential of the physical exam, Laennec aug-
mented his use of the stethoscope with the art of percussion. Auenbugger’s original 
book detailing this technique was published in 1761 [9], and following the avail-
ability of a French translation by Corvisart in 1808 [10], Laennec was keen to pro-
mote its use. By utilising the findings of each of these methods, he was able to 
accurately diagnose a wide range of pulmonary conditions, including those first 
described by him such as bronchiectasis.

Laennec focused on the use of the stethoscope for augmenting the diagnostic 
process in relation to pulmonary and cardiac disease. In the years immediately after 
the publication of his book, others found a range of diagnostic applications for the 

Fig. 2.3 A Laennec stethoscope from 1820
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new devices such as listening for crepitus in suspected fractures (less painful and 
more specific than the traditional prod still used by some in the emergency depart-
ments), examining the abdomen and listening to foetal heart beats. Until the use of 
X-rays for diagnostic purposes were developed in the early twentieth century, the 
stethoscope reigned supreme as the physician’s most useful piece of equipment to 
enhance diagnostic accuracy.

It is of note that Laennec does not appear to discuss the significance of sounds 
heard at a distance such as wheeze and stridor. He does comment that sounds such 
as snores generated in the upper airway are poorly transmitted to the chest, and 
hence the stethoscope is of little use. Other sounds from the lower airways such as 
the ‘death rattle’ due to copious secretions in the large airways, the sonorous rale 
(again due to secretions in large airway) and the sibilant rale could all be heard on 
occasions while simply observing the patient. Similarly, he did not make much of 
trying to attribute inspiratory noises to upper airways pathology and expiratory 
noises to lower airways pathology even though he recognised this tendency. This is 
probably because much of the pathology he saw in the hospitalised patients was 
attributable to excessive secretions associated with chronic diseases such as pulmo-
nary TB or chronic bronchitis, and this gives rise to both harsh inspiratory and 
expiratory noises generated in the central airways.

2.3  Acceptance of the New Device and Its Evolutionary 
Decedents

While Laennec’s ideas spread rapidly, there was resistance from some quarters, 
particularly in France [11, 12]. No doubt the inevitable professional jealousies and 
resistance to new ideas that accompany any leap forward in knowledge were behind 
some of the initial negative responses noted. In France, many apparently dismissed 
his book as merely an overlong source of amusement. Forbes, in his introduction to 
his first translation [7], noted that “I have no doubt whatever, from my own experi-
ence of its value, that it will be acknowledged to be one of the greatest discoveries 
in medicine,” but he was far from convinced that it would become part of routine 
practice. “That it will ever come into general use, notwithstanding its value, I am 
extremely doubtful; because its beneficial application requires much time, and gives 
a good deal of trouble both to the patient and the practitioner; and because its 
whole hue and character is foreign, and opposed to all our habits and associations. 
It must be confessed that there is something even ludicrous in a grave physician 
formally listening through a long tube applied to the patient's thorax, as if the dis-
ease within were a living being that could communicate its condition to the sense 
without. Besides, there is in this method a sort of bold claim and pretension to cer-
tainty and precision of diagnosis, which cannot, at first sight, but be somewhat 
startling to a mind deeply versed in the knowledge and uncertainty of our art, and 
to the calm and cautious habits of philosophising to which the English physicians 
accustomed.”

R. Lethbridge and M. L. Everard
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The idea that it would not be adopted because the doctors’ actions might appear 
‘ludicrous’ or that the idea a doctor might make a diagnosis with some precision 
would break the ‘habitual cautious habits of philosophising’ that dominated the 
English physician’s art reflect an approach to medicine that may not have com-
pletely disappeared. Even though there was rapid and widespread acceptance that 
mediate auscultation is of considerable clinical value, it is reported that many, par-
ticularly in France, adopted ‘immediate’ auscultation as the preferred method of 
listening to the chest for a number of decades because, contrary to all the evidence, 
they believed the stethoscope ‘distorted’ the sounds emanating from the lungs or 
heart. Many adopted a similar view when the flexible rubber binaural stethoscope 
was developed declaring that hearing in stereo adversely affected their ability to 
hear with clarity.

2.4  Evolution of Stethoscope Design

There are a number of reviews of the evolution of the stethoscope [11, 13–19]. 
Laennec’s original design outlined in his first edition consisted of a length of wood 
approximately 1.5 in./4 cm in diameter and roughly 1 foot/30 cm in length with a 
hollow core. At the distal end, the central core was widened into a funnel shape to 
be applied to the chest. A plug to fill the funnelled end was used when listening for 
‘pectoriloquism’ while the patient spoke, as well as for listening to the heart. When 
his first book was published, the purchaser was also able to buy one of Laennec’s 
stethoscopes from the same retailer, as was the case when the English translation 
was published in London a couple of years later. This device was designed with a 
join in the middle so that it could be taken apart for convenience when not in use.

Within a very short period of time, a number of manufacturers were producing 
similar devices. Variations soon appeared with the diameter of the tubing being 
reduced ‘to the thickness of a finger’ by 1828, and the following year, the first bin-
aural device was produced (but not adopted). The advent of durable rubber in the 
middle of the nineteenth century led to the development of a useable binaural device 
(Fig. 2.4), although a wide variety of material including wood, metal and even glass 
continued to be used. Experiments with diaphragms fitted to the bell apparently 
occurred through the second part of the nineteenth century with the first commercial 
devices, based on a design by Bowles in 1894, being available around the turn of the 
century. While most devices had a bell or diaphragm, some were manufactured with 
the option of physically changing from one to the other until the combined ‘Bowle- 
Sprague’ device was developed in 1926 allowing movement from one to the other 
with a switch. The double rubber tubing used for almost 100 years largely disap-
peared with the development of a single tube with a Y-shaped split to each ear piece 
designed by Dr. Littmann, an academic cardiologist at Harvard, in 1961.

The concept of attaching a number of listening ports for the purposes of teaching 
is of course not a new idea, with the earliest devices being described in the mid- 
nineteenth century while ‘electronic stethoscopes’ start to appear in the literature in 
the first half of the twentieth century. Microphones with computerised analysis 
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designed to help the clinician interpret the sounds emanating from the chest have been 
in development for decades but have yet to enter routine clinical practice [20–23]. The 
use of a microphone applied to chest or neck and attached to a mobile phone has also, 
so far, made little impact. In addition to the cost of these developments, most of the 
devices have either not been conveniently mobile or lack the necessary precision to be 
a useful diagnostic tool. As will be discussed later in this book, there is still a consider-
able amount of work being undertaken in this area, though many clinicians find a 
video of the child when symptomatic taken on a smartphone more useful than attempts 
by parents or clinicians to describe clinical signs and adventitial sounds.

2.5  Impact of Disease on Sounds of Respiration, Voice 
and Cough as Heard Through the Stethoscope

Laennec described the normal sounds of respiration, speech and coughing and how 
they might alter in disease. To him these were at least as important and telling as 
identification of any adventitial sounds. ‘The signs afforded by mediate auscultation 

Fig. 2.4 Cammann 
stethoscope, 1852. 
Binaural stethoscope 
made by George 
Tiemann. Donated by 
Dr. Harold Nathan 
Segall. In the 1850s, 
flexible tubes began to 
be used, and in 1851 the 
Irish physician Arthur 
Leared created the first 
binaural stethoscope 
fitting in both ears. This 
invention was 
commercialised the 
following year by 
George Cammann. 
Reproduced by 
permission of the Osler 
Library of the History of 
Medicine, McGill 
University
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in the diseases of the lungs and pleura, are derived from the changes presented by 
the sound of respiration, by that of the voice and coughing, within the chest, and 
also by the rale, as well as certain other sounds which occasionally are heard in the 
same situation,’ Indeed, he devoted significantly more pages to the impact of dis-
ease on the auscultation of speech heard through the stethoscope than either ‘pul-
monary sounds’ or ‘adventitious sounds’. This was in large part because of the 
impact of consolidation, accumulation of secretions filling airways and the impact 
of cavities associated with these changes. It should be remembered that more than a 
third of his patients had advanced pulmonary TB and that to be admitted to the hos-
pital Nectar in Paris, patients were often very ill. The significant mortality amongst 
these patients from a variety of conditions provided Laennec the opportunity to 
correlate his auscultatory findings with the underlying pathology. Few if any of 
those who followed and ‘interpreted’ his work and nomenclature had such insights.

To Laennec, the term pulmonary respiration was used to describe the normal 
breath sounds heard over the lungs. The term vesicular was coined by his fellow 
countryman Andral and advanced by Forbes as a preferable term. Laennec believed 
that the sound ‘answered to the entrance of air into and out of air-cells of the lungs’ 
(termed vesicles by others). In this section he argues that one can auscultate through 
clothes provided there is no friction between the instrument and clothing such as 
silk. He recognised that the sounds were very individual, for example, being more 
pronounced and often more prominent in exhalation in children, difficult to hear in 
fit healthy men breathing quietly and ‘puerile’ (childlike) in those with more diffuse 
lung disease. Bronchial breathing was the term he gave to the somewhat harsher 
sound resembling those heard over the upper trachea. He identified this as one of the 
earliest signs of “hepatisation” occurring in pneumonia and ‘accumulation of 
tubercles in the upper lobes.’

2.6  The ‘Humpty Dumpty’ Problem1

One of Laennec’s many insights was his recognition that it may prove difficult to 
convey the meaning of the terms used. In particular, he anticipated that it would be 
difficult to convey in words the characteristics of the five classes of adventitial 
sounds or ‘rales’ (French for rattle) he recognised. He felt, however, that they were 
so distinct that once heard it would become obvious what he was describing.

For want of a better or more generic term I use the word rale to express all the sounds, 
beside those of health, which the act of respiration gives rise to, from the passage of the air 
through fluids in the bronchia or lungs, or by its transmission through any of the air pas-
sages partially contracted. They are extremely various: and although they possess, in gen-

1 ‘When I use a word’, Humpty Dumpty said, in rather a scornful tone, ‘it means just what I choose 
it to mean—neither more nor less’.‘The question is’, said Alice, ‘whether you can make words 
mean so many different things’.‘The question is’, said Humpty Dumpty, ‘which is to be master—
that’s all’.

Lewis Carroll’s Through the Looking-Glass (1872)
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eral, very striking characters, it becomes difficult so to describe them as to convey anything 
like a correct notion to those who have never heard them. Sensations, we know, can only be 
communicated to others by comparisons: and although those which I shall employ may 
seem to myself sufficiently exact, they may not be so to others. I expect, however, that my 
description will enable any observation, of ordinary application to recognise them when he 
meets with them, as they are much more easily distinguished than described.

Sadly, his optimism was misplaced, and what is clear from the literature gener-
ated during the following centuries is that we seem destined not to build on Laennec’s 
insights but to undermine them. The confusion appears to have commenced with the 
first translation of his work [24], Forbes having decided he was going to reorganise 
the content, improve the language and reduce its length by half. In particular Forbes 
disliked the term rale and replaced it with rattle or rhonchus. In the introduction to 
his second edition, Laennec noted that he too used the term rhonchus interchange-
ably with rale because in the minds of his patients, the term rale was often assumed 
to equate to the ‘death rattle’. To lessen this connection, he would use the term 
rhonchus (an alternative term for rattle) when discussing his findings in front of 
patients. ‘Rattle’ did not prove popular with Forbes’ British colleagues, and the 
term rhonchus became a general term for an adventitial sound which required fur-
ther characterisation by an additional term. Over time the term rhonchus came to be 
used by some to describe one particular type of adventitial sound and thus has been 
a source of confusion ever since.

There have been repeated attempts to ‘standardise’ or ‘rationalise’ breath sound 
nomenclature [25–37], but unfortunately none have significantly impacted on the 
confusion that characterises this area as emphasised by the steady stream of publi-
cations repeatedly highlighting the inability of clinicians to agree on both the 
description and significance of auscultator findings [38–55] (though this is perhaps 
no worse than the ability to agree on many other clinical findings).

“Auscultation of certain sounds adventitious to the respiration.”
Laennec identified four adventitious sounds in his first edition, adding a fifth in 

the second edition (see Table 2.1). As noted above he used the terms rale and rhon-
chus interchangeably as terms that denoted an adventitial sound, and the precise 
type of sound required a further qualifying term.

Eighty years later in a heartfelt plea to stop confusing medical students and doc-
tors alike, Dr. West [26] echoed Laennec’s concern that language may be a source 
of confusion. ‘Auscultation is not really a difficult subject. It requires some little 
preliminary instruction and after that its mastery is only a question of attention and 
practice; yet there is no doubt that it often appears confusing to students’ and ‘The 
difficulties however are chiefly of our own making, and lie not in things but in words; 
for the facts of auscultation, their significance and their relation to pathological 
lesions, are well known and understood, while the confusion lied in the technical 
terms used to express the phenomena observed’. He considered the two principle 
offenders the ‘technical terms’ of ‘bronchial breathing’ and ‘rales’ largely because 
they had acquired more than one meaning. His problem with bronchial breathing 
centred on the use of the term for sounds that lay somewhere between ‘vesicular’ 
breathing and what he considered to be ‘true bronchial breathing’. In trying to 
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clarify this issue, he provided diagrammatic representations to try and obviate the 
limitations of language.

More importantly he noted that Laennec’s ‘sonorous’ and ‘sibilant’ rales were by 
then commonly referred to as a ‘rhonchus’ and ‘sibilus’ (hissing). The term rale had 
acquired two meanings and could be applied to Laennec’s five ‘adventitious’ sounds 
or, more specifically, to the remaining three sounds which had become labelled as 
‘crepitations’—both dry and moist. As such he argued that the term rale should be 
abandoned. It was to be another 80 years before the term was largely abandoned, at 
least in the UK, where Thorax editors took the step of refusing to include the term 
in published case reports—an example of the stick being much more effective than 
the carrot of a brighter future with lesser confusion. West’s paper also highlighted 
the fact that rhonchus had by then also achieved the same feat of being used com-
monly to describe a single type of adventitial sound, while others continued to use 
it in the broader sense of referring to any adventitial sound.

West also noted that the term stridor had become widespread to describe ‘noisy 
laryngeal and tracheal breathing’ on inspiration due to a stenosis or narrowing. 
Laennec did not distinguish between inspiratory and expiratory phases, at least not 
in the translated version of Forbes, and it is therefore unclear whether stridor was a 
form of Laennec’s ‘sonorous rale’. Both Laennec and West noted that these sounds 
were highly variable and at times musical, but at other times, the term ‘musical’ 
would be somewhat stretched to incorporate the harsh sonorous sound attributable 
to secretions in the airway and which frequently clear with coughing. It was noted 
by Andral and others from soon after the publication of Laennec’s book that ‘he has 
not specified the precise moment, during the act of respiration, at which these (rales) 
are heard.’ While there are those that advance the notion that inspiratory sounds are 
generated in the extra thoracic airways (upper extrathoracic trachea and above) and 

Table 2.1 Lannec’s classification of adventitious breath sounds with early translations to English

Laennec Forbes/Herbert rhonchus = rale
Rale humid
Crepitationa

Crepitant rhonchus/rale
Crepitation

Rale muqueux
Gargouillementb

Mucus rhonchus/rale
Gurgling

Rale sec sonore
Ronflementc

Dry sonorous
Rhonchus/rale
Snoring

Rale sibilant
Sifflementd

Dry sibilant
Rhonchus/rale
Whistling

Rale crepitant sec grosses bulles
Craquemente

Dry crepitus with large bubbles rhonchus/rale
Crackling

On line French English translation
aCrepitation, crackling; crepitation, making of a crackling sound
bGargouillement, rumble
cRonflement, roar, snore, snoring
dSifflement, whistling, whistle; whiz, hiss
eCraquement, crack, snap
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expiratory sounds are generated in the lower airways—as a result of maximal col-
lapse occurring in this phase of the respiratory cycle—this is not true of those sound 
which Laennec speculated were due to air passing through or over mucus and secre-
tions. The ‘sonorous’ rale or ‘mucous’ rale, for example, are described in conditions 
generating excessive secretions or fluid in the airways and which can occur in both 
inhalation and exhalation.

In 1932, Kinghorn [27] produced a detailed review of the variation in terminol-
ogy then in use, choosing to adhere closely to Laennec’s classification. He noted, as 
others had done, that the sonorous rale (otherwise known by many as the ‘rhon-
chus’) was highly variable and could often be cleared by coughing, while the sibi-
lant rale (hissing) was generally unaffected by coughing. Echoing Laennec, he 
attributed the former to secretions in the large airways and the latter due to narrow-
ing, from whatever cause, of the smaller airways.

By 1984, a review of terms used in English language case reports of respiratory 
conditions [40] noted that American journals ‘most often use the terms ‘rale’, 
‘wheezes’ and ‘rhonchi’ though the use of ‘crackles’ was increasing. In British jour-
nals, fashion had led to a decrease in the use of the terms ‘rales’ and ‘crepitations’, 
while the use of ‘wheezes’ and ‘crackles’ had increased. In fact ‘crackles’ was man-
dated by the editorial board of Thorax, who apparently altered all references to 
‘crepitations’ and ‘rales’.

The American practice was presumably influenced by the publication in 1975 of 
the musings of the ACCP-ATS Joint Committee on Pulmonary Nomenclature [29] 
which noted that ‘There is considerable confusion in the use of the terms rale and 
rhonchus to describe adventitious sounds heard over the chest’. Some continue to 
use rhonchus and rale as general terms for all abnormal lung sounds. However, 
rhonchus is used by others to describe only a continuous sound (wheeze) and rale 
to describe only short interrupted explosive sounds (crackles) heard usually during 
inspiration. The simplest way to resolve the confusion is to select the two most com-
monly used words, rhonchus and rale, and arbitrarily define the term rale to indi-
cate only crackling or bubbling (discontinuous) sounds or vibrations and rhonchus 
to define only musical (continuous) sounds or vibrations, usually of longer duration. 
Alternative acceptable terminology substitutes crackles for rales and wheezes for 
rhonchi.’ A rhonchus is now synonymous with wheeze (a hissing sound) and musi-
cal in nature despite embracing Laennec’s sibilant and sonorous rales which have 
very different characteristics, origins and implications for diagnosis.

Leap ahead another quarter of a century and an ERS Task Force [34] recom-
mends abandoning the term bronchial breathing as being ‘confusing’, keeping the 
rhonchus as a low pitched wheeze, and defines a wheeze as a ‘continuous’ ‘musical’ 
sound with a duration of >100 ms and a dominant frequency of >100 Hz together 
with coarse and fine crackles. This Task Force believed they could ‘standardise’ 
terminology as part of a process which would result in the production of a ‘mass- 
produced multipurpose computerised stethoscope which may replace the current 
acoustic stethoscope as a basic tool for future doctors’—that is removing the human 
from having to interpret what he/she hears. In this iteration the word wheeze which 
for generations had been used to describe a sound audible without mediate or 
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immediate auscultation of the chest is now to be used to describe the ‘higher-
pitched’ musical sound attributable to fluttering of the central airways secondary to 
flow limitation and to the ‘low-pitched’ ‘sonorous’ sounds that appear to be attrib-
uted to secretions in the airways, thus becoming descriptive of at least three differ-
ent types of sounds with at least two different underlying mechanisms. It is perhaps 
not surprising that universal clarity has not been achieved.

Unfortunately, many doctors faced with the dilemma of labelling something as a 
crackle or wheeze will label the harsh ‘sonorous rale’ of Laennec or ‘rhonchus’ of 
the ERS Task Force a wheeze as it does not have the discontinuous properties of a 
typical fine crackle and then compound the mistake by forgetting the maxim that 
‘all that wheezes is not asthma.’

Laennec, having an enquiring and methodical mind, would, if he returned, be 
fascinated by the technological advances of the past two centuries such as CT scan-
ning, MRI and echocardiography but would no doubt be profoundly saddened by 
the confusion evident in the literature regarding the use of his simple but very 
important aide to interpretation of clinical findings. As he appears to have been both 
immensely practical and logical, he is likely to question, given the digital world we 
live in, why there is no ‘gold standard’ resource for physicians to refer to rather than 
continuously trying to propose new nomenclature and assuming that the reader will 
know precisely what the author has in mind. A number of online resources exist, but 
again there is no standardisation of terminology. A recent ERS Task Force was 
established in large part to produce such a resource, but this aim was not achieved 
[56]. As Renetti observed in 1979 when considering the respiratory physicians’ 
uncanny similarity to Humpty Dumpty, ‘Laennec, if aware of this chaotic state, 
must be restless in his grave’ [38].

2.7  Reports of the Stethoscope’s Demise Have Been 
Somewhat Premature

Predictions of the demise of the physical examination and its replacement by radiol-
ogy appear soon after the introduction of chest X-rays. By 1946, while it was recog-
nised that the technical quality of imaging was still relatively primitive and that 
abnormalities on chest X-rays were often not specific, many were arguing that the 
stethoscope and physical examination in general had been relegated to third spot 
behind history and radiology in its value in the diagnosis of pulmonary disease [57]. 
One of the key charges laid against the use of the stethoscope by doctors was the 
tendency for doctors to confabulate the finding of a ‘clear’ chest with absence of 
pulmonary pathology—again a situation that has not changed 70 years later. Dr. 
Maxwell noted ‘Most doctors are apt to assume and, even worse, to announce to 
their patients that the failure to detect physical signs implies a healthy respiratory 
tract. Nothing could be further from the truth.’ This observation can be borne out 
when re-examining a young child’s chest after a CXR has shown evidence of a lobar 
pneumonia, listening to the ‘clear’ chest of an asthmatic patient in the afternoon 
when the patient is complaining of having been awake with shortness of breath and 
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wheeze in the early hours of the morning or listening to the chest of a patient with 
cystic fibrosis in whom a ‘clear chest’ can be accompanied by considerable airways 
secretion that can be revealed with a good cough or huff.

A number of ‘authorities’ have, over a number of years, argued that auscultation 
is an anachronism in the age of detailed imaging both of the heart and lungs, par-
ticularly given the low level of expertise in describing and interpreting the findings 
observed in many studies. As such its use is often dismissed as a desire to hold onto 
a fashion item or status symbol. In contrast its use is often stoutly defended by 
enthusiasts who feel it provides an invaluable screening tool that is cheap and por-
table: properties that are likely to contribute to its continued use for some time 
[58–62]. The largest challenge for the young medical student trying to understand 
the role of what is often thought of as the defining symbol of the profession they are 
entering is to convert the contradictory statements contained in textbooks, journal 
articles and the Chinese-whispered lessons of bedside teaching into a useful model 
on which to make accurate inferences.

It is of interest to note that in the American Academy of Pediatrics textbook on 
Pediatric Pulmonology, the topic of auscultation as part of the assessment of a child 
with a respiratory problem warrants barely a page of the 1182-page tome and refers 
to only 3 sounds—discontinuous crackles which can be course or fine, rhonchi and 
wheeze. There is no discussion of the mechanisms by which they are generated and 
little comment regarding the implication of the sounds. This suggests the authors 
consider mediate auscultation to be of little value to the ‘pulmonologists’, yet there 
is no sign that the stethoscope will disappear in the immediate future. We will no 
doubt continue to see the publication of articles expressing surprise at the inability 
of clinicians to agree on the terminology that describes a sound they hear and 
observe further suggestions for addressing this embarrassing reality.

King and Crewe noted in their book ‘The Blunders of our Governments [63] that 
if cars continually crash at a junction, eventually it becomes pointless to blame the 
driver, and a new solution to the design of the junction is required.’ In the case of 
the stethoscope, the ongoing failure of clinicians to communicate their findings 
coherently could be addressed by automated sound analysis. This would mitigate 
the language difficulties but removes the extraordinary abilities of the human brain 
to interpret sound, the latter being one of the main reasons that this approach has not 
entered routine clinical practice. An alternative solution, as noted above, is to gener-
ate a gold standard teaching programme (as with the platinum/iridium standard 
metre in Paris) to which everyone in practice and training can refer.

Once pre-eminent amongst the tools we had available to assist the diagnostic 
process, the stethoscope became the symbol of the medical profession. More 
recently it has, in many ways, been overtaken by other technological advances. 
However, despite all the problems associated with its use, it is likely to be around 
for some time to come. The stethoscope remains a potentially valuable, powerful, 
portable tool that, if used appropriately, may provide valuable clinical information 
at low cost and minimal inconvenience. Its role has changed from being the single 
piece of equipment that could enhance our ability to reach a diagnosis when exam-
ining a patient with pulmonary disease to being a screening tool that is frequently 
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used in the initial assessment of potential disease by helping to inform the choice of 
further, more detailed, investigations. As with any tool, however, it is the skill of its 
user that defines its true value, and Laennec might well turn in his grave given the 
problems the profession has contrived to introduce since he produced such a clear 
guide for the future use of his simple but potent invention.
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3Clinical Usefulness of Breath Sounds
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3.1  Introduction

Respiratory medicine relies both on clinical information and on complementary, 
laboratory tests results. However, despite today’s technological wonders, a proper 
history and a sound physical examination have no substitute as the initial step in 
making a correct diagnosis and, by consequence, providing the appropriate treat-
ment. This chapter focuses on lung sounds as they are reported by patients (or by 
their guardians in the case of young children) and as a sign noted on chest ausculta-
tion performed with the stethoscope. Respiratory complaints are frequently the 
cause that brings a patient to the doctor, and the respiratory system is the most com-
monly affected organ system in clinical practice. Consequently, respiratory sounds, 
either heard at a distance or auscultated over the chest, are integral to the evaluation 
of patients and may provide valuable clues. It may be worthwhile to remember that 
the various respiratory diseases present to the physician with a disappointingly lim-
ited “vocabulary.” Thus, it may be worth keeping in mind the respect owed to clini-
cians who, in a variety of situations and in different languages, with only few and
incomplete objective markers, find their way to patient diagnosis and to communi-
cating their findings, in order to teach respiratory medicine.

The stethoscope has practical and symbolic value for the general physician and 
the pulmonologist alike. Auscultation provides valuable information about physical 
examination [1–3]. The binaural stethoscope is favored by most physicians and can 
adequately serve the specialist. When pressed firmly on the skin, the diaphragm of 
the headpiece filters out the lower frequencies and allows for better perception of 
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high-pitched sounds. Conversely, the bell should be applied lightly—to avoid 
stretching the skin—in order to select for lower frequencies. Appropriately sized 
chest pieces should be selected, according to the chest dimension. To have nonco-
operating patients, particularly infants, assume a straight position and young chil-
dren cooperate for proper auscultation is an art; still, it may not always be possible 
to listen adequately over all lung segments. The upper lobes are best auscultated 
over the upper anterior chest, lower lobe sounds are best heard over the posterior 
lower chest, and the middle lobe and lingula are best represented on the respective 
sides of the lower third of the sternum. Over the lateral chest in the axillae, all lobes 
can be auscultated [1–3].

Air movement in the chest generates respiratory sounds, whether normal or 
adventitious. Respiratory sounds can be heard at several points including the mouth, 
the trachea, and, of course, the chest cage. Other sounds such as grunting, snoring, 
snuffling, and voice-transmitted sounds, although not strictly respiratory in origin, 
may accompany adventitious sounds and are also discussed. Cough is usually not 
considered as a breath sound; it is addressed in a separate chapter in this volume. 
Distinguishing between respiratory sounds is often difficult. Their characteristics 
and the pathogenesis of adventitious sounds will be briefly addressed as deemed 
necessary [4–10], while detailed discussions on their specific acoustic properties, 
nomenclature, and current research prospects are discussed in other chapters of this 
volume.

3.2  Normal Breath Sounds

Normal breath sounds are characterized by a broad frequency spectrum that ranges 
according to the location of auscultation. Muscle sounds are very-low-intensity 
sounds related to the contraction of thoracic skeletal muscles, which mesh into the 
normal breath sound spectrum. Their frequency is too low for them to be perceived 
by the human ear. Tracheal sound is heard over the extrathoracic trachea and con-
stitutes a broad-spectrum noise (usually up to 1000 Hz) with short inspiratory and 
longer expiratory duration. Vesicular breath sound (a misnomer as it does not origi-
nate in the vesicles, i.e., the alveoli) is a quiet, low-frequency (usually up to 400 Hz), 
non-musical sound auscultated over the chest during inspiration and hardly audible 
during normal expiration (Fig. 3.1). Finally, the bronchial sound is of intermediate 
frequency, auscultated over the upper anterior chest wall, of higher frequency and 
intensity than vesicular sound, and of approximately equal duration in inspiration 
and expiration [3–6].

3.3  Adventitious Breath Sounds

These are superimposed upon normal breath sounds and are usually associated with 
pulmonary disorders. They are primarily divided into musical, continuous sounds and 
non-musical, discontinuous sounds. A third category includes mixed sounds [9, 10].
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Sound Normal speed Time-expanded

Vesicular

Stridor

Wheeze

Crackle

Fig. 3.1 Waveform of selected breath sounds. Amplitude (measured in arbitrary units)-time (mea-
sured in seconds) plots of basic breath sounds in unexpanded (i.e., recorded at normal speed) and 
time-expanded modes (i.e., recorded at high speed). The unexpanded plot contains screenshots of 
the entire sound with the horizontal line showing where the time-expanded section was obtained. 
All tracings start by inspiration. Vesicular sound has strong inspiratory component relative to the 
expiratory component; the time-expanded waveform shows random fluctuations of sound ampli-
tude typical of non-musical sounds. The unexpanded waveform of the stridor has strong inspira-
tory component, while that of wheeze has strong expiratory component. On expanded mode, the 
two sounds show sinusoidal oscillations typical of musical sounds, with the lower frequency of the 
wheeze being evident by the lower number of oscillations per unit of time. The unexpanded plots 
of fine crackles appear as two vertical spikes in the middle of the inspiratory phase corresponding 
to rapidly dampened wave deflections seen only in the unexpanded waveform
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3.3.1  Musical Sounds

3.3.1.1  Stridor
Stridor is a continuous (musical), monophonic, high-pitched sound, which can be 
usually heard without a stethoscope, especially during inspiration (Fig. 3.1). It is 
caused by oscillations of narrowed large, extrathoracic airways, and its presence 
suggests significant obstruction of airflow within the larynx and/or the extrathoracic 
portion of the trachea [2, 4, 6, 11, 12].

The generation of stridor can be explained by the dynamics of high-flow inspira-
tion/expiration and the Bernoulli principle which, simply put, states that the pres-
sure exerted by moving fluid in a tube decreases as its velocity (kinetic energy) 
increases [2, 11, 12]. Inspiration generates negative (relative to the atmospheric) 
intrapleural pressure, which in continuum is applied to the external surface of the 
extrathoracic airway wall. In normal individuals, this results in minimal collapse 
which is not clinically important. If the airway is partially obstructed, there is a 
disproportionally larger drop in the intraluminal pressure as a consequence of the 
function of the inspiratory muscles in order to overcome the obstruction. This pres-
sure drop is further augmented by the turbulent flow through the “constricted” 
laryngeal/tracheal tube due to the Bernoulli principle, causing further deterioration 
of the narrowed airway. It is evident that a “floppy” extrathoracic airway will dete-
riorate the collapse even further. The Bernoulli effect, which also contributes to the 
intraluminal pressure drop, is most likely of primary importance to the dynamic 
consequences of this phenomenon, i.e., the vibrations of the airway wall that are 
responsible for the creation of this particular sound. On the other hand, expiration 
induces a positive intraluminal pressure in the extrathoracic airway, which tends to 
distend the extrathoracic airway, alleviate the tracheal obstruction, and reduce expi-
ratory flow resistance. These mechanisms explain why stridor is predominantly 
inspiratory; however, it can also be present during expiration if the obstruction is 
severe enough. They also make evident the reason why stridor is more common in 
infants and young preschoolers, whose airways are more collapsible than those of 
adults.

Assessment: The history and physical examination should seek information on 
past manipulation of the extrathoracic airway (intubation, tracheotomy, etc.), persis-
tence of stridor (chronic vs. acute), type of onset (abrupt vs. gradual), timing during 
the respiratory cycle, accompanying symptoms (fever, coryza), hoarse and/or weak 
cry, cyanotic episodes, positional differences in the intensity of noise, interval 
symptoms between episodes, and severity of respiratory distress [2, 11, 12].

Common causes of stridor in adults and children are shown in Table 3.1. In chil-
dren, the most common cause of acute stridor is viral croup, which usually presents 
at the age range of 6 months to 6 years with stridor accompanied by hoarseness, dry 
barking cough, and respiratory distress. It is usually preceded by coryza and 
improves within a few days. It accounts for more than 90% of all cases of stridor in 
children. Most episodes are mild, and only a minority of children require hospital-
ization. The airway obstruction is due to subglottic edema, and, on most occasions, 
stridor is audible only during inspiration, although it can be biphasic in severe 
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disease. Other quite exceptional infectious causes of acute stridor are epiglottitis 
and bacterial tracheitis [2, 11, 12].

Foreign body aspiration should always be suspected whenever the beginning of 
stridor is abrupt, does not occur as part of viral airway illness, and is accompanied 
by severe respiratory distress. Rigid bronchoscopy is used for the visualization of 
the airways but also for the removal of the foreign body [2, 11, 12].

The most common cause of chronic stridor in infancy is laryngomalacia and/or 
tracheomalacia of the extrathoracic trachea. It usually manifests weeks after birth 
(only severe cases present within few days postpartum), and symptoms usually 
resolve by 12–18 months. The noise varies in intensity depending on the respiratory 
effort and varies with the position of the patient. The obstruction is due to the pro-
lapse of the epiglottis or the loose mucosal tissue overlying the arytenoid cartilages 
into the laryngeal inlet. Laryngeal walls collapse due to the subatmospheric pres-
sure generated during inspiration. On expiration, the positive luminal pressure over-
comes the obstruction, thus keeping the airway open; therefore, if there is expiratory 
stridor, an alternative diagnosis needs to be sought [2, 11, 12].

Intermittent, sudden-onset, daytime episodes of stridor in school-aged children, 
adolescents, and young adults may indicate vocal cord dysfunction (VCD). In this 
condition the vocal cords assume a paradoxical, adducted (instead of abducted) 
position during inspiration. Patients may present with significant inspiratory stridor 
and respiratory distress. Symptoms usually appear during exercise, especially in 
highly competitive young athletes, but may also appear without any identifiable 
cause. Spirometry should include an inspiratory maneuver, which may reveal 

Table 3.1 Clinical relevance of stridor

1. Inspiratory (Extrathoracic lesion: rhinopharyngeal, oropharyngeal, laryngeal, tracheal):
 • Acute obstruction (viral croup, supraglottitis, bacterial tracheitis, anaphylaxis)
 • Congenital nasal, nasopharyngeal atresia/stenosis, congenital subglottic stenosis, laryngeal 

web, laryngeal cleft
 • Enlarged adenoids, tumor (polyp, cyst/cystic hygroma, glossal thyroid gland, teratoma, 

papilloma, neurofibroma, sarcoma)
 • Foreign body
 • Trauma, posttraumatic (tracheostomy) granuloma, post-extubation subglottic stenosis
 • Vocal cord paralysis
 • Malacia (laryngo-, tracheo-)
 • Gastroesophageal reflux/aspiration
 • Vocal cord paralysis, hypocalcemic tetany, generalized hypotonia

2. Expiratory (Intrathoracic large airway lesion: tracheal, bronchial; mimics asthma):
 • Intrinsic airway obstruction (tumor, foreign body)
 • Extrinsic compression (enlarged lymph node, tumor, arterial vessel, or vascular ring)
 • Malacia (traceo-, broncho-)

3. Biphasic (glottic/subglottic lesion, severe fixed obstruction)
 • Laryngeal masses
 • Bilateral VC paralysis
 • Vocal cord dysfunction
 • Subglottic stenosis (e.g., post-extubation, hemangioma)
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“truncated” inspiratory and expiratory flow-volume loops. Definitive diagnosis can 
be set only by witnessing the paradoxical movement of the vocal cords during laryn-
goscopy or bronchoscopy [2, 11, 12].

For acute episodes of stridor that are typical of croup, there is no need for inves-
tigations other than clinical evaluation. However, children who have unusually pro-
longed or recurrent episodes or are not completely asymptomatic between episodes 
and children younger than 6 months of age require evaluation with laryngoscopy or 
bronchoscopy (Table 3.1) [2, 11]. In infants with chronic inspiratory stridor who are 
thriving and do not have significant respiratory distress, cyanotic episodes, chronic 
cough, hoarseness, or weak cry, the most likely diagnosis is laryngomalacia, and 
there is no need for further investigations. However, if any of the above characteris-
tics is present, a more thorough investigation is in order. Direct visualization with a 
laryngoscope will reveal the presence of structural abnormalities in the upper air-
ways. Furthermore, since abnormalities of the upper airways often coexist with 
lower airway pathology, bronchoscopy of the trachea and the bronchial tree is con-
sidered to be an essential part of the investigation.

3.3.1.2  Wheeze
Wheeze is probably the respiratory sound term most widely used by physicians and 
the general public, albeit with dismal specificity. From the physics point of view, it 
is characterized by periodic waveforms, i.e., it is continuous and of musical quality 
(Fig.  3.1). Although wheeze may entail a wide range of frequencies, in clinical 
practice it implies a musical sound with a high dominant frequency. Lower- 
frequency wheezes have different pathogenesis and are often termed rhonchi (see 
below). In general, wheezes are louder than normal breath sounds and may be audi-
ble at the patient’s mouth or without a stethoscope, at a distance. They are better 
transmitted through the airways rather than through the lung to the thoracic surface, 
and their higher frequencies are better or solely transmitted over the trachea [3–6].

Wheeze is of great clinical value as it is most commonly associated with airway 
obstruction due to various mechanisms, e.g., bronchoconstriction, airway wall 
edema, intraluminal obstruction (e.g., foreign body, mass), external compression 
(e.g., mass, anomalous arterial vessel), or dynamic airway collapse; the latter is 
termed tracheo- or bronchomalacia and is most often encountered in infants and 
young preschoolers. Prediction models, particularly “the fluid dynamic flutter the-
ory,” have shown that expiratory wheeze in healthy subjects during forced expira-
tion always signifies flow limitation resulting in the vibration of the airway wall at 
the site of airflow limitation due to the dissipation of conserved energy when the 
driving pressure gradient exceeds that required to achieve maximal flow. However, 
its absence does not preclude airflow limitation [11, 13–15]. The mechanism of 
generation of inspiratory wheezes, often associated with more pronounced obstruc-
tion, is even less clear. The mechanics of interdependence in inhomogeneous 
regional lung emptying are discussed elsewhere [16]. It appears that wheeze may 
also be produced by turbulent flow-induced airway wall vibration, without flow 
limitation [5].
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Although, in theory, wheezing can arise from all conducting airways, it requires 
a minimum airflow which practically restricts the site of its production to the large- 
and medium-sized airways. It is common experience that wheezing is audible in 
cases of diffuse extensive airway narrowing, as is the case with asthma. This is most 
likely the result of high pleural pressures generated during expiration in order to 
overcome the narrowing of the small airways and the resultant air trapping; such 
large pressure gradients cause—via this indirect mechanism—collapse of larger 
intrathoracic airways with unstable airway wall geometry (e.g., bronchomalacia). 
Since the sound is produced by a multitude of airway walls throughout the lungs, 
the wheeze consists of a wide range of distinct harmonics (of differing acoustic 
characteristics) and is therefore termed “polyphonic.” Conversely, when the musical 
sound is generated by one or few, at the most, large airways (e.g., stenosis, foreign 
body), it consists of a much more limited number of harmonics and is termed 
“monophonic.” The “focal” nature of the generation of the monophonic wheeze 
may explain the decrease of its loudness with increasing distance between the site 
of auscultation and the sound source (i.e., obstruction). It is obvious that the qualita-
tive distinction of wheezes into polyphonic and monophonic may prove of great 
value in orienting the physician as to the cause of airway obstruction [12].

Assessment: Wheeze is the most common term reported by patients (or guardians 
of young children) to describe noisy breathing when obtaining medical history [17, 
18] and in questionnaire surveys [19–25]. Acoustic analysis of breath sounds [26, 
27] and the differential response of wheezes and coarse crackles to ipratropium 
bromide have verified that these two types of breath sounds are quite distinct and 
should, therefore, be recognized as such by physicians and epidemiologists [28]. 
Interestingly, the vagueness of the meaning of the word “wheeze” seems to be 
deeply rooted in linguistic lineages since both the words “cough” and “wheeze” 
probably stem from the Indo-European root kwes, which also means “to pant” and 
was passed on to Middle English (1150–1550 AD) as whesen. Kasa, the Sanskrit 
word for cough, apparently also stems from kwes, thus linking etymologically 
wheeze with cough [29].

The most common cause of intermittent episodes of polyphonic wheeze is 
asthma. A prompt response to bronchodilators, as well as a personal and/or family 
history of atopy, may help to differentiate viral wheeze from asthma. Simple nonin-
terventional studies like chest X-ray, allergy testing, and spirometry may be useful, 
while more elaborate studies are usually not necessary [11].

Acute onset of monophonic wheeze raises the possibility of foreign body aspira-
tion. In young children, the absence of a choking event does not rule out foreign 
body aspiration since in about 15% of cases a clear history of such an episode is not 
reported. Monophonic progressive wheeze implies either a focal endobronchial 
lesion (endobronchial TB, adenoma) or extraluminal compression of central air-
ways due to lymph node or other mass and should always prompt further investiga-
tion [2, 11, 12]. In general, monophonic wheeze needs a thorough investigation with 
chest X-ray, flexible bronchoscopy, and/or CT scan. If foreign body aspiration is a 
strong possibility, urgent rigid bronchoscopy should be carried out, while mere 
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suspicion should prompt investigation of the airways with the flexible broncho-
scope. Nevertheless, some interventional bronchoscopists opt for the use of the flex-
ible instrument to extract foreign bodies from the airways, particularly of adults and 
older children.

There is a loose positive correlation between the proportion of wheeze 
detected through the respiratory cycle and the severity of obstruction. In adult 
asthmatic patients, biphasic wheeze of high pitch and moderate to high intensity 
was associated with decreased peak expiratory flow (PEF) values; however, 
these clinical characteristics cannot substitute for objective spirometry param-
eters in the evaluation of such patients [30]. Others have shown that patient-
reported wheeze in combination with duration of smoking, when associated 
with wheeze auscultated on physical examination, can adequately predict diag-
nosis of obstructive airways disease [31, 32]. Studies in adults also reveal that 
breath sound intensity scoring may be useful in the detection and quantification 
of airflow obstruction [33], while auscultation of wheeze in adults [34] and chil-
dren [35–37] may be useful, alone or in combination with other respiratory 
signs, in the interpretation of airway challenge testing. More accurate identifica-
tion by acoustic analysis of wheeze and breath sound intensity scoring has con-
firmed the agreement between auscultated wheeze and sound recordings and can 
help to simplify bronchial provocation testing and to further improve its positive 
predictive value [38, 39]. On the other hand, it should be remembered that 
wheezing is only of relative importance in the clinical severity scoring of asthma 
exacerbation and acute bronchiolitis [40, 41]. Common causes of wheeze sounds 
in adults and children are shown in Table 3.2.

3.3.1.3  Rhonchus
A rhonchus (plural: rhonchi) is a low-pitched continuous (musical) sound that pho-
nographically consists of rapidly dampened sinusoids. It is a variant of wheeze, 
often termed low-pitched wheeze [9, 10]. Its mechanism of production is similar to 
that of wheezes, but on occasion it disappears after coughing and clearing of airway 
secretions. However, the term has also been used for expiratory “gurgling or 

Table 3.2 Clinical relevance of wheeze

1. Generalized
 • Asthma
 • COPD
 • Bronchiectasis
 • Heart failure
 • Infections (e.g., croup, whooping cough, tracheobronchitis)
 • Bronchorrheal states (e.g., cystic fibrosis, primary ciliary dyskinesia, protracted bacterial 

bronchitis)
2. Localized

 • Fictitious asthma
 • Foreign body
 • Tumor
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bubbling sounds” originating in the large airways (i.e., what most authorities would 
term “coarse expiratory crackles” (see below) [3, 8]; therefore, when used, it should 
be done so with caution.

3.3.2  Non-musical Sounds

3.3.2.1  Crackles
Crackles (other terms in use are “rales” and “crepitations”) are adventitious discon-
tinuous (non-musical) sounds that may be auscultated in the two phases of the respi-
ratory cycle that represent local phenomena. Crackles are classified according to 
their waveform, duration, and timing in the respiratory cycle [9, 10]. Fine crackles 
(also known as “crepitant” crackles) are short explosive sounds characterized by high 
pitch, low intensity, and short duration (Fig. 3.1). Inspiratory fine crackles are caused 
by the explosive opening of small airways collapsed by surface forces (increased 
elastic lung recoil pressure or inflammation/edema in the lung). The currently pre-
vailing theory holds that the pressure gradient applied across collapsed airway walls 
at the beginning of inspiration causes them to “snap open,” thus causing rapid pres-
sure equalization and propagation of a pressure wave [42]. This theory is supported 
by measurements, which show that the timing of any individual crackle is closely 
correlated with a particular transpulmonary pressure [43]. Further support—albeit 
through different reasoning—is offered by the mathematical “hypothesis of stress 
relaxation quadruples” [44]; this concept postulates that it is the dynamic events in 
the airway wall and their surroundings—and not pressure gradients—that generate 
the sound waveform of a crackle which then propagates away from its site of origin. 
The stress-relaxation quadruples hypothesis predicts the existence of both inspira-
tory and expiratory crackles, that the energy of expiratory crackles should be sub-
stantially smaller than that of inspiratory crackles, that the polarity of the acoustic 
signal of the crackles should be both positive and negative in both phases of respira-
tion, and, finally, that negative polarity crackles should heavily predominate during 
inspiration, while positive polarity crackles should predominate during expiration. 
These predictions of the stress-relaxation quadruples hypothesis have been tested 
and found to be true [45]. At any event, crackles occur in case of an increase in the 
elastic recoil of the lung or when there is edema/inflammation of the airway wall; 
smaller airways appear to produce crackles of shorter duration. Fine crackles are 
gravity dependent, and the sound is rarely transmitted to the mouth.

Coarse (termed by some “subcrepitant”) crackles are sounds of low pitch, high 
intensity, and long duration. They are more scanty than fine crackles, gravity inde-
pendent, and usually audible at the mouth. They are generated by a different mecha-
nism than that of fine crackles, i.e., by the movement of thin secretions in the bronchi 
or the bronchioles. They start early and continue until mid-inspiration but may also 
be heard during expiration [3, 46]. Fine and course crackles may coexist.

Assessment: Fine late inspiratory crackles are typical of interstitial/fibrotic lung 
disease. They may also be present in normal subjects who inhale slowly from resid-
ual lung volume, which can be explained by the mechanism of their generation, as 
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already described. However, in this case the crackles disappear after a few deep 
breaths [4, 42–46]. The typical example of coarse crackles is bronchiectasis and 
chronic airway obstruction (e.g., cystic fibrosis) [2, 3, 11, 12]. Similar auscultatory 
findings can be found focally early in pneumonia; however, they eventually shift 
toward end-inspiratory crackles of variable duration that progress to fine crackles 
during recovery. Acoustic analysis has characterized the crackles of cardiac failure 
as coarse, of long duration during inspiration, and appearing late in the course of the 
disease [2]. Common causes of crackles are shown in Table 3.3.

Community-acquired pneumonia is an important cause of respiratory symptoms. 
Distinguishing pneumonia from acute bronchitis and upper respiratory tract infec-
tion is an important but often difficult task, and there are no clinical findings which, 
individually or in combination, can rule in the diagnosis in a patient suspected of 
having pneumonia [47–49]. In a prospective study of adult patients with symptoms 
of lower respiratory tract infection, unilateral crackles and crackles in the lateral 
decubitus position stood out as the most valuable clinical findings in detecting pneu-
monia [50]. In children, especially infants and preschoolers with lower respiratory 
tract illness, there is better doctor agreement on signs that can be observed (retrac-
tions, respiratory rate, color, attentiveness) than auscultatory findings; normal clini-
cal signs (respiratory rate, auscultation, work of breathing) render the radiographic 
diagnosis of pneumonia unlikely [51]. Research with computerized respiratory 
sound analysis (CORSA) of crackles, which includes calculation of crackle trans-
mission coefficient and observes the CORSA guidelines, showed crackles’ charac-
teristics that appear promising in eventually achieving acoustic differentiation of 
patients with pulmonary fibrosis, pneumonia, and heart failure [52, 53].

3.3.3  Mixed Sound

The squawk is a “composite” short inspiratory wheeze that is preceded by a crackle. 
It is thought to result from the vibrations set in motion by the sudden opening of a 
collapsed airway. Squawks were first described in hypersensitivity pneumonitis, 
but they are not pathognomonic of this condition and can be found in any pulmo-
nary fibrosing disease, including various causes of “autoimmune” interstitial fibro-
sis, radiation pneumonitis, and, of course, hypersensitivity pneumonitis. They can 
also be present in cases of pneumonia; they tend to be audible (but not exclusively) 
at the site of radiographic opacity and have actually been described to predate the 
radiographic lesion. In general, squawks are not associated with airway obstruc-
tion; however, they have occasionally been described in asthmatic patients [3, 54].

Table 3.3 Clinical relevance 
of crackles

• Pulmonary fibrosis
• Sarcoidosis
• Asbestosis
• Congestive heart failure
• Chronic obstructive pulmonary disease (COPD)
• Pneumonia
• Bronchorrheal states, bronchiectasis

S. Fouzas et al.



43

3.3.4  Pleural Friction Rub

The pleural friction rub resembles coarse crackles (often described as “leath-
ery”); however, on occasion, its non-musical components are abundant and the 
accoustic impression may be that of a continuous sound. It is generated by the 
friction of inflamed parietal and visceral pleura causing vibration of the chest 
wall and local pulmonary parenchyma. It can be auscultated during inspiration 
or in both phases of breathing. Pleural friction rub usually precedes pleural effu-
sion and disappears when fluid is formed. The “rub” is synchronous to breathing 
and does not disappear with cough but is modified by the breathing pattern and 
posture [2, 3].

3.4  Voice-Transmitted Sounds

Voice sounds are auscultatory sounds obtained when the individual who is being 
evaluated is asked to voice words or particular vowels. In normal condition, the 
peaks in the harmonic spectrum of the vowels—termed formants—are filtered by 
the lung parenchyma so that speech becomes indistinct (i.e., perceived as an incom-
prehensible “mumble”) when auscultated over the chest. When there is underlying 
consolidation or compression, this filtering effect disappears, and the higher fre-
quencies of the vowels formants are effectively transmitted. By consequence, nor-
mally spoken syllables become distinct during auscultation; this is termed 
bronchophony. Whispered pectoriloquy is an unusually clear transmission of whis-
pered sounds during auscultation in cases of severe consolidation or compression. 
Egophony is a similar change in transmission but has a nasal quality with a change 
of “e” sound to “a” [3, 8].

3.5  Noisy Breathing

Noisy breathing is a loose term which refers to adventitious sounds heard from a 
distance (rather than through the stethoscope). It includes stridor and wheezing 
(already described above) and other “abnormal” breathing sounds such as grunting, 
snuffling, ruttling, and snoring.

3.5.1  Grunt

It is an expiratory sound produced by vocal cord adduction in children, thus creating 
a natural form of continuous positive airway pressure (CPAP) aimed at improving 
oxygenation in the presence of airway distress [11, 12]. It is considered to be the 
equivalent of “pursed-lip breathing” in adults with serious chronic respiratory dis-
ease. Grunting signifies extensive alveolar pathology and is particularly seen in hya-
line membrane disease in neonates and in serious bacterial disease, particularly 
pneumonia, in previously healthy children older than 3 months [11, 12, 55].
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3.5.2  Snuffle

Snuffle (or snort) is the noise produced by (partially) blocked nasal passages 
throughout the entire breathing cycle. Thus, it is often used to refer to the common 
cold or simply a runny nose and is often associated with visible nasal secretions. 
Other than upper respiratory tract infection, snuffle may also indicate allergic rhini-
tis or, on a rare occasion, primary ciliary dyskinesia (especially when present within 
the first hours of life) and nasal polyps as in cystic fibrosis (particularly when pres-
ent before the age of 12 years) [11, 12].

3.5.3  Ruttle

Ruttles (or rattles) are the non-auscultatory equivalent of coarse crackles heard by 
the physician or reported in the medical history. They are characterized by a “rut-
tling” noncontinuous quality, are usually accompanied by chest wall vibrations that 
are easily detectable by feeling the patient’s chest, and may occur during both inspi-
ration and expiration [2, 11, 12]. Ruttles are found quite often in infants and tod-
dlers, and although there is paucity of data in the literature regarding the underlying 
mechanism, they are believed to be created by excessive secretions which move 
during normal airflow within the central, including the extrathoracic, airways. The 
mislabelling of a ruttle as wheeze results in overdiagnosis [17, 18, 26–28] and con-
sequently in overtreatment of asthma [17–24, 26], particularly in children [2, 11, 
12]. The most common cause of ruttles is acute viral bronchitis and, in young chil-
dren, upper airway viral infection. Ruttle can be heard for a few days or weeks and 
usually subsides after the removal of secretions from cough and mucociliary clear-
ance. Chronic ruttling sound is often related to chronic aspiration in patients with 
various neuromuscular diseases [2, 11, 12].

3.5.4  Snore

Snore is the most usual symptom linked to the obstructive sleep apnea-hypopnea 
syndrome (OSAHS) which, in turn, is associated with significant morbidity, includ-
ing daytime somnolence, behavioral and personality changes, hypertension, cor 
pulmonale, and cerebrovascular morbidity in adults. Its prevalence climbs to 63% in 
males and 44% in females after the age of 40 years, and its presence may in fact 
represent the first stage of the OSAHS [56, 57]. Although absence of a history of 
snoring does not exclude a diagnosis of OSAHS, virtually all patients with this 
diagnosis snore [57]. Up to 50% of children will experience a sleep problem, but 
only 1–5% of them will be diagnosed with OSAHS; the reported prevalence of snor-
ing ranges 5–20% [58–60].

Snore is a sound that is produced during sleep from the increase in resistance to 
the airflow in the upper airways in the region of the nasopharynx and oropharynx and 
more specifically from the vibration of the soft palate and adjacent tissues [61, 62]; 
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indeed, flow oscillation during simulated snoring has been demonstrated [61]. The 
cross-sectional area of the oropharynx, which is the most usually collapsible seg-
ment, mainly determines upper airway patency during sleep, but the nose/nasophar-
ynx and the tongue also contribute. Three constrictor and two dilator pharyngeal 
muscles (the muscles of the soft palate, the muscles of the posterior tongue, and the 
pharyngeal uvular muscles) regulate the “pharyngeal duct patency.” Snoring is a 
function of five contributing factors: sleep, flow limitation, vibrating structures, 
reduced upper airway cross-sectional area, and effective respiratory pump [62].

During rapid eye movement (REM), sleep pharyngeal muscle tone is reduced, 
thus resulting in the increase of the frequency and severity of obstruction [11, 12]. 
Snoring is more pronounced on inspiration, but it can also be audible during expira-
tion. Using acoustic analysis characteristics of snores, attempts have been made to 
differentiate snoring patients with occlusive sleep apnea from those without (i.e., 
“primary snoring”) [63]. Thus, the severity of snoring ranges from primary snoring 
with no evidence of ventilation abnormalities to severe obstructive sleep apnea- 
hypopnea syndrome (OSAHS) with disordered gas exchange, which leads to hypox-
emia and/or hypercapnia with frequent nocturnal arousals [11, 12, 64]. The spectrum 
of these disorders is characterized as obstructive sleep-disordered breathing (SDB) 
[11, 58, 65]. Children who snore tend to have more collapsible airways and increased 
size of adenotonsillar tissue [56–58, 65].

Assessment: The main concern in the evaluation of snoring is to define those 
patients who may suffer health consequences related to the pathology underlying 
this breath sound; however, this may prove to be difficult both in adults [64] and in 
children [11, 59, 65]. OSAHS cannot be diagnosed simply on the grounds of a his-
tory of snoring since not all patients who snore have OSAHS. On the other hand, the 
absence of snoring is not sufficient to exclude OSAHS as the partners or the parents 
may not have noticed the snoring of the patient in question. Furthermore, there is 
some evidence suggesting that the so-called primary snoring, i.e., heavy snoring 
without objective evidence that fulfills the requirements to diagnose OSAHS, may 
not be completely benign [56, 58].

A detailed history can be very helpful. Patients who suffer from OSAHS 
snore almost every night, their snoring usually persists throughout night sleep, 
and there are frequent apneic episodes followed by loud snorts and changes in 
position. They may suffer from daytime tiredness, poor concentration, and 
enuresis. Behavior and learning problems (including attention-deficit hyperac-
tivity disorder) are not unusual in children. Obesity and craniofacial anomalies 
in adults and children, prematurity, and family history of snoring are all well-
known risk factors for OSAHS [11, 58–60, 64, 65]. In children, clinical exami-
nation may reveal adenoidal facies, enlarged tonsils, or hyponasal speech [11, 
58–60, 65]. However, history and clinical examination are not sufficient to reli-
ably diagnose or rule out OSAHS, and definitive diagnosis relies on polysom-
nography, which is considered the gold standard for evaluating children for 
obstructive SDB [11, 58–60, 64, 65]. Unfortunately, this method is complex, 
expensive, and time-consuming, and these drawbacks restrict its usefulness to a 
rather limited number of specialized centers.
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3.6  Clinical Cases

Case 1: Silence May Not Be Golden
History: A 27-year-old, non-smoking woman with a history of moderate, persistent 
asthma presents to the emergency room with progressive worsening of shortness of 
breath, wheezing, and cough over the past 3 days. Her symptoms worsened consid-
erably despite increased use of her rescue inhaler. Her current medication includes 
salbutamol prn and an inhaled corticosteroid for maintenance therapy.

Clinical examination

Parameter Arrival 20′ later
Dyspnea ++ +++
Talks in Phrases Words
Alertness Agitated Drowsy; sweaty
RR breaths/min 20 33
Pulse/min 110 140
AM; SS retraction Yes Usually
PEFR L/min (% predicted) 246 (50%) Not measurable
SpO2% 88% RA 90% 4 LO2/min
Breath (vesicular) sounds Diminished Silent
Adventitious sounds Wheezes Silent

Comment: This case illustrates the importance of lung auscultation in the acute 
setting. Upon arrival, this patient had diminished breath sounds (vesicular murmur) 
accompanied by inspiratory and expiratory wheezes scattered over the chest. This 
finding is consistent with diffuse airway obstruction. Twenty minutes later, despite 
treatment, her condition deteriorated considerably. The disappearance of wheezes 
combined with the severe decrease of breath sound intensity is an ominous sign 
indicating severe airway obstruction necessitating prompt medical intervention. The 
reappearance, 2 h later, of wheezes, along with an increase in breath sound intensity 
during inspiration, indicated improvement in airway ventilation with decrease of 
airflow obstruction.

Case 2: All that Wheezes Is Not a Wheeze
History: A 35-year-old woman presented to the emergency room with a history of 
acute respiratory distress for 48 h. For the past 8 years, she was on salbutamol and 
inhaled corticosteroids because of asthma. Over this time, she took frequent short 
courses of oral corticosteroids for asthma exacerbation. In addition, she reported a 
history of three hospital admissions for respiratory distress attributed to asthma.

Clinical examination: On examination, she was apprehensive, sitting upright, 
and using the accessory muscles of respiration. Her pulse rate was 120 bpm, BP 
140/80 mmHg, and SpO2 93% on RA. A physical sign prompted the request of a 
flow-volume curve.

Comment: The sign was an inspiratory stridor, well heard without the stetho-
scope. The intensity of breath sounds over the chest was normal. The flow-volume 
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curve depicted below displays an inspiratory plateau typical of variable extratho-
racic obstruction. Upon fibroscopy, a paradoxical closure of vocal cords was seen in 
inspiration compatible with the diagnosis of vocal cord dysfunction. The patient 
was referred for speech therapy, and deep breathing techniques and asthma treat-
ment were discontinued.

Expiration

Volume

Inspiration

F
lo
w

 

Case 3: All that Wheezes Is Not Asthma
History: A 10-year-old boy presents to the emergency room with acute respiratory 
distress which started at school 1 h ago. He reports sudden cough and shortness of 
breath while attending his class. He has been diagnosed with asthma, which is well 
controlled on low-dose inhaled corticosteroids.

Clinical examination: The patient appears frightened. He is tachypneic (45 
breaths per min) with a heart rate of 110 beats per min and SpO2 92%. On ausculta-
tion he has monophonic wheeze audible over the right lung. His chest X-ray (shown 
below) demonstrates hyperinflation of the right lung. He was referred to ENT, and 
the small plastic top of a ballpoint pen was removed from the right main stem bron-
chus by rigid bronchoscopy.

Comment: This case highlights the importance of differentiating monophonic 
from polyphonic wheeze. The latter is typical of diffuse airway obstruction, which 
is consistent with the diagnosis of asthma. Conversely, monophonic wheeze, espe-
cially when unilateral, signifies obstruction of a large intrathoracic airway. Upon 
repeat questioning of the child, it was revealed that he had a choking episode while 
chewing on his pen.
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Case 4: Mind the... Heart
History: A 6-year-old Caucasian boy is referred for persistent wet cough for 9 
weeks. His mother reports similar episodes in the past 3–4 years, mostly during the 
cold months, which have been treated with short courses of inhaled bronchodilators 
and corticosteroids and occasionally with antibiotics. She also reports “continuous 
ruttling over the chest and stuffy nose” as well as multiple episodes of acute otitis 
media. A recent sweat test showed normal chloride levels.

Clinical examination: On chest auscultation diffuse coarse crackles were noted 
over both lung fields. Notably, the heart sounds were loudest on the right side. The 
chest X-ray (shown below) revealed situs inversus and diffuse peribronchial thick-
ening bilaterally (“dirty lung”) with scant small consolidations at the base of the 
upper lobe on the left.

Comment: This is a case of primary ciliary dyskinesia with situs inversus 
(Kartagener’s syndrome). Episodes of persistent wet cough with ruttling and coarse 
crackles in a child should alert the physician on the possibility of a serious underly-
ing disease. In this case, careful auscultation of the chest—including the ausculta-
tion of heart sounds—would have led to the prompt diagnosis of this rare disorder. 
Also, attention should be paid to the proper right-left orientation of the chest film.
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4Breath Sounds in Epidemiology

Patricias W. Garcia-Marcos, M. Innes Asher, 
Philippa Ellwood, and Luis Garcia-Marcos

4.1  Introduction: A Bibliographic Exercise

In the approach to a quite original chapter of the epidemiology of breath sounds, one 
invariably looks for references in the literature. The first problem is choosing the 
right keywords to introduce in your reference manager software (as you intend to 
keep those references in a safe place). For example, if you introduce the following 
search strategy in Reference Manager V10 (Thomson Reuters, New York, USA): 
[(wheeze*) OR (rale) OR (crackle) OR (rhonch*) OR (breath sound) AND 
(Epidemiology)] for years 2000 and over, 3193 records are retrieved. This is mainly 
noise coming from any article which includes any of those sounds and deals with 
the epidemiology or a specific disease, which is different from a true epidemiologi-
cal study on breath sounds. For instance, if the term “rale*” is looked for in the 
nonindexed text fields (NIT) (including abstract) of all those 3193 papers, only 26 
articles are retrieved, and none of them is actually related to the epidemiology of 
“rales”. Repeating the same procedure for “crackle” and “rhonch*”, the correspond-
ing number is 25 and 12, with again, no actual relationship with crackles or rhonchi 
except for one paper entitled “Wheezes, crackles and rhonchi: simplifying 
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description of lung sounds increases the agreement on their classification: a study of 
12 physicians’ classification of lung sounds from video recordings” [1].

The message seems to be quite clear: there is no information about the epidemi-
ology of rales, crackles or rhonchi when the specific breath sound is the end point 
of a survey. This makes quite a lot of sense if one considers that rales and crackles 
are usually associated to lung conditions where other signs (fever, for instance) or 
symptoms (e.g. malaise) are as important as the breath sound itself and, at least in 
some societies in which pneumonia is diagnosed and treated early, a stethoscope is 
needed to hear those sounds. Nevertheless, it does not seem feasible that a person 
with audible (without stethoscope) and actual rales or crackles (representing any 
pathological condition) is at work, on a street or at school, where proper epidemio-
logical studies are carried out. Thus, while the epidemiology of pneumonia sounds 
perfectly right, the epidemiology of rales or crackles does not. Briefly speaking 
crackles or rales are not a kind of synonym for pneumonia or have not been used 
(quite wisely) as markers of pneumonia in epidemiological studies.

The case of a rhonchus might be a different matter as rhonchi are usually associated 
with wheezes and probably “hidden” in them. The term “wheezing” is included in the 
abstract of 1018 papers of our original dataset of 3193, which is much big different from 
crackles and rales. The explanation might well be that “wheezing” has become a marker 
for asthma and can be more easily be heard than crackles or rales without a stethoscope. 
In fact the terms “infant wheeze”, “severe wheeze” and “recurrent wheeze” are concepts 
that refer to specific conditions in itself, no matter whether they are real asthma or not. 
“Wheezing” has also been used as a keyword in asthma surveys, particularly in the 
International Study of Asthma and Allergies in Childhood (ISAAC) [2]. In contrast with 
rales or crackles, the epidemiology of wheeze makes sense as it indicates a specific 
disease (in infancy and young children) and has been demonstrated to be a quite reliable 
marker of asthma in older ages as shown in this chapter.

The case of cough, an arguable breath sound, is more similar to wheeze than to 
crackles or rales. On top of being a clinical sign, cough has become a syndrome, and 
terms such as “chronic cough” have turned into a specific diagnosis. There is a spe-
cific chapter on cough in this book, and thus, it will not be considered here.

Taking together the previous data and comments, the authors believe that the rest 
of the present chapter should be focused on the value of just one adventitious breath 
sound, i.e. wheeze. As this is not a book on asthma but on breath sound, the chapter 
needs to be focused on the ability of the term “wheeze” to diagnose the disease to 
which it is associated, i.e. asthma. Also, and as epidemiological studies are performed 
in many languages, some comments dedicated to the interchangeability of the transla-
tion of wheeze between different languages are warranted. The epidemiology of 
cough, not and adventitious sounds, is covered in a different chapter of this book.

4.2  What Does Wheeze Mean?

For non-English-speaking doctors, “wheezing” may be a startling word which does 
not have a good equivalent in many languages. For one of the authors, after using 
and reading the term in relation to the lung for years, it was an amazing experience 
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to read the following sentence in the chapter “Immediate Experience” of the famous 
novel Ulysses by James Joyce: “I pull the wheezy bell of their shuttered cottage: and 
wait”. Thus, it seems that wheezing does not necessarily relate to all instances to the 
sound that air can make when flowing through a tube. Anyhow, the definition of 
“wheeze” in the Oxford Dictionary is “Breathe with a whistling or rattling sound in 
the chest, as a result of obstruction in the air passages”, although the sound can be 
applied to other situations in which a sound is similar to that of wheeze, as in the 
Ulysses sentence. The Merriam-Webster Dictionary more specifically defines 
wheeze as “to breathe with difficulty usually with a whistling sound”. What it is of 
interest to the epidemiology of wheeze is to what extent this is a precise term in 
English and how well it can be translated to other languages.

In epidemiological studies, it is crucial that the outcome variable is well defined 
in order to avoid misclassification bias. This bias, as its name indicates, relates to the 
classification of cases as healthy and the other way around. Usually, as misclassifi-
cation is random, the effect is towards the null hypothesis, and thus the study would 
conclude that there is no difference between the group of cases and the group of 
healthy population.

4.3  How Well Parents Report Wheezing in Their 
Infant Children

The validation study [3] of the “Estudio Internacional de Sibilancias en lacantes” 
(EISL) (International Study of Wheezing in Infants) questionnaire, carried out in 
Cartagena (Spain) and Santiago (Chile), correctly detected infants who have suf-
fered from wheezing during their first year of life, independently of the settings and 
countries in which it was applied. Furthermore, this ability was maintained in inter-
national comparisons between centres of different sociocultural background. The 
gold standard for this study was the previous diagnosis by a paediatric pulmonolo-
gist. For criterion validity, and since there is no gold standard test which can be used 
to categorise infants into wheezers and non-wheezers to compare the questionnaire 
to, the opinion of the paediatric pulmonologist was chosen as the standard. They are 
more aware of the different wheezing phenotypes at this age, and despite certain 
variability among them, it appears much more reliable as the “gold standard” than 
any laboratory test available at present. The Youden index (Y-index) found for the 
question “Has your baby had wheezing or whistling in the chest during his/her first 
12 months of life?” (which was the same question as in the ISAAC study, except for 
the time frame) was quite high (75% in Cartagena and 67% in Santiago). The greater 
agreement found in Cartagena as compared to Santiago was explained by the 
authors on the bases of the differences in socioeconomic and cultural status between 
both city areas where the study was carried out. This different diagnostic power 
seemed to result from an overreporting of parents in Santiago. However, specificity 
was quite high and similar in both cities, approaching 90%. As specificity is the 
most important validity measure in studies where the relative risk is the way of 
measuring an effect, it is likely that the results obtained with the aforementioned 
question would approach the true value.
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Moreover, in a very different setting such as in the emergency room, this ques-
tion reliably identified wheezing in infants by their parents at the moment the symp-
tom is occurring, with a high specificity and sensitivity [4, 5].

Previously, several British studies had addressed the issue of parents reporting 
wheezing in infants. In the first one, the main objective was to assess whether par-
ents, clinicians and epidemiologists understood “wheeze” in the same way. Cane 
et al. [6] performed a study in two different settings with two similar aims: to know 
what parents who reported wheeze understood by wheeze and to compare parents’ 
reports of wheeze in children brought to the emergency department with the doc-
tors’ findings. For the first aim, the authors developed a 12-item questionnaire, 
which was also translated into Urdu, Bengali and Turkish. Very interestingly, 
“wheeze” was translated as “squeaking” in the Asian languages, although the num-
ber of parents in this category was negligible. Most parents described “wheeze” as 
a sound only or as a sound with difficulty of breathing. The sound, however, has 
been termed in different ways such as “hissing”, “squeaking”, “whistling” or “rasp-
ing”. Only 11% included the word “whistle” in their idea of “wheeze”. With respect 
to the agreement between parents and clinicians, the agreement was quite low 
(45%), although parents described what doctors diagnosed as wheezing in other 
words such as “difficulty of breathing” or “noisy breathing” in 39% of instances. 
Unfortunately, the power of the study was not high enough to perform a stratified 
analysis by age group, and there were children from too wide a range of ages from 
4 months to 15.5 years (median 2.5 years). Additionally, Cane et al. [6] also per-
formed a reference search to find definitions of wheeze and response options in 
epidemiological studies coming from the UK between 1983 and 1998. They reported 
12 different questions to ask about the presence of wheeze. In the first eight, six 
studies included a very similar question (with very minor differences) as follows: 
“Noisy breathing with a whistling sound coming from the chest, not the throat”. The 
last four came from the ISAAC study and actually shared the same wording of the 
question, which included “wheezing or whistling in the chest”. It is important to 
underline that those epidemiological studies were designed to study asthma preva-
lence, using the different questions or wording as a marker of the presence of the 
disease. The idea of wheeze as a whistling sound coming from the chest seems quite 
consistent in all definitions and probably reflects the idea of most clinicians and 
epidemiologists, many of whom have learned the term by means of the stethoscope. 
This is also in keeping with the standard definitions from two of the most important 
English dictionaries, but is in contrast with the low frequency in which parents 
include the word “whistle” in their concept of wheeze in the study by Cane et al. [6]. 
However, the much better agreement between parents and paediatric pulmonolo-
gists in the Spanish-Chilean study [3] speaks of better understanding of the defini-
tion when including “whistling in the chest”. Of course, there are important 
differences between both studies, including the design, the settings, the language, 
the culture, the age groups and the time in which they were carried out.

Another early British study on infants under the age of 18 months recruited chil-
dren from inpatients (n = 44) and outpatients (n = 19) from a children’s hospital and 
also from the community (n = 29). All of them had noisy breathing. Parents were 
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asked to choose from a list of ten words to describe their child’s condition, and 65% 
chose the word “wheeze”. The point raised by the authors in this case is that noisy 
breathing is quite common in infancy (in many instances coming from the upper 
airways) and that wheezing was used too freely by parents, describing conditions 
far from that of asthma or asthma-like symptoms. Again, only a low proportion of 
parents used the term “whistling” to qualify wheeze. However, the design of this 
study does not allow finding out how well a specific question or word defines an 
asthma-like condition.

The last early British study [7] dealing with the issue of parents diagnosing their 
infants’ wheezing condition is a proper validation study. The questionnaire used in 
the study was based on previous questionnaires used in older populations, mainly 
the ISAAC one, but was translated into a score system. The authors felt that recall 
bias was very likely if symptoms were asked for in a period longer that the previous 
3 months. The gold standard was the consultant respiratory specialist opinion, and 
the analysis could be performed in 114 repeated pairs of questionnaires. However, 
for the purpose of comparing how scores were able to distinguish asthmatic children 
from non-asthmatic ones, the analysis was made on 20 asthmatics against 72 with 
no or minimal symptoms. Although the mean age of those 92 children is not 
reported, according to the whole cohort of 114, it would have been between 10 and 
13 months. With respect to the activity wheeze and rattle score, the difference was 
quite substantial (mean [95% CI], 4.6 (2.7–6.4) vs. 14.4 (9.6–19.1)). The authors 
report a high sensitivity of all scores used but unacceptable specificity in some of 
them. Unfortunately, they did not report the exact numbers for each score; thus, the 
values for the wheezing score cannot be known. In summary, this study does not 
seem to be very useful to give information about how well parents “diagnose” their 
infant wheeze.

It is quite remarkable that in two of the aforementioned British studies, “whis-
tling” was not helpful to qualify the term “wheezing”, especially when many lan-
guages which do not have a direct translation for wheeze actually use their word for 
“whistling”. This was the case of the EISL questionnaire in Spanish and Portuguese: 
in both languages, the core question included a direct translation for “whistling” 
(“pitos”/“pieira”) and a more technical synonym (“silbidos”/“sibilância”) which 
might be closer to “wheeze”, especially when specifying “in the chest”. In the end, 
it is quite probable that such questions, either in the two Latin languages or in 
English, are identifying “noisy breathing”, the noise coming from the chest. To what 
extent a language can modify the results of an asthma survey will be discussed 
below.

Some new data does not seem to add some light on the matter. A recent study [8] 
compared two very similar cohorts of children based in Leicester, United Kingdom 
(UK), in terms of phrasing of the questions related to wheeze. In one of the cohorts 
(n = 534), the question on “ever wheeze” was: “Has your child ever had attacks of 
wheezing?”; and in the other one (n = 2859), the equivalent question was the same 
as in the ISAAC study as follows: “Has your child ever had wheezing or whistling 
in the chest at any time in the past?” The questionnaire also included common ques-
tions for both cohorts when referring to the past 12 months (current wheeze). In 
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particular the authors state that those questions were worded as in the ISAAC study, 
namely: “Has your child had wheezing or whistling in the chest in the past 12 
months?”. The study included three time points at 1, 4, and 6 years of age of the 
children, meaning that in the first time point the lifetime question and the question 
referred to “current” wheeze extended for the same time frame, i.e. from birth. As it 
might be expected, the ISAAC phrasing both referred to “ever” and to the “past 
year” obtained very similar values of wheezing prevalence (39.6% vs. 37.4%; 
p = 0.04) in one of the cohorts. With respect to the cohort which used “attacks of 
wheeze ever” and “wheezing or whistling in the past year”, the wheezing prevalence 
was respectively 31.8% and 33.7%, the difference not being statistically significant 
(p = 0.55). Thus, although the authors concluded that the prevalence of wheeze was 
statistically different between “attacks of wheeze” and “wheeze/whistling ever” 
(31.8% vs. 39.6%, p < 0.001), what is of more interest from our point of view is that 
there was no difference between “attacks” and “wheezing/whistling in the past 12 
months” within the same cohort, as indicated previously. This lack of difference 
may indicate that the word “whistling” does not add much to “wheezing” in English, 
at least in infancy. Maybe a validation study in an English-speaking population of 
two different questions one including just “wheeze” and the other one just including 
“whistling” could clarify the issue.

4.4  A Historic Perspective of Questionnaires on Wheeze 
to Diagnose Asthma in Children and Adults

The investigation of asthma prevalence in populations identified the need to estab-
lish reliable and valid measurement instrument which was applicable to large num-
bers of individuals. Obviously asking individuals about suffering from asthma or 
about having symptoms of asthma is the easiest and cheapest way. This is probably 
the reason why the first known asthma questionnaire was constructed by the Medical 
Research Council (MRC) in the UK. There are at least three different versions of 
this questionnaire, those of 1960, 1966 and 1986 as reviewed by Toren et al. [9] in 
1993. The three questionnaires include the words “wheezing” and “whistling” com-
ing from the chest as part of the question related to asthma. The phrase “shortness 
of breath” was included in the 1966 version and also in the 1986 one. A specific time 
frame of “the last 12 months” was only included in the last version. With respect to 
the diagnosis of asthma, no such word is included in any of the questions of the 
earlier questionnaire, but it appears afterward, although with a slightly different 
phrasing: “Have you ever had bronchial asthma?” (1966) and “Have you ever had, 
or being told you have bronchial asthma” (1986).

In 1962 the first version of the European Coal and Steel Community (ECSC) 
questionnaire on respiratory symptoms appeared. This questionnaire was mainly a 
repetition of the MRC questionnaire including some items related to occupational 
asthma [10]. This questionnaire was further revised in 1967 [11] and 1987 [12]. In 
this last version, it includes a direct question on an asthma diagnosis made by a doc-
tor in this question: “Has a doctor ever told you that you have asthma?”
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Following the steps of the MRC, the Division of Lung Diseases of the National 
Heart and Lung Institute (NHLI) of the USA produced the NHLI questionnaire in 
1971 and further refined in 1978 which was the questionnaire recommended by the 
American Thoracic Society and the Division of Lung Diseases (ATS-DLD) [13]. As 
reviewed by Toren et al. [9], the main questions related to asthma were (again play-
ing with the same terms): “Does your chest ever sound wheezy or whistling?”; 
“Have you ever had an attack of wheezing that has made you feel short of breath?”; 
and “Have you ever had asthma?”. The combination of “shortness of breath” and 
“wheezing” in the same sentence had been previously included in the 1966 MRC 
questionnaire.

There is a questionnaire that was specifically developed for the Tucson cohort 
and which focused only on asthma which integrates both MRC and ATS-DLD ques-
tionnaires in four different questions combining wheezing and whistling, wheezing 
and shortness of breath and asthma diagnosis (either confirmed or not by a doctor) 
[14].

Some years afterwards, in 1984, the International Union Against Tuberculosis 
and Lung Diseases (IUATLD) developed its own questionnaire on respiratory 
symptoms, including symptoms of asthma [15]. It was used firstly in the UK and 
later in several EU countries [16] with apparently good performance in the transla-
tions to Finnish, French and German. There is a short version of this questionnaire 
produced in 1986 known as “the IUATLD (1986) Bronchial Symptoms 
Questionnaire”. Interestingly, as it was developed to find the best combination to 
diagnose asthma, it did not include any question on asthma diagnosis.

The European Community Respiratory Health Survey (ECRHS), launched in 
1994, is a milestone in the surveys on asthma symptoms in adults. The initial phase 
was carried out in various EU countries and several others out of the EU. It included 
the IUATLD 1984 questionnaire [17] which had been previously validated (see 
below). After ECRHS most adult surveys have used it in different countries and 
times, and the questionnaire has been validated in other languages than those of the 
four original ones [18].

A really unique case in the area of asthma symptoms surveillance using ques-
tionnaires and starting in 1992 is that of the International Study of Asthma and 
Allergies in Childhood. Due to its impact in the way asthma surveys have been 
performed in the last two decades, this study deserves a special section in its own 
right.

After ECRHS and ISAAC, there have been some new questionnaires either with 
a limited impact [19–23] or focused on areas which the two aforementioned studies 
did not cover, i.e. very young children or specific populations. One of those post-
ISAAC questionnaires, including also a question on wheezing, has its own original 
touch, as it was validated against a population-based prescription database [24].

Another two of those post-ISAAC questionnaires, based on it, are the Brief 
Pediatric Asthma Screen (BPAS) [25, 26] and the Brief Pediatric Asthma Screen 
Plus (BPAS+) [27], which were built to screen communities with a mixture of 
English- and Spanish-speaking children. Apart from a direct question on an asthma 
diagnosis by a doctor or a nurse, this questionnaire has a specific question on wheeze 
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as follows: “Does your child EVER wheeze (have whistling in the chest)?”. It is of 
interest that both wheeze and whistling are translated to Spanish using the same 
word “respiración silbante (silbidos en el pecho)” omitting a more common word—
at least in Spain and in certain Latin American countries, such as “pitos”—which is 
included in the ISAAC instrument.

Other post-ISAAC questionnaires are the ones used in the “Breathmobile Case 
Identification Survey” (BCIS) [28] and in the “Easy Breathing Survey”. The last 
one was based in the IUATLD questionnaire [16]. The BCIS has been used in pre-
school and school-age children and has used an asthma case-detection tool in which 
the key question of which is “During the last 2 years, has your child had repeated 
episodes of any of the following conditions: Asthma; Cough; Trouble breathing; 
Chest tightness; Bronchitis?”. No question on any sound such as wheezing or whis-
tling was included in this questionnaire [29–32].

Yet another post-ISAAC questionnaire is named Brief Respiratory Questionnaire 
(BRQ). This one includes the same question for wheezing ever as in the ISAAC one 
(“Has your child ever had wheezing or whistling in the chest at any time in the 
past?”) and adds another one as follows: “In the past 12 months, has your child had 
any of these three symptoms: wheezing or whistling in the chest, a cough that lasted 
more than a week, or other breathing problems?” [33].

In 2012 the Global Initiative for Asthma (GINA) included in its asthma guideline 
a very short set of questions to diagnose asthma (as reviewed by Lim et al. [34]). 
Two out of five questions include the term “wheeze” as follows: (1) Has the patient 
had an attack of wheezing? and (2) Does the patient have wheeze or dyspnoea after 
exercise? Note that the questions are not designed for epidemiologic studies but to 
screen referred patients with suspected asthma in order to discriminate those asth-
matics from those who are not. However, the wording of the two questions is quite 
similar to those previously discussed.

4.5  The International Study of Asthma and Allergies 
in Childhood (ISAAC) and the Global Asthma Network 
(GAN)

ISAAC was launched in 1991, and according to its website (http://isaac.auckland.
ac.nz/), “ISAAC has become the largest worldwide collaborative research project 
ever undertaken, involving more than 100 countries and nearly two million children 
and its aim is to develop environmental measures and disease monitoring in order to 
form the basis for future interventions to reduce the burden of allergic and non- 
allergic diseases, especially in children in developing countries”. This study was 
closed in 2012 and the “Global Asthma Network” (GAN) (www.globalasthmanet-
work.org) established the same year, a collaboration between some individuals of 
ISAAC and the IUATLD.

The ISAAC study has had an incredible impact in the epidemiology of asthma 
symptoms all over the world, and its questionnaire has become a standard for a great 
majority of surveys carried out in children and adolescents. The specific 
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instruments, including the questionnaires, for each of the three main phases related 
to asthma symptoms (1992–1996, 1999–2002, 2002–2006) can be found in the 
study website. The age groups for which the ISAAC questionnaire has been designed 
were 13–14-year-olds (self-completed questionnaires) and 6–7-year-olds (parent- 
completed questionnaires). It was also used in ISAAC Phase II, in children 
9–12 years of age.

4.5.1  Written Questionnaires

The core questionnaire on asthma has been the same from the beginning and 
included three main questions about asthma [35]: “Have you (has your child) ever 
had wheezing or whistling in the chest at any time in the past?”; “Have you (has 
your child) had wheezing or whistling in the chest in the last 12 months?” and 
“Have you (has your child) ever had asthma?” According to the Phase One manual 
(http://isaac.auckland.ac.nz/phases/phaseone/phaseone.html), the first question “is 
based on the IUATLD questionnaire” [16]. It does not mention “attacks” of wheez-
ing, in order to identify children with persistent symptoms which are not obviously 
characterised as episodes or attacks. This is seen as a very sensitive question. With 
respect to the second question, the manual states that “Limitation to a 12 month 
period reduces errors of recall and (at least in theory) should be independent of 
month of completion. This is considered to be the most useful question for assessing 
the prevalence of wheezing illness”. The rationale for the third question is “All 
respondents are asked about diagnosed asthma, as occasionally asthma may be 
diagnosed in the absence of wheeze (on the basis of recurrent nocturnal cough 
etc.)”. As in other questionnaires, the diagnostic questions can be qualified by fre-
quency and severity questions.

The three core questions are also included in the GAN questionnaire which is 
currently in use for GAN Phase I. In the Phase I GAN Manual, there is some quali-
fication of the reason for including the second question (past 12 months) as follows: 
“Limitation to a 12 month period reduces errors of recall [36] and is believed to be 
independent of month of completion” [37]. The third question is justified in GAN as 
follows:

This is the first time in the questionnaire that ‘asthma’ is mentioned. It is 
deliberately asked after the questions on asthma symptoms. The asthma label is 
affected by many factors such as awareness of asthma, medical training and 
experience, cultural and societal factors. Occasionally asthma may be suggested 
in the absence of wheeze (on the basis of recurrent nocturnal cough etc.). This 
question was used in all phases of ISAAC. It has not been clear whether the 
answer represents the opinion of the adolescent, or was a label given by a doctor. 
In GAN the same question will be used, followed by a clarification question.

This clarification question is “Was asthma confirmed by a doctor?” (http://www.
globalasthmanetwork.org/surveillance/manual/-manual.php). Very interestingly, 
GAN includes also modules for parents of the children, including the same four 
questions on asthma symptoms and asthma diagnosis.
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4.5.2  Video Questionnaire

As a way to better qualify the diagnosis of asthma from the written questionnaire, 
ISAAC launched a video questionnaire which was used in Phases I and III and is 
being used in GAN Phase I. The video has five different scenes: (1) a girl sitting at 
a table with audible wheezing and whistling and mild dyspnoea, (2) a boy who is 
running and has to stop due to wheezing, (3) a boy waking at night with wheeze and 
dyspnoea, (4) a girl waking at night with a cough attack and (5) a severe attack of 
asthma with important dyspnoea and wheeze but no whistling. Each of the five 
scenes is followed by questions read in the local language by a narrator, “Has your 
breathing been like this, at any time in your life?”, with the same possible three dif-
ferent answers—(1) “...at any time of your life”, (2) “If yes: has this happened in the 
past year?” and (3) “if yes, has this happened one or more times a month?” The 
video questionnaire is only for use in children 13–14 years of age.

4.6  How Well Questionnaires on Wheeze Perform

From the beginning, validation of asthma questionnaires has been a key issue. As 
there is no clear gold standard for asthma, three main methods have been used: (1) 
test the questions against clinical diagnosis and objective measurement such as non-
specific bronchial challenge tests; (2) obtain clinical diagnosis of asthma by experi-
enced doctors; and (3) compare new questionnaires with old ones. In the lines that 
follow, this chapter will focus on the validation against clinical diagnosis and 
hyperresponsiveness.

4.6.1  Validation Against Clinical Diagnosis of Asthma

The key review by Toren et al. [9] includes several early studies, starting in 1971 in 
which the question “Have you ever had asthma” was assessed. Edfors-Lubs [38] 
and Kiviloog et al. [39] found very high values (close to 100%) both in sensitivity 
and specificity. In the first one only 39 patients were included; and in the second 
there were 95 potential cases and 299 potential controls. In a more recent study, and 
more interestingly as the investigators included four centres in four different EU 
countries as previously quoted, they tested the same question of the IUATLD 1984 
questionnaire [16] and found variable validity between centres: sensitivity ranged 
from 48% to 75% and specificity from 77% to 100%. The Y-indexes ranged from 
48% (British centre) to 63% (Finnish centre). ECRHS groups have validated this 
questionnaire in other languages [40] and specific populations such as the health 
workers [41].

Specifically in children, there are several studies validating asthma question-
naires against the clinical diagnosis of asthma, including at least clinical history and 
physical examination. In children 7–12  years of age, Remes et  al. [42] defined 
asthma as a positive answer to either one of three questions—doctor diagnosis of 
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asthma ever, attacks of “wheezing” or episodes of “breathlessness” in the last 
12 months—and achieved a sensitivity of 88%, a specificity of 97% and a Y-index 
of 85%. Using the doctor diagnosis of asthma ever, the corresponding figures were 
82%, 99% and 81%. In the same age group, Steen-Johnsen et al. [43] asking about 
“asthma ever” obtained a sensitivity of 63%, a specificity of 99% and a Y-index of 
62%. Wolf et al. [25] found a sensitivity and specificity of 65% and 88% (Y-index 
53%) for the question of a wheezing episode among parents of children in elemen-
tary schools (5–13-year-olds). More recently the same group has updated their 
questionnaire (Brief Paediatric Asthma Screen, BPAS) to BPAS+ and has included 
additional questions to detect allergy as well as asthma [26]. In the same age group, 
parents reached 73% sensitivity and 74% specificity (Y-index 47%) when answer-
ing positively to any of four items (wheeze, persistent cough, night cough and 
response to change in air temperature).

In younger children (grades kindergarten through 6 years), also using clinical 
diagnosis as the “gold standard”, and referring to the past year, Redline et al. [44] 
reached a sensitivity of 80% and a specificity of 75% (Y-index 55%) when consider-
ing the presence of cough (sometimes or more) and/or breathing problem (rarely or 
more). Similar results have been obtained by the same authors in children 7–13 years 
of age [45]. The “Easy Breathing Survey” [28], in its validation study performed in 
children 0–17 years old (including 40% of 0–4-year-olds), found a sensitivity of 
73% (newly diagnosed) or of 82% (previously diagnosed) and a specificity of 83% 
for the question about wheezing based on the IUATLD questionnaire [16]. Other 
questions obtained poorer results in the diagnostic tests, and the combination of any 
of four questions improved sensitivity but decreased specificity. The best Y-index 
was obtained with the question about wheezing (65% among those previously diag-
nosed and 56% among those newly diagnosed). As said in a previous section, this 
questionnaire was the base for the ECRHS, ISAAC and GAN questionnaires.

A validation study with the ISAAC questionnaire was carried out and published 
by Jenkins et al. in 1996 [46]. From a cohort of 2845 children aged 13–14 years 
from 25 schools randomly selected, 361 children were invited to complete the 
ISAAC core questionnaire. A total of 345 children completed the questionnaire, 123 
of whom had wheezed during the past year. Additionally 40 had wheezed in the past 
but not in the last year. From the “never wheezers”, 128 nonsymptomatic children 
were selected as controls. Children were interviewed by a paediatric respiratory 
physician and also underwent pulmonary function tests and a BHR test with hyper-
tonic saline. The questionnaire achieved high values both in sensitivity (85%) and 
specificity (81%), with a Y-index of 66%, which is even higher than the best obtained 
in the ECRHS validation study in Finland. The questions validated where the two 
first questions of the ISAAC questionnaire which includes “wheeze ever” and 
“wheeze in the past year” but not “asthma”. The authors considered current wheezers 
those children answering positively to both questions. The Spanish version of the 
ISAAC questionnaire, the language with more centres in Phase III (48 Spanish- 
speaking vs. 47 English-speaking centres in the older age group and 36 vs. 26, 
respectively) [35], has been also validated against asthma diagnosis by a physician 
with comparable results: sensitivity 65%, specificity 92% and Y-index 57% [47]. 
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The ISAAC questionnaire has been validated in other languages [48–53] and in 
special populations, such as in anthroposophic children [54]. It has also been vali-
dated in a shortened version [55].

The BCIS questionnaire (answered by parents) was validated against an asthma 
evaluation (history, physical examination and spirometry) by an asthma specialist 
(blinded with respect to the questionnaire) in a multiethnic population of children 
5–11 years old. The question on asthma (repeated episodes of asthma in the last 2 
years) obtained a Y-index of 48% [56].

The BRQ questionnaire was validated against administered validation interviews 
by trained interviewers with and had a high agreement value (Kappa = 0.73) and a 
remarkable Y-index of 90% [33].

The BPAS+ questionnaire for use in Hispanics [27] obtained interesting results 
as the Y-index for the wheezing question was higher for the Spanish (38%) than for 
the English questionnaire (20%) due to a lower sensitivity in the second (25%) as 
compared with the first one (40%).

The GINA questionnaire has been recently validated against clinical diagnosis of 
asthma and has achieved similar results as the previous questionnaires, with a quite 
poor Y-index of 17% in the question about wheeze. This index was similar (19%) 
when wheezing was put in relation to exercise [34]. A summary of the results of the 
validation of the aforementioned studies is shown in Table 4.1.

4.6.2  Validation Against Bronchial Hyperresponsiveness

There has been some debate as to whether asthma questionnaires designed for epi-
demiological studies correctly detect asthma cases as compared to bronchial hyper-
responsiveness (BHR) [57, 58]. Most of the current evidence suggests that for both 
children and adults, symptom questionnaires are better than BHR tests for the pur-
pose of identifying asthma prevalence. Furthermore, BHR and other lung function 
tests are difficult to perform and interpret in young children, particularly in infants, 
and there is no information comparing wheezing questions with any specific pulmo-
nary function test in children during their first year of life.

Nevertheless, and as the early questionnaires were designed for the adult popula-
tion, validation against nonspecific BHR was carried out in several studies. It is of 
great interest that when compared to physician-diagnosed asthma, BHR had very 
high specificity (99% in two early studies) but unacceptable poor sensitivity (38% 
and 10%) [59, 60] with Y-indexes of 37% and 9%, respectively (very far from that 
of questionnaires). In the second of those studies [60], which included also self- 
reported asthma, this has the same Y-index (9%) as physician-diagnosed asthma.

Several early studies compared BHR with self-reported asthma and found also 
low values of Y-index in the range of 4–21% [15, 61, 62]. However, in the multina-
tional study by Burney et al. in which they tested the validity of the IUATLD 1984 
questionnaire, the figures of that index were substantially better, ranging from 26% 
(Berlin, Germany) to 65% (military recruits from several areas of Finland). It is of 
interest that in three cities (Berlin, Paris and Nottingham), the study population 

P. W. Garcia-Marcos et al.



65

came from outpatients (nonrespiratory) from hospitals, which might be different 
from the general population. Nevertheless those figures are not better than the ones 
obtained when comparing self-reported asthma with physician-diagnosed asthma 
[16]. In an Australian study, the IUATLD 1984 questionnaire was used in a sample 
of 809 workers of an aluminium smelter, and the Y-index for self-reported asthma 
against a methacholine test was not as high (25%) [63].

A question about wheezing was compared also to BHR in most of the previous 
studies, this question, as reviewed by Toren et al. [9], having a Y-index ranging from 
12% to 69%. It is of interest that the highest values were found in the international 
validation study [16] (69% in Finland) and that the high value obtained in Nottingham 
(UK) (52%) was almost repeated by the same group in a subpopulation of non- 
smoking individuals from Hampshire and Dorset (UK) (51%) [15].

With respect to the ISAAC questionnaire, the study by Jenkins et al. [46] previ-
ously quoted observed a greater sensitivity (85% vs. 54%), a slightly lower specificity 

Table 4.1 Validation of the question on wheeze against clinical diagnosis of asthma in selected 
studies

Study Year N
Age range 
(years) Sensitivity (%) Specificity (%) Y-index

Edfors-Lubs [38] 1971 39 – 88 97 85
Kiviloog et al. [39] 1974 299 35–54 100 97 97
Burney et al. [16] 1989
  Overall 175 16–66 62 91 53
  Finland 42 17–24 68 95 63
  Germany 42 16–60 56 100 56
  France 51 20–66 75 77 52
  England 40 21–64 48 100 48
Remes et al. [42] 1994 247 7–12 88 97 85
Steen-Johnsen  
et al. [43]

1995 369 7–13 96 88 84

Jenkins et al. [46] 1996 168 13–14 85 81 66
Bonner et al. [33] 1999 200 Preschoolers 93 97 90
Wolf et al. [25] 1999 81 4–13 65 88 53
Hall et al. [28] 2001 197 0–17 73 82 55
Wolf et al. [26] 2003 129 6–12
  Six items 71 77 48
  Four items 73 74 47
Redline et al. [44] 2003 107 4–13 80 75 55
Galant et al. [56] 2004 401 5–11 50 98 48
Mata Fernández 
et al. [47]

2005 366 3–17 65 92 57

Berry et al. [27] 2005
  Spanish 145 4–13 74 86 60
  English 78 4–13 61 83 44
Delclos et al. [41] 2006 118 18–65 79 98 77
Lim et al. [34] 2014 164 20–64 51 66 17
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(81% vs. 89%) and a substantially higher Y-index (66% vs. 43%) when asthma was 
diagnosed by the ISAAC questionnaire as compared to a BHR test with hypertonic 
saline (with the gold standard being physician-diagnosed asthma). A positive answer 
to the questionnaire plus a positive BHR test substantially increased the specificity to 
94% but decreased the sensitivity to 47%, thus reducing the Y-index to 41%. In chil-
dren 7 years of age, the ISAAC questionnaire performed quite well as compared to an 
exercise BHR test: using a 12% or greater fall in FEV1 postexercise as a positive test 
response, the exercise challenge had sensitivity and specificity estimates for current 
asthma and exercise-induced wheeze (as reported by parents) of 58% and 77% and 
60% and 77% corresponding to Y-indexes of 18% and 54% [64].

The ISAAC video questionnaire was compared with the written one in a popula-
tion of adolescents from a mixed ethnic background in Sydney (Australia) recruited 
from four secondary schools (mean age 13.5 ± 1.3 years). The aims of the study were 
to compare the video questionnaire with a written questionnaire in the detection of 
BHR to hypertonic saline. The area in which the study was performed contained a 
considerable proportion of non-English-speaking population. A subgroup of 127 
children (out of 475 who completed the video questionnaire) took the written ques-
tionnaire and the hypertonic saline inhalation challenge. The reproducibility of the 
questionnaire was evaluated by administering the questionnaire to a subsample of 
students 2 weeks later. The two questionnaires and the BHR test were completed by 
169 children. There was moderate agreement between the questionnaires for wheeze 
(80% of concordant classification, kappa 0.42). Questions on the written question-
naire concerning wheezing had good sensitivity (88%) and specificity (66%) for 
BHR (Y-index 54%). The corresponding figures for the video questionnaire were 
75%, 68% and 58%. The video questionnaire was reproducible (kappa 0.82) and had 
good internal consistency (Cronbach’s alpha 0.81), and each question pertained to a 
single construct explaining 58% of the variance in total score [65]. In previous stud-
ies, the concordance between the written and the video questionnaire ranged from 
74% to 88% and the agreement (kappa) between 0.30 and 0.68 [66–69].

Additionally IUATLD and ISAAC (written and video) questionnaires were com-
pared in predicting BHR. The sensitivity and specificity for predicting BHR were 
similar for individual questions from the IUATLD and video questionnaires. The 
video questions with the highest Y-index related to wheezing at rest (46%), severe 
wheezing at rest (38%) and nocturnal wheezing (37%). The ISAAC and the IUATLD 
written questionnaires performed similarly in predicting BHR (27% and 30% 
Y-indexes, respectively, for the question on wheezing in the last 12 months) [70].

An interesting finding is one from the study on the agreement between the 
ISAAC video (first video scene) and written questionnaire between centres by 
region and language groups. Responses to the video questionnaire obtained a lower 
prevalence than to the written questionnaire, and responses were well correlated. 
The overall proportion of agreement was high, (0.89) but unbalanced, with good 
negative agreement but poor positive agreement, thus resulting in only 20 centres 
having higher than a moderate kappa value (0.4). The contribution of each question-
naire to wheezing prevalence varied between centres and suggests that written ques-
tions about wheezing are variably understood and interpreted by 13–14-year-old 
adolescent [71]. A summary of the results of the validation of the previous studies 
is shown in Table 4.2.
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As a kind of summary and following Pekkanen and Pearce [58], it could be said 
that when the aim of an epidemiological study is to compare differences in preva-
lence between populations, the Y-index is the best single measure of validity. BHR 
has similar or even higher specificity as compared to diagnosis by a physician, but 
considerably lower sensitivity, and thus a worse Y-index, than symptom question-
naires. This is clearly shown in the studies by Declos et al. [41] and Jenkins et al. 
[46]. Consequently, the method of choice for prevalence comparisons is stan-
dardised written or video symptom questionnaires. To better explore reasons for the 
differences in asthma prevalence, and to estimate possible differential symptom 
reporting, questionnaires might be supplemented with BHR in subsamples of the 
symptomatic and asymptomatic subjects. However, the results of symptom ques-
tionnaires and BHR should usually be analysed separately rather than combined due 
to the poor agreement between BHR and clinical asthma.

4.7  Internationalization of Questionnaires on Wheezing: 
How Not to Get Lost in Translation

When performing international surveys of asthma translations of questionnaires 
and, particularly, translations of the key English words, the term “wheezing” 
becomes a very important issue as a non-exact translation or good description (when 
direct translation is not possible) might invalidate the questionnaire in a specific 
language and/or a different cultural background [72].

There is not much information about standardised translations of questionnaires 
into different languages, and here, the example of ISAAC is of great interest. In the 
older age group (13–14 years of age), this study used in its Phase III 49 languages 
which were used in 201 centres; and the main languages were Spanish (48 centres), 
English (47 centres), Portuguese (25 centres), Arabic (16 centres), Italian (13 cen-
tres) and French (11 centres). In the younger age group (6–7 years of age), 42 lan-
guages in 131 centres were used, with the main languages being Spanish (36 
centres), English (26 centres), Portuguese (13 centres) and Italian (10 centres) [73].

Early in this survey and previously to Phase I, during a pilot study in Germany, 
the need for perfect guidelines of translation and back-translation was raised [74] 
independently of the important fact that the original questionnaire was designed in 
English by the ISAAC Steering Committee members, representing 12 countries and 
10 languages [75]. The back-translation to English by an independent person was 
considered fundamental, and a very detailed guideline was made which is fully 
depicted in Ellwood et al. [73].

Each ISAAC centre was asked about several aspects of the methodology fol-
lowed in their areas, including the process of translation. At the beginning of Phase 
III, the ISAAC Steering Committee carefully reviewed each back-translation and 
compared it to the original English questionnaire. Deviations from the original 
questionnaire were classified as follows: (1) major deviations (changing the mean-
ing of the question), (2) minor deviations (e.g. additional questions included 
between the ISAAC core questions) and (3) very minor deviations (e.g. changing or 
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adding one or several words without altering the meaning of the questions). 
Depending on the deviation, the following actions were taken, respectively: (1) 
exclude the data for the specific questions; (2) include the question and identify the 
centre in the first worldwide publication; and (3) include the questions without iden-
tification. From the 233 centres in the 13–14-year-old group, the number of devia-
tions was 7 major, 24 minor and 12 very minor. The corresponding figures in the 
144 centres of the 6–7-year-old group were 3, 13 and 9 [73].

Although some translation errors were detected in the ISAAC study, only a few 
were major and required data exclusion. According to the ISAAC paper on transla-
tion, the rechecking of the questionnaire by an independent translation service and 
the close contact and information interchange with collaborators seeking their local 
knowledge could solve most of the issues. They also recommend the implementa-
tion of a web-designed database including the keywords for the survey with the 
translations into other languages together with description terms such as “wheez-
ing” or “whistling” in the case of asthma.

 Conclusion

The term “wheeze” is the only adventitious sound of which epidemiology can be 
spoken of as it has been used in numerous epidemiological studies as a surrogate 
of asthma. The validity of several sentences including the term “wheeze” is 
acceptable and probably better (and definitely more convenient and cheaper) 
than nonspecific BHR tests in epidemiological studies on asthma and related 
diseases, including infant wheezing. The ISAAC programme and now GAN 
have shown themselves to be paradigms of the global epidemiology of the breath 
sound “wheeze”.
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5Nomenclature

Hasse Melbye

5.1  Introduction

The various adventitious lung sounds are associated with certain pulmonary dis-
eases, although the strength of the associations may vary [1]. When this diagnostic 
knowledge is applied in clinical practice and also when physicians communicate 
their observations on chest auscultation, it is important to have unambiguous terms 
for the lung sounds. The terminology used today dates back to Laennec’s thesis 
from 1819 [2]. Inadequate translations from French and further elaboration in 
national languages have led to inconsistent use of terms [3]. Inspired by new knowl-
edge on how lung sounds are generated, a new standardized terminology was intro-
duced by the International Lung Sound Association (ILSA) in the 1980s [4]. The 
implementation of this nomenclature has varied between countries [5].

5.2  Onomatopoeia and Other Describing Terms

Onomatopoeias are words imitating natural sounds. Laennec used the word “râle” 
as a common term for abnormal lung sounds, a French term that imitates what we 
hear when air passes through secretions in the trachea and central bronchi [3]. 
“Rattle” is the corresponding English term. When Laennec named the different 
kinds of “rales,” some terms were onomatopoetic, like rale “sibilant,” whereas oth-
ers indicated pathophysiological associations, like “rale muqueux.” Since patients 
could connect the term “rale” with death rattling, Laennec decided to exchange 
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“rale” with “rhonchus,” a Latin onomatopoeia for snoring [3]. “Rale” continued to 
be used in English language for a rattling-like sound, but when pronounced in 
English, it was no longer an onomatopoeia. When the International Lung Sound 
Association proceeded to standardize the terminology, the most common adventi-
tious sounds were divided into two categories, continuous and discontinuous 
sounds, inspired by acoustic analysis. Terms with onomatopoetic qualities were 
chosen: wheezes and rhonchi for the continuous sounds and crackles (instead of 
rales) for discontinuous sounds (Audio 1). The crackles were further divided into 
“fine” and “coarse” [4] and wheezes into high pitched and low pitched. An updated 
terminology was recently presented in a review paper by Bohadana and coworkers 
in New England Journal of Medicine in 2014 [1] and is shown in Table 5.1.

The new terminology has to some extent been implemented in English-speaking 
countries and scientific literature. However, “crepitation” is still much used instead 
of fine crackles. The term “wheezes” does not have onomatopoetic qualities to cover 
all continuous sounds, and “whistling” is sometimes used for high-frequency musi-
cal wheezes. Terms with onomatopoetic qualities are also preferred in other lan-
guages, and adaption of English terms is rarely chosen [6]. For instance, “rasseln” 
is used for “crackles” in Germany [6].

Table 5.1 Lung sound nomenclature as presented by Bohadana et al. [1]. Modified with permis-
sion from Massachusetts Medical Society

Respiratory 
sound Clinical characteristics
Normal 
tracheal sound

Hollow and nonmusical, clearly heard in both phases of respiratory cycle

Normal lung 
sound

Soft, nonmusical, heard only on inspiration and on early expiration

Bronchial 
breathing

Soft, nonmusical, heard on both phases of respiratory cycle

Stridor Musical, high pitched, may be heard over the upper airways or at a distance 
without a stethoscope

Wheeze Musical, high pitched, heard on inspiration, expiration, or both
Rhonchus Musical, low pitched, similar to snoring, lower in pitch than wheeze, may be 

heard on inspiration, expiration, or both
Fine crackle Nonmusical, short, explosive; heard on mid-to-late inspiration and 

occasionally on expiration; unaffected by cough, gravity dependent, not 
transmitted to the mouth

Coarse crackle Nonmusical, short, explosive sounds; heard on early inspiration and 
throughout expiration; affected by cough; transmitted to the mouth

Pleural 
friction rub

Nonmusical, explosive, usually biphasic sounds; typically heard over basal 
regions (Audio 2)

Squawk Mixed sound with short musical component (short wheeze) accompanied or 
preceded by crackles

H. Melbye
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5.3  Agreement on the Use of Terms

In general, there is a considerable interobserver variation in physicians’ reporting of 
clinical findings, and the agreement on adventitious lung sounds is no exception [7]. 
Physicians may perceive the sounds differently, and they may also choose different 
terms when describing the sounds heard. To advance the standardization of lung 
sound terminology, a task force was established by the European Respiratory Society 
in 2012. Audiovisual recordings of 20 patients were recorded by the task force mem-
bers, and these constitute an initial reference collection which is available online [6]. 
In a separate study, interobserver variation in the classification of lung sounds in these 
20 recordings was calculated among 12 observers: six task force members and six 
other experienced physicians [8]. The optional categories were fine and coarse crack-
les, high-pitched and low-pitched wheezes, as well as the category of rhonchi. 
Identification by inspiratory and expiratory phases thus offered ten non-exclusive 
choices. The study showed poor agreement on detailed descriptions of the sounds 
(fine and coarse crackles and high-pithed and low-pitched wheezes) and in particular 
for the category of rhonchi (Fig. 5.1). In contrast, acceptable agreement was found for 
the combined categories of crackles and wheezes, not inferior to agreement reached in 
other pulmonary examinations like chest radiography and CT [8].

5.4  Subclassification of Crackles

When applying computerized lung sound analysis, crackles can be subclassified into 
“fine” and “coarse.” There is little doubt about the diagnostic relevance of this subclas-
sification [9]. However, the low agreement on whether crackles are fine or coarse when 

Crackles K (95% CI)

0.33 (0.19 - 0.46)

0.25 (0.11 - 0.38)

0.57 (0.41 - 0.74)

0.36 (0.22 - 0.51)

0.17 (0.06 - 0.28)

0.09 (0.01 - 0.17)

0.51 (0.34 - 0.69)

Wheezes

0 0.2 0.4Kappa

Fine crackles inspiration

Coarse crackles inspiration

Crackles inspiration (fine or coarse)

High-pitched wheezes expiration

Low-pitched wheezes expiration

Rhonchi expiration

Wheezes expiration (low/high-pitched or 
rhonchi)

Fig. 5.1 Multirater kappa agreement among 12 observers in identifying inspiratory crackles and 
expiratory wheezes from audiovisual lung sound recordings [8]. Modified with permission from 
BMJ Publishing Group Ltd
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listening to the sound makes the clinical application of this distinction questionable. 
Crackles can also be described by other characteristics, their quantity and whether they 
appear early or late during inspiration or expiration. Their timing has also been shown 
to be of diagnostic significance [9], and agreement on this characteristic may be more 
easily reached than the agreement on whether the crackles are fine or coarse.

5.5  Wheezes and Rhonchi

The pitch of a wheeze can be determined by computerized acoustic analysis, but it may 
often be difficult to say after just listening whether it is high pitched or low pitched, as 
shown in interobserver studies [8]. Another characteristic of wheezes that may be as 
useful as the pitch in the diagnosis of pulmonary diseases is the duration of each wheeze 
[10] or the fraction of the respiratory phases occupied by wheezes. “Rhonchi” is a puz-
zling term, and the listening doctors find it particularly difficult to agree on its use. This 
may partly be explained by its history as a common term for all adventitious sounds, as 
defined by Laennec, and as a term for all wheezes in countries like Poland (where sibi-
lant rhonchi is used for high-pitched wheezes) [11] and partly by disagreement on 
which low-pitched continuous sounds the term should be applied. In the paper by 
Bohadana and coworkers, a rhonchus is defined as a variant of wheeze with a low pitch, 
but it is discussed whether it should be regarded as a separate category. “Rhonchi” 
should probably be applied when mucus is involved in the bronchial obstruction and 
accordingly be restricted to the nonmusical and often complex snoring-like sounds that 
tend to disappear after coughing [6]. However, so far, it seems difficult to reliably dif-
ferentiate between rhonchi and low-pitched wheezes. This gives support to a terminol-
ogy, in which the two terms may be regarded as interchangeable (Audio 3).

5.6  Clinical Application and Future Development

The terms for the lung sounds should be both reliably shared and clinically useful. 
When we use our stethoscopes, it will often be preferable to stick to terms reflecting 
broad categories of lung sounds, such as crackles and wheezes. More detailed 
descriptions can be used when computerized analyses has been applied. In the 
future, electronic stethoscopes for clinical use will probably offer computerized 
analysis and detailed descriptions of the sounds. With more specific terms and a 
broader range of lung sound categories, there will also be a potential for increased 
diagnostic specificity of the auscultation findings. The recommended English 
nomenclature is based on extensive research and is a sound basis for further devel-
opment and not only for the English language.
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6Physics and Applications for Tracheal 
Sound Recordings in Sleep Disorders

Thomas Penzel and AbdelKebir Sabil

6.1  Introduction

Advances in technology have made it possible to reliably and not invasively record 
physiological parameters to diagnose sleep disorders. The most common sleep- 
related breathing disorder is sleep apnea. Complete cessation of airflow, apneas, or 
reduction of airflow, hypopneas occurs during sleep [1]. Based on the underlying 
pathophysiology, these respiratory events are classified as obstructive or central, 
with or without respiratory efforts. Accurate and reliable detection and classifica-
tion of apneas and hypopneas are critical for the diagnosis and quantifying of the 
disease severity, morbidity, or mortality, as well as for appropriate therapy 
selection.

Sleep-related breathing disorders and other sleep disorders are diagnosed using poly-
somnography (PSG) with a recording of sleep electroencephalography, respiration, car-
diac signals, and movement signals. Polysomnography is performed in general in a 
sleep laboratory environment attended by trained sleep technicians during the night. 
Because sleep apnea is so common, systems without attendance and using fewer sig-
nals, possibly for use at home, were developed. These specific systems are commonly 
denoted as polygraphy (PG) or home sleep testing (HST) or out-of- center (OOC) tech-
nology. Their complexity is rated according to SCOPER criteria, which stands for sleep, 
cardiac, oxygen, position, effort of respiration, and respiratory flow, as later explained.

The method of choice to detect respiratory events during sleep according to inter-
national recommendations is by detecting reductions in airflow or tidal volume [1]. 
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Pneumotachography and body plethysmography have traditionally been considered 
the gold standards for these measurements. However, neither technique is suitable 
for routine sleep studies with a polysomnography (PSG), which includes sleep elec-
troencephalography or a polygraphy (PG) without sleep electroencephalography. 
Alternative methods to measure airflow include thermistors and nasal cannula pres-
sure transducers. Thermistors use the difference between the temperature of exhaled 
and ambient air to estimate airflow. While they may be a reliable method to detect 
apneas and mouth breathing, these sensors do not provide quantitative measures of 
airflow for detection of hypopneas. The nasal pressure transducers are an alternative 
that can be adapted to detect flow limitation. While all previous studies comparing 
different transducers show that more events are identified by nasal transducers than 
by thermistors, some data indicate that the nasal pressure transducer may overesti-
mate the magnitude of airflow reduction and misclassify hypopneas as apneas. 
Different reasons for this are discussed. Mouth breathing, especially in pediatric 
patients and in the case of nasal obstruction, can have an important impact on respi-
ratory event classification when using a nasal pressure transducer. Furthermore, 
while thermistors and nasal cannulas are the recommended sensors for detection of 
apneas and hypopneas, the validity of their signals for more than 6 h of recording is 
less than 60% for both children [2] and adults [3]. These two sensors are placed in 
the same very sensitive area for patients, between the nose and the mouth, and can 
cause patients much discomfort and even affect their sleep. These two sensors are 
therefore often displaced or even removed by the patients during recording at night, 
and their signals become then unusable.

For the detection of respiratory efforts and classification of events, esophageal 
manometry is considered as the golden standard to estimate respiratory effort [1]. 
However, this method is invasive and can affect sleep quality [4] and, thus, is not 
used for routine sleep studies.

To counter these problems, indirect ventilation measurement techniques have 
been developed. Respiratory inductance plethysmography (RIP) estimates volume 
changes through the measurement of thoracic and abdominal movements. This 
method uses two belts placed around the thorax and the abdomen. When the nasal 
pressure and the thermistor signals are of bad quality, the RIP sum signal can be 
used as a surrogate respiratory flow. In addition, the RIP signals are also recom-
mended for the evaluation of respiratory efforts [1] during sleep studies. However, 
reliable results by these sensors are dependent on accurate placement and stability 
of the belts, which are challenging in patients, particularly in young children and 
obese patients. In addition, accuracy during recording can be diminished by dis-
placement of the belts due to body movements during the night. Thus, there are 
circumstances where intrathoracic pressure changes do not correspond to propor-
tional changes of thoracic and abdominal circumferences.

Alternative sensors have been advocated for screening OSA, including indirect 
identification of OSA from the analysis of signals measured using a single sensor, 
such as oximetry for oxygen saturation [5], ambient microphone for snoring [6], or 
nocturnal breathing sounds [7–9]. Breathing sound analysis provides valuable 
information about airway structure and respiratory disorders including 
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OSA.  Analysis of breathing sounds recorded overnight has been used for OSA 
detection [7–9] with reasonable accuracy compared to PSG. Tracheal sounds, heard 
at the suprasternal notch, are currently the topic of significant interest. Tracheal 
sound signals are louder and cover a wide frequency range compared to lung sounds 
heard on the chest wall [10]. They are very rich in information regarding breathing, 
and therefore, they could play an important role in monitoring respiratory activity, 
as well as in the detection and characterization of respiratory events during sleep.

6.2  Historical Background

The detection of tracheal sounds for the measurement of sleep-related respiratory 
disorders has already been investigated in many studies. In 1980, Krumpe et al. [11] 
were first to show that laryngeal sound monitoring could be useful in sleep studies. 
They recorded laryngeal sounds using a microphone coupled to a stethoscope head 
firmly fixed to the patients’ lateral neck or manubrium with adhesive tape. The 
recorded signal was conditioned using a commercially available amplifier and dis-
played on a time-based recorder [11]. They found that apnea could be identified by 
the cessation of laryngeal sounds during continuous monitoring. In a 1982 study, 
Cummiskey et al. used a tracheal sound sensor associated with a thermistor, a nasal 
pressure cannula, and pulse oximetry for the detection of apneas and hypopneas. In 
this study, tracheal breathing sounds were recorded over the manubrium using the 
same apparatus as in the study by Krumpe et al. [11]. They showed that there was 
no significant difference in the number of events detected with the tracheal sounds 
or the reference sensors [12]. In 1988, Penzel et al. developed a new technique for 
online snoring analysis using a combination of filtered and unfiltered output signals 
from one laryngeal microphone. One signal was the high-frequency component 
(800–2000 Hz); the second one was the output of a low-frequency filter (50–800 Hz) 
that allowed the distinction between snoring and physiological breathing sounds. 
Using the volume of the breathing sound as the third signal, this method could dif-
ferentiate between obstructive apneic events characterized by low-volume snoring 
and hyperventilation at the termination of apneas characterized by loud snoring 
[13]. However, in these studies, tracheal sound recording was compared only with 
the conventional method of thermistors, but not with direct measurements of airflow 
using a pneumotachograph.

In 1989, Meslier et al. [14] simultaneously recorded the tracheal sound and pneu-
motachograph signals during sleep in healthy patients. In this study, the tracheal 
breathing sounds were detected by a microphone air-coupled to a stethoscope head 
as in the first studies but placed right on the sternal notch, which was not the case 
for the previous studies. There was no difference in the number of apneas and their 
duration recorded by the tracheal sound method and the pneumotachograph. 
However, when comparing the tracheal sound method with the thermistor method, 
apneas appear to be more frequent and of shorter duration using the thermistor [14]. 
In 1990, Soufflet et  al. [15] studied the interaction between tracheal sounds and 
respiratory rate. In nine healthy subjects, they recorded respiratory flow by means 
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of tracheal microphones and a pneumotachograph and showed that tracheal sounds 
correlated with the respiratory flow and could be used to measure the flow rate [15].

These studies mainly analyzed the tracheal sound signal in the time domain and 
looked at how the tracheal intensity signal changes with time, whereas later studies 
systematically explored frequency analysis of tracheal sound signals and examined 
how much of the signal lies within each given frequency band over a range of fre-
quencies. In 2004, Nakano et al. [16] tested the automatic spectral analysis of tra-
cheal sounds in 383 patients. They recommended the use of tracheal sound signals 
in ambulatory diagnostic devices especially for patients with a high probability of 
OSA [16]. In 2010, Yadollahi et al. [8] investigated the evaluation of tracheal sounds 
and pulse oximetry in 66 patients in comparison to PSG. They evaluated tracheal 
sounds, either as the presence of acoustic sound (breathing, snoring, noise) or as the 
absence of sound (silence). A high correlation was demonstrated between events 
defined by changes in tracheal sounds and oxygen saturation and standard PSG 
scoring [8]. Yadollahi et al. [17] examined the agreement between tracheal sounds 
measured directly at the sternal notch with those recorded 20–30 cm away from the 
patient. There was a clear advantage of the measurement at the sternal notch [17]. 
In a recently published study, Mlynczak et al. [18] used a wireless acoustic sensor 
placed on the tracheal notch to measure breathing sounds during sleep. The study 
investigated the accuracy of a new method that could differentiate between normal 
breathing sounds and snoring episodes, using acoustic breathing sounds and artifi-
cial neural network techniques. While the system was not validated against full 
PSG, it gave a good discrimination accuracy of 88.8% with a specificity of 95% 
[18]. This system was the first to propose a wireless tracheal sound sensor and to use 
a smartphone application for its interface. Thus, this new system could qualify as a 
good potential tool for simple OSA screening.

6.3  Tracheal Sounds

Tracheal sounds, heard at the suprasternal notch, are a measure of the body surface 
vibrations set into motion by pressure fluctuations. These pressure variations are 
transmitted through the inner surface of the trachea from turbulent airflow in the 
airways, including the trachea, pharynx, glottis, and subglottic regions [19]. The 
vibrations are determined by the magnitude and frequency content of the pressure 
and by the mass, elastance, and resistance of the tracheal wall and surrounding soft 
tissue. Thus, the surface sensor detects tracheal wall vibrations, not regular acoustic 
sounds. This characteristic could be used not only to detect tracheal breathing 
sounds (flow and snoring) but also to record suprasternal pressure, a good surrogate 
for respiratory efforts evaluation [20, 21].

Given the relatively short distance between the sensor and the various sound 
sources in the airways, the tracheal sound intensity is robust enough, even at low 
airflow rates, and an acceptable signal-to-noise ratio can be achieved without the 
use of preamplification. This makes tracheal sounds more sensitive to changes in 
respiratory flow in comparison to lung sounds. In addition, the response 
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characteristics for most sensors are linear over a wide range of frequencies [22]. 
Furthermore, tracheal sounds are better correlated with airflow than lung sounds, 
and if properly processed, they could distinguish inspiration from expiration [23]. 
Compared to lung sounds measured through the chest wall, tracheal sounds are 
often considered as pure and less filtered breath sounds and therefore more useful 
for the study of breathing and the diagnosis of various respiratory disorders, particu-
larly OSA. In addition, the placement of sound sensors at the trachea notch is rela-
tively easy, and the sensors are less likely to be displaced or removed by patients 
compared to other sensors during a recording session, especially for sleep studies. 
However, the quality of the measurement is also influenced by the characteristics of 
the sensor as well as the quality of air tightness between the sensor and the skin. 
Furthermore, only signals with surface wavelength larger than the diameter of the 
tracheal sound sensor could be detected [24]. This makes the tracheal sensors less 
sensitive to ambient noise.

Compared to normal subjects, OSA patients have specific upper airway (UAW) 
characteristic differences, such as higher airway collapsibility and smaller cross- 
sectional area at several levels of the pharynx [25]. The UAW characteristics can 
affect the resonance produced by the UAW onto the tracheal breathing sounds. The 
measurements of tracheal sounds provide valuable information concerning upper 
airways obstruction [25]. Thus, apnea monitoring by simple recording and analysis 
of tracheal sounds is of interest to sleep physicians. Today, most commercial apnea 
monitoring devices include tracheal sound sensors in their systems. However, most 
of these applications use tracheal sounds only for the detection, monitoring, and 
analysis of snoring in general, an indication of upper airway narrowing during sleep.

To our knowledge, the only tracheal sound sensor commercially available for 
sleep studies, that detect apneas and not only snoring, is the PneaVoX®. The com-
pany CIDELEC, France, investigated the recording of tracheal sounds generated by 
breathing and developed the sensor to be used with various PG and PGS systems. In 
1995, a study by Van Surell et al. [26] compared a PG system that uses tracheal 
sounds for detection and classification of apneas, with a routine PSG recording in 
50 patients. They concluded that the PG system with tracheal sound sensor can be 
used to detect severe OSA [26].

6.4  Tracheal Sound Sensors

Like stethoscopes, tracheal sound sensors consist of an acoustic sensor inserted into 
thick protective plastic chamber with thick cuff creating a deep airtight space 
between the transducer and the skin of the patient (Fig. 6.1a, b). The shape and 
dimensions of the chamber must display certain characteristics to assure good qual-
ity of the recorded tracheal sound signal and practicability of the sensor. Usually, 
the cavity has a cylindrical shape, and the skin contact face of the sensor is convex 
so that it fits the curve just above the suprasternal notch. To ensure that the acoustic 
sensor never touches the skin of the patient during recording, the sensor’s cavity 
allows an air gap of 2–3 mm, between the sensor and the contact surface of the 
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chamber. This kind of sensor had been used for the design of sleep apnea recorders 
[29]. Airtightness is crucial to insure insulation against ambient noise, and a double- 
sided ring tape is used to attach the cavity on the patient’s skin. However, during 
recordings, signal saturation may occur since the sensor is air-coupled to the skin by 
a closed cavity. To solve the saturation problem, a calibrated hole at the back of the 
sensor is necessary to decrease the sensitivity of the sensor and increase its low- 
frequency cutoff. The recorded signal is usually amplified, but this amplification 
may not always be necessary given the high intensity of the tracheal sound signals. 
The signal is, however, band-pass filtered to separate high-pitch frequencies of the 
breathing sound from low-pitch frequencies of the snoring sound. Depending on the 
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Fig. 6.1 (a) Diagrams of three different tracheal sound transducers. The MESAM and the old- 
generation PneaVoX transducers only used an acoustic sensor. The new-generation PneaVoX uses 
both an acoustic sensor and a suprasternal pressure sensor. The sensors are inserted in a protective 
plastic housing. These designs ensure an airtight acoustic chamber between the skin and the trans-
ducer. (b) Photographs of three different tracheal sound sensors (1 Reyes et al. [27], 2 PneaVoX, and 
3 El Wali et al. [28]) that have been used in published studies over the past 25 years. (c) Illustrations 
of different methods of attachment to the skin of tracheal sound sensors using a double- faced adhe-
sive tape with or without adhesive bandage over the sensor (Meslier et al. [20] and Yadollahi et al. 
[8]) or a soft elastic band to wrap the sensor around the neck (Nakano et al. [16])
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tracheal sound systems used, the flow sound is usually detected at frequencies 
between 200 Hz and 2000 Hz with an intensity no greater than a certain threshold 
level. On the other hand, the snoring sound is usually detected in a frequency range 
between 20 Hz and 200 Hz with an intensity that exceeds a predetermined threshold 
level. Specific settings for children for filtering ranges and threshold level may 
sometimes be applied. Furthermore, advanced systems, such as the PneaVoX®, use 
a third band-pass filter at a much lower frequency range to extract the suprasternal 
pressure variations that could be used for the detection of respiratory effort and help 
characterize the respiratory events during a sleep study. The signal is then sampled 
and digitized using analog-to-digital converters before analysis. To avoid erroneous 
sampling, a low-pass antialiasing filter is usually used. The choice of the sampling 
rate and the number of bits used for the A/D conversion varies from one system to 
another and depends on the sensitivity and the frequency range of the microphones 
used. However, the signal quality is affected by these choices. Incorrect application 
of the tracheal sound sensor, not ensuring an airtight cavity between the skin and the 
transducer, can also result in poor quality or absence of the signal. The sensor should 
be placed on the skin above the sternal notch and then secured in place using an 
adhesive tape. In addition, some systems use an adhesive bandage over the sensor or 
a soft elastic band to wrap the sensor around the neck (Fig. 6.1c). Correct position-
ing of the transducer right on the sternal notch is an essential element to obtain a 
good quality signal.

Cardiogenic oscillations can sometimes be present and may interfere with the 
breathing sound signal recorded over the tracheal notch. Because the frequency of 
the heart sounds is lower than the tracheal breath sounds, the heart sound signal can 
be filtered out. However, these oscillations are more likely to remain visible on the 
low-frequency suprasternal pressure signal, especially in the absence of effort dur-
ing central respiratory events. Furthermore, the intensity of the breathing sounds 
might vary with the different sleep stages in the same individual and among indi-
viduals of different age and size. These variations may result in shallow breaths 
during regular breathing that are misclassified as hypopneas or apneas. This prob-
lem may be solved by adjusting the gain on the acoustic sensor and by filtering out 
background noise more effectively to optimize the signal-to-noise ratio [10].

For a reliable OSA diagnosis, the tracheal sound sensors should be able to detect 
the respiratory phases as well as detect the complete (apnea) or partial (hypopnea) 
upper airway obstruction during sleep. While few applications use time domain 
visual analysis to process tracheal sound signals, most studies use frequency domain 
automatic analysis.

6.5  Clinical Applications for Sleep Studies

6.5.1  Detection of Events

It has been established that tracheal sounds correlate well with respiratory flow and 
could be used to estimate airflow. Several features of respiratory sounds have been 
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investigated to find a model that best describes flow-sound relationship [30–33]. 
Yadollahi et al. [34] examined the relationship between respiratory flow measured 
using a pneumotachograph (PNT) and four features of tracheal sound evaluated at 
inspiration and expiration with variable flow rates. These features were average 
power, logarithm of the variance, logarithm of the range, and logarithm of the enve-
lope of tracheal sound. A linear model at each flow rate was fitted to each feature 
and to the reference PNT flow. The results showed that the flow-sound relationship 
is described best with the logarithm of the variance feature as it changes linearly 
with the changes of the PNT flow signal. However, in terms of the average values of 
different features in the time domain, the study showed that average values of vari-
ance and envelope of tracheal sounds correlate better with the PNT flow at different 
rates, while average power values present a nonlinear variation at higher flow rates 
[34]. Regardless of the proposed analysis, to provide easily interpretable signals, 
breathing sound flow must display a reliable respiratory cycle delimitation (Fig. 6.2). 
Therefore, it is important to automatically detect inspiration/expiration phases. 
Different envelope detection techniques, such as Hilbert transform, have been used 
for the detection of tracheal sound breathing cycle delimitation [32, 34], and breath-
ing cycles could be divided into four different phases: inspiration, inspiratory pause, 
expiration, and expiratory pause [32]. In another study, Sierra et al. [35] developed 
a method that combined the sound envelope and the frequency content for an auto-
matic estimation of respiratory cycles using tracheal sounds. Evaluated against 
pneumotachometer measurements and then compared with the respiratory rate 
manually counted by a respiratory technician, their algorithm had a high perfor-
mance [35]. Respiratory cycle phases could easily be detected from lung sounds 
because of the significant intensity difference between inspiration and expiration 
[36–39]. Some studies proposed the use of lung sounds as a secondary channel to 
determine the subject’s respiratory phases or simply assumed respiratory phases to 
be alternating. For instance, Chua et al. [38] used the average power spectrum of 
respiratory signal and the difference between average tracheal power spectrum and 
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Fig. 6.2 Automatic breathing sound respiratory cycle delimitation using envelope detection tech-
niques. The beginning and the end of inspiration and expiration are properly detected and corre-
spond well to the respiratory cycle delimitation on the nasal pressure signal
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chest wall signal to detect respiratory phases. However, for tracheal sounds, the 
intensity is not only related to the airflow but also to the UAW characteristics. For 
the same airflow, the higher the UAW resistance, the higher the intensity during 
either inspiration or expiration is [38]. The biggest challenge in detecting respira-
tory phases with tracheal sounds only is when complete obstruction, such as during 
apneas or swallowing, occurs within a respiratory cycle. In a recent study, Huq et al. 
[40] proposed a reliable method that identifies respiratory phases even when regular 
breathing pattern is disturbed by swallowing or apnea events. The method was 
tested on 93 healthy subjects and used several breathing sound parameters (dura-
tion, volume, and shape of the sound envelope) to differentiate between inspiration 
and expiration. Their method requires only one prior and one post breathing sound 
segment to identify the respiratory phases [40]. These studies showed that detection 
of respiratory phases using tracheal sounds is possible. Thus, the breathing sound 
signal could be used as any other flow signal for the analysis of respiratory events 
during sleep.

Apneas are defined as sleep-related events where respiratory flow is reduced by 
more than 90% of the reference value for at least 10 s [1]. They are easily detected 
using periods of tracheal sounds with the same reduction in the corresponding respi-
ratory signal (Fig. 6.3). Hypopneas are sleep-related events where respiratory flow 
is reduced by more than 30% with associated oxygen desaturation of more than 3% 
and/or arousal [1]. The shallow breathing during hypopneas (Fig. 6.4) can be com-
bined with snoring, which indicates partial obstruction in the upper airways. These 
situations are different for each subject and may change for the same patient depend-
ing on body position and sleep stage. Thus, compared to apneas, detecting hypop-
neas using tracheal sounds is more difficult. However, many tracheal sound 
automatic analysis techniques have been developed using either time domain or 
frequency domain exploration of the tracheal sound signals. Spectral analysis and 
variations of tracheal breathing sound intensity, as well as snoring sounds, correlate 
with respiratory events [5–8, 12, 14].
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Fig. 6.3 Detection of a 
central apnea using 
tracheal sounds. Apneas 
are characterized by the 
absence of the tracheal 
sound signal or the 
reduction of its 
amplitude by more than 
90%. However, choking 
sounds can be present 
during obstructive 
apneas, but no 
respiratory cycle is seen 
during these events
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Penzel et al. [41] proposed one of the first ambulatory recording (MESAM) sys-
tems using a combination of heart rate and snoring analysis to detect sleep-related 
breathing disorders. They first used a two-channel recorder with a laryngeal micro-
phone and ECG electrodes [41]. A four-channel recorder was developed later with an 
additional oximeter and a small position sensor. Using filtered breathing sounds with 
the low-frequency component and the total sound volume, both systems could dis-
criminate between frequencies associated with snoring and those related to other 
breathing sounds. An automatic analysis algorithm was developed. Using the recorded 
data combined with an apnea symptoms questionnaire, the MESAM system proved to 
be valuable in clinical practice with more than 10,000 recordings during 6 years. The 
clinicians could establish the diagnosis of OSA in the recorded patients or determine 
if further examinations were needed for the diagnosis [29, 41]. Later the system 
evolved to the Poly-MESAM and the Micro-MESAM, still used under the name 
Apnealink. However, those systems did not analyze tracheal sounds any longer.

Kulkas et al. [42] used a temporally detailed analysis of the spectral morphology 
of the tracheal sound signal to develop a tracheal sound feature for separation of 
apneas from normal breathing or snoring sounds. For two frequency ranges from 0 
to 50 Hz and 50 to 600 Hz, the sum of the amplitude spectrum was calculated and 
then passed through three types of smoothing filters (mean, median, and maximum) 
to decrease their local oscillation. The separation feature was defined as the ratio of 
the smoothed amplitudes of the two frequency ranges and was designed to range 
from 0 to 1 regardless of tracheal sound amplitudes. The tracheal sound signal 
amplitudes vary depending on the subjects and sometimes on the system used. 
Therefore, the proposed amplitude-independent method is more reliable for apnea 
analysis [42].

Yadollahi et al. [43] developed an automatic acoustic method to detect apnea and 
hypopnea events using only tracheal respiratory sounds and SpO2. Tracheal respira-
tory sounds were automatically segmented to sound and silent segments. Sound 
segments were classified into breathing, snore, and noise segments. Their method 
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was evaluated on 40 patients recorded simultaneously with tracheal sound monitor-
ing and full-night PSG study. They showed high correlation (96%) of tracheal sound 
analysis with PSG results, and the method performed well in differentiating simple 
snorers from OSA patients [43].

Other techniques, such as compressed tracheal breathing sound analysis, have 
been used to screen for sleep-disordered breathing. Original sounds were com-
pressed using minimum and maximum values of consecutive non-overlapping seg-
ments of the recordings. These compressed new traces were divided into plain, thin, 
and thick signal periods. Visual analysis, as well as automatic analysis with nonlin-
ear filtering of compressed tracheal sounds, seemed to provide an effective tool for 
screening for obstructive apneas and hypopneas during sleep [44, 45].

Sanchez et  al. [46] studied the characteristics of flow-standardized tracheal 
sounds in children and adults and the possibility of a correlation between tracheal 
sound spectra and body length. They found that children had significantly louder 
sounds and that tracheal sounds at a given flow had higher frequency components in 
children than in adults depending on body length. These findings suggest that sound 
characteristics are the result of resonance, which depends on upper airway dimen-
sions. Thus, tracheal sounds may be used as noninvasive method to study abnor-
malities of the UAW [46].

In a later study, Yadullahi et  al. [47] investigated the significance of different 
anthropometric features on the flow-sound model parameters. They compared flow- 
sound relationship in 93 non-OSA subjects during wakefulness and a group of 13 
matched OSA patients and examined the flow-sound relationship in OSA patients 
during wakefulness and sleep. For non-OSA awake individuals, gender, height, and 
smoking were the most significant factors related to flow-sound model parameters. 
For OSA patients, age, gender, and height are major factors contributing to narrow-
ing, increased resistance and collapsibility of the UAW by altering UAW length, 
wall thickness, and cross-sectional area [47]. These findings led to other studies 
using tracheal sounds analysis during wakefulness to predict OSA [48–52]. This 
suggests that OSA patients exhibit narrow UAW during wakefulness that modulates 
breathing sounds characteristics.

Using computed tomography, Heo et al. [48] have confirmed that there is a 
significant correlation between the AHI and the UAW minimal cross-sectional 
area, both during sleep and wakefulness [48]. Formant frequencies of speech, 
snoring, and nocturnal breathing sound allow the identification of OSA of dif-
ferent degrees of severity [9]. Sola-Soler et  al. [53] showed that severe OSA 
patients could be identified during wakefulness by using information provided 
by formant frequencies of tracheal breathing sound. They studied several for-
mant features, as well as their variability. Compared to severe OSA patients, 
mild OSA patients had distinctive formant characteristics in specific frequency 
bands. Used in combination with other clinical parameters such as the BMI, 
breathing sound intensity, and airway pressure, these formant features provided 
classification of OSA subjects between mild-moderate and severe groups with 
sensitivity, specificity, and accuracy up to 88.9%, 84.6%, and 86.4%, respec-
tively [53].
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In two separate studies, Montazeri et al. [51, 52] used tracheal sounds to screen 
for OSA during wakefulness. In the first study, the tracheal breathing sound was 
recorded in supine and upright positions with the subjects breathing exclusively 
through their nose or exclusively through their mouth. The power spectrum density 
of the tracheal breathing sound signal in each respiratory phase was calculated and 
averaged over the breaths. Extracted spectral features showed characteristics that 
could easily discriminate OSA patients from control subjects. This method provides 
a reliable screening tool for OSA diagnosis during wakefulness [51]. In the second 
study, the same posture and breathing maneuver were used on 35 apnea patients and 
17 control subjects. In addition to the power spectrum analysis, Kurtosis and Katz 
fractal dimension of the signals were calculated. Using these advanced signal pro-
cessing techniques, three features were extracted from the tracheal sound signal in 
different body positions and could be used as a reliable screening tool for OSA and 
in predicting its severity during wakefulness. The results of this study open the pos-
sibility for future clinical validation of a reliable, fast, simple, noninvasive, and 
inexpensive screening tool for OSA during wakefulness [52].

Sultanzada et al. [54] examined the UAW resistance variability from inspiration 
to expiration during wakefulness as a predictor of OSA. To estimate UAW resis-
tance changes, tracheal breathing sounds and airflow were simultaneously recorded 
during PSG recordings with 15 individuals in three groups of mild, moderate, and 
severe OSA during wakefulness, in supine position. Due to the lack of upper airway 
muscles patency to dilate the airway constantly, UAW resistance during the active 
process of inspiration is expected to show more variability when the airways are 
narrower and more collapsed. UAW resistance variability within a breathing phase 
was shown to have a different pattern of change from inspiration to expiration in 
individuals with various level of OSA severity during wakefulness [54].

In a recent study, Al Wali et al. [28] used tracheal breathing sound spectra analy-
sis for characterization of airways structure during wakefulness and daytime screen-
ing for OSA. They extracted physiologically meaningful features from the breathing 
sounds spectral patterns that correlated well with AHI. Based on these features, they 
developed a new reliable and fast algorithm that accurately separates OSA from 
non-OSA subjects. While this method has not been clinically validated for OSA 
diagnosis, this tool could be used for a quick and reliable screening of patients, prior 
to a surgery requiring full anesthesia, for instance [28].

6.5.2  Characterization of Events

For the snoring sound analysis, Azarbarzin et al. [55] showed in a study with 50 
snorers that the ambient snoring sounds (SS) are not as characteristic as tracheal 
snoring sounds. The signal-to-noise ratio and the power of the signal are much 
higher with tracheal sounds, providing a better ability to distinguish between regu-
lar SS and SS in apneic patients [55]. Apneic SS have different acoustical properties 
than regular SS segments [56]. Apneic SS are characterized by the lower central 
tendency measure, lower skewness, and lower first formant frequency. These 
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characteristics were not easily detected with ambient microphones, which could 
only detect one type of snoring and were unable to detect the acoustical property 
changes of SS in relation to OSA. For better analysis of snoring sounds, the place-
ment of the sensor on the suprasternal notch is recommended [45]. Snoring sound is 
also useful for the characterization of hypopneas. The AASM suggests classifying 
hypopneas as obstructive, if snoring is detected during the event [1]. Furthermore, 
the presence of snoring can help to avoid misclassifying hypopneas as apneas when 
the magnitude of airflow reduction is overestimated due to nasal obstruction or poor 
positioning of the nasal cannula. However, it is possible to have another type of 
noise during apneas, known as “choking sound,” which is induced by intense respi-
ratory effort with a slight, transient reopening of the UAW during obstructive 
apneas. Scorers need to be careful not to confuse this choking sound with snoring 
sound.

In a recent study, Sabil et al. [57] used spectral analysis of tracheal sounds to 
detect choking sounds (CS) from the intermittent (during apnea) or permanent (at 
the end of apnea) clearing of the temporary UAW occlusion. The study aimed at 
establishing a link between the characteristics of CS and the nature of apneas char-
acterized using PSG with RIP belts and suprasternal pressure signals. They charac-
terized mixed or obstructive apneas by the presence of CS and central apneas by the 
absence of CS. The CS were characterized by the mid-inspiration snoring spectrum 
that could occur in any hyperventilation following the apnea. They showed that 
choking sounds (Fig. 6.5), at the end of apneas and sometimes during apneic events, 
correctly characterize obstructive events. During central apneas, these CS are 
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Fig. 6.5 Choking sounds during an obstructive apnea with inspiratory resumption sound and 
snoring amplification after the obstructive event. Note the absence of respiratory cycles during the 
event
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absent. In addition, this study showed that the spectrum of CS is different than that 
of snoring, which confirms the role of efforts that generate CS during resumption of 
ventilation [57].

Racineux [58] examined the acoustic energy of tracheal breathing sounds in 
patients with increased UAW resistance. He observed a significant correlation 
between the acoustic energy ratio Ei/Ee (Ei, inspiratory energy, and Ee, expiratory 
energy) and increased UAW resistance, regardless of the presence or absence of 
snoring. When airflow passes through UAW without any resistance, flow sound 
intensity increases throughout inspiration and then throughout expiration, and the 
energy ratio Ei/Ee remains stable. Acoustic intensity increases with friction. With 
UAW resistance, friction increases and so does flow sound intensity. The energy 
ratio Ei/Ee increases with increased inspiratory UAW resistance (Fig. 6.6). Thus, 
the variation of the acoustic energy ratio Ei/Ee is a good indicator of UAW resis-
tance evaluation [58].

The analysis of tracheal sounds may provide an easy and reliable tool for the 
detection of respiratory events during sleep. So far, most studies of tracheal and 
snoring sounds have mainly concentrated on automatic detection of apnea and 
hypopnea events and did not use tracheal sounds for events characterization, which 
is crucial for correct diagnosis. Three types of apneas are distinguished: obstructive 
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Fig. 6.6 When airflow passes through the UAW, flow sound intensity increases throughout inspi-
ration and then throughout expiration. Acoustic intensity also increases with friction. With UAW 
resistance, friction increases and so does flow sound intensity. The PneaVox energy ratio Ei/Ee 
increases with increased inspiratory UAWR
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apneas are defined as apneas with constant or increased respiratory efforts. In the 
absence of respiratory efforts, apneas are central, and if the event starts as central 
but respiratory efforts resume during the event, the apnea is mixed [1]. To distin-
guish between obstructive, central, and mixed apneas, in addition to flow measure-
ment for detection of events, recording of the inspiratory effort during sleep is 
needed. In addition to the low-pitch snoring sound signal and the high-pitch breath-
ing sound signal that can be extracted at different frequency bands from a raw tra-
cheal sound signal, a non-audible much lower frequency signal corresponding to 
suprasternal pressure (SSP) can also be derived by means of band-pass filtering. 
This signal corresponds to pressure variations induced by respiratory efforts. The 
patient’s respiratory efforts cause variations of pharyngeal pressure which induce 
pressure variations in the tracheal sound sensor chamber. These pressure variations 
are measured through movements of the skin in contact with the sensor at the sternal 
notch. SSP enables the characterization of an apnea as obstructive, central, or mixed 
[20, 21, 59]. Figure 6.7 shows an example of obstructive apnea (a) with persistence 
of respiratory efforts, a central apnea (b) characterized by the absence of respiratory 
efforts, and a mixed apnea (c) where respiratory efforts are absent at the beginning 
of the event and resume before the event finishes. In the absence of respiratory 
efforts, the RIP signals as well as the SSP signal can be reduced to a higher fre-
quency cardiogenic oscillations (Fig.  6.8) compared to during respiratory efforts 
characterized by a lower frequency respiratory oscillations. The scorers must not 
interpret these cardiogenic oscillations as the presence of respiratory effort. In a 
study that used visual analysis of tracheal sound signals, Meslier et al. [20] showed 
a good correlation between the analysis of SSP and Pes signals in the measurement 
of respiratory effort for apnea classification. The PG system CID102 with an 
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Fig. 6.7 Examples of the three types of apneas: obstructive apnea (a) with persistence of respira-
tory efforts, a central apnea (b) with absence of respiratory efforts, and a mixed apnea (c) where 
respiratory efforts are absent at the beginning of the event and resume before the event finishes. 
The respiratory efforts evaluated with the suprasternal pressure are confirmed on the RIP signals 
as well as on the esophageal pressure, the gold standard method for effort detection
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acoustic sensor was used in this study [20]. The acoustic sensor was placed over the 
trachea on the sternal notch, which enables the recording of suprasternal inspiratory 
pressure related to inspiratory effort, but also of tracheal sounds and snoring. The 
SSP has a good sensitivity (99.4%) and specificity (93.6%) for the visual evaluation 
of respiratory efforts in adults when compared to esophageal pressure. Measurement 
of SSP is recommended for the classification of apnea events with a level III of 
evidence in France [60]. However, due to the nonlinear nature of the microphone 
used in this study, there were some limitations to this approach, especially for cor-
rect intrathoracic pressure detection. The abovementioned PneaVoX® (Cidelec, 
France), a combination of a pressure transducer and a microphone in one device 
(Fig. 6.1a) also placed on the suprasternal notch, was developed. In a recent study, 
Amaddeo et al. compared the PneaVoX® sensor to the sensors recommended by the 
AASM, oronasal thermal sensor and RIP belts, for the characterization of sleep 
apneas in children in 20 patients. Compared to the usual recommended polygraph 
sensors, the PneaVoX sensor has a high degree of scorability in children, and it is a 
useful tool for characterizing apneas in children [21]. In another recent study, Penzel 
et al. [59] showed that the evaluation of respiratory effort in sleep apnea patients, 
using suprasternal pressure (SSP) recording, gives reliable differentiation between 
obstructive and central apneas. The study was conducted on 34 patients and com-
pared the classification of apneas with the SSP to the RIP belts. In addition, esopha-
geal pressure (Pes) was measured for nine patients as well. Apnea classification 
with SSP correlated well with the Pes and the RIP reference methods [59].

All these studies show already that tracheal sounds, recorded with appropriate 
sensors, being more than simple microphones, are able to pick up breathing and 
snoring and intrathoracic pressure variations. These three parameters are important 
in the diagnosis and classification of sleep disordered breathing. These parameters, 
even if they are not defined in the international manual for the recording and scoring 
of sleep studies [1], are recognized and are currently used for diagnostic studies in 
home sleep studies for sleep-disordered breathing. Some aspects, such as the recog-
nition of respiratory events, are well validated. Other aspects, such as the 

PWA

Sound signal envelope

Tracheal sound

Suprasternal pressure

Thermistance

Nasal flow

10 sec

Fig. 6.8 Example of 
cardiogenic oscillations. 
In the absence of 
respiratory efforts, the 
tracheal sound signal is 
absent or reduced to 
cardiogenic oscillations. 
These oscillations are 
clearly seen on the 
suprasternal pressure 
signal because of its 
lower-frequency range

T. Penzel and A. Sabil



99

recognition of intrathoracic pressure changes, are currently estimated and certainly 
need more validation studies compared to esophageal pressure recordings in order 
to determine their use and their limitations in distinguishing obstructive and central 
respiratory events. Definitely using tracheal sound recording and analysis can be a 
good and validated substitute for respiratory flow according to SCOPER criteria. 
SCOPER criteria require the recording of respiratory effort as well. Usually this is 
done by RIP. The PneaVoX sensor provides a substitute for respiratory effort accord-
ing to SCOPER criteria. However, more studies are needed to prove the validity of 
this substitute.

6.5.3  Other Uses

In addition to their ability to detect respiratory efforts and characterize apnea, tra-
cheal sound sensors can also detect oral breathing (Fig. 6.9). Oral breathing detec-
tion is important in sleep studies, and the AASM recommends their detection with 
thermistors. During oral breathing, the nasal pressure signal is null, and the thermis-
tor signal detects respiratory variations. In some cases, patients inhale through their 
nose and exhale through their mouth or vice versa. In these situations, the use of 
nasal pressure alone to evaluate the respiratory flow may result in false detection of 
apneas. During a sleep study, tracheal sound sensors could be used as adjunct air-
flow sensors to reliably detect mouth breathing. Given that they are taped right on 
the sterna notch, in comparison to the placement of the oronasal thermistors, the 
tracheal sound sensors are less likely to be displaced or removed by the patient dur-
ing a sleep study recording. There is however no study to date evaluating the reli-
ability of tracheal sound analysis to detect oral breathing.

Sound signal

Tracheal flow

Thermistance

Oral expiration

Nasal flow

Tho/Abd

Fig. 6.9 Detection of 
oral breathing using 
tracheal sounds. During 
expiration, the nasal 
pressure signal is null, 
while the sound signal 
remains present. The 
oral expiration detected 
by the tracheal sound 
signal is confirmed by 
the thermistor signal 
which shows respiratory 
variations
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Catathrenia is a rare condition characterized by infrequent groaning sounds and 
prolonged expiration that occur mainly during REM sleep [61]. Several studies have 
focused on the analysis of the sound and compared the results with snoring [62–65]. 
Iriarte et al. [65] analyzed the sound of catathrenia to characterize the origin of its 
sound. They compared catathrenia sounds recorded in two patients (one female) 
with snoring. Spectral analysis and oscillogram were used, and the sounds were 
classified according to the Yanagihara criteria [66]. Both sounds had formants, but 
catathrenia had harmonics and a very short jitter which were not found in snoring 
sounds. They established that catathrenia sound is laryngeal but could not be classi-
fied as expiratory snoring [65]. None of the previously published studies measured 
the catathrenia sounds at the tracheal notch, and this is probably the reason why the 
characteristics of the sounds vary among the studies. However, preliminary data 
from an ongoing study have shown that tracheal sound recordings provide acoustic 
information about catathrenia (Fig. 6.10) [67].

 Conclusion
While tracheal sounds have been the subject of many research studies, we only 
presented in this chapter some of the original work that we thought was promis-
ing and relevant to upper airways obstruction during sleep. Tracheal sound sen-
sors offer simple and noninvasive measurements and are more reliable compared 
to other breathing sensors. The development in acoustic processing techniques 
and the enhancement of tracheal sound signals over the past decade have led to 
both improved accuracy and clinical relevance of the diagnosis based on this 
technology. Past and current research suggest that they may have a significant 
role in the diagnosis of OSA.

In conclusion, associated with appropriate signal processing techniques, tra-
cheal sound transducers could be used as threefold sensors: a snoring monitoring 
sensor, an oronasal respiratory flow sensor, and a respiratory effort monitoring 
sensor. Tracheal sound analysis is a reliable method to study the pathophysiology 

Nasal flow

Episodes of catathrenia

Tho/Abd

Snoring

Sound signal envelope

Tracheal sound signal

Fig. 6.10 A typical detection of catathrenia by the PneaVoX. Deep inhalation followed by a pro-
tracted exhalation. Catathrenia has a respiratory pattern that may mimic central apnea, but during 
which groaning sounds are produced, usually lasting much longer than regular snoring
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of the upper airway. It could be used as an adjunct tool in sleep study systems to 
detect breathing and snoring sound segments and estimate the respiratory cycle 
delimitation. It provides important physiological information about UAW nar-
rowing and collapsibility that could be used to detect and characterize respiratory 
events during sleep. The tracheal sound complementarity with the routine PSG 
sensors makes the OSA diagnosis more reliable. In addition to their relevance 
during sleep, tracheal sounds could also be used as a screening tool for prediction 
of OSA during wakefulness. Added to the AASM-recommended sensors, the 
tracheal sound technology can improve detection of sleep-disordered breathing 
during sleep studies.
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7Sound Transmission Through 
the Human Body

Steve S. Kraman

7.1  Introduction

Many parts of the human body have been probed by acoustic techniques. Ultrasound 
has been used to image the heart, blood, blood vessels, abdominal and pelvic organs, 
and the developing fetus, and it has been developed into a mature technology used 
in nearly every hospital and many clinics. There has also been some interest in ana-
lyzing the sounds made by the gastrointestinal system and various joints. 
Nevertheless, this is a chapter in a book on breath sounds, so I will focus narrowly 
on the acoustics of the respiratory system.

The acoustic terrain of the respiratory system is a complicated and messy place. 
Different lung sounds are produced in different locations within the tracheobron-
chial tree or lung parenchyma and take a variety of routes to get to the chest wall 
where they can be detected. In doing so, they traverse a variety of biological tissues 
of diverse thickness, density, and compressibility that all influence sound speed and 
may favor passage of certain acoustic wavelengths while impeding others. Of course 
none of this was known when Laennec invented the stethoscope and came up with 
the first comprehensive description of lung sounds and their association with spe-
cific diseases [1]. Had he known in advance how acoustically complicated the respi-
ratory system is, he may have thought better of his plans and found an easier way to 
pass the time. However, despite his ignorance about what lay beneath his stetho-
scope, he was nevertheless able to use audible pattern recognition together with his 
long experience in personally performing autopsies on his own patients to produce 
a schema that provided valuable diagnostic information and continues to be used 
effectively today, nearly 200 years later by most clinical practitioners around the 
world. In fact, the only substantial changes that have been made to Laennec’s diag-
nostic descriptions are in nomenclature, a remarkable legacy. This is even more 
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amazing as it could be stated that few twenty-first century practitioners understand 
the acoustics of the respiratory system any better than did Laennec. Rather, they, 
like he, just associate certain sounds with certain diseases, as they have been taught 
in their medical training.

Several of these sounds have been long associated with significant changes in 
acoustic transmission through parts of the respiratory system and are still in use 
today although much less commonly than in past decades. There are different per-
cussion notes (flat, dull, resonant, hyperresonant), changes in the character of the 
transmitted voice (pectoriloquy, egophony), the rarely used coin test, and sternal 
percussion. All are more or less poorly defined and lack much scientific scrutiny. 
Nevertheless, in skilled hands, some of these signs effectively identify pathology 
that can later be proven by subjecting the patient to modern imaging techniques.

Over approximately the last 50  years, new acoustic analysis techniques and 
instrumentation have been used to better describe lung sounds and to try to deter-
mine how they are made and how they reach the chest wall. Although some may not 
agree, I would argue that the most important conclusion that has emerged from this 
half-century of research was the revelation of the enormous acoustic complexity of 
the respiratory system. Researchers have worked out parts of the puzzle regarding 
both generation and transmission of sound through the respiratory system, but few 
would argue that most of the mysteries remain unsolved. This is true because of the 
complexity of the problem and in significant part because other medical technologi-
cal advances have attracted the majority of government and industry interest as well 
as the limited financial resources needed for research. The effort to improve the 
understanding of the physiology underlying a 200-year-old technology is not on an 
equal footing with the development of new and often amazing developments such 
as computed tomography, ultrasonography, and magnetic resonance imaging. 
Nevertheless, a substantial amount of research has been carried out over the past 
50 years and has given us new insights into the respiratory system and what can be 
understood through the investigation of its acoustic properties. This should not be 
ignored as the technology that Laennec first invented remains useful, available, 
cheap, and readily at hand at a moment’s notice.

Other chapters of this textbook will deal with what is known about the produc-
tion of lung sounds, both normal and abnormal. However, since transmission of 
lung sounds is critically dependent on the location of the structure producing the 
sound and of the position of the sound detector, something should be said about 
which structures produce the sounds that we are interested in. Our knowledge about 
this is incomplete. Normal lung sounds are thought to be produced in the medium- 
sized airways, probably centered at the lobar and segmental airways. Sounds heard 
high-up on the anterior chest wall are probably produced at least in part, in the tra-
chea or perhaps even the larynx. Wheezes and rhonchi are likely produced in smaller 
airways although this could be variable and, to my knowledge, has not been firmly 
established. Fine crackles appear to be produced in the most peripheral airways of 
the lung, usually immediately underlying the pleura, whereas coarse crackles are 
probably produced more proximally although exactly where is uncertain. These dif-
ferent locations of sound producers determine how much of the lung is traversed by 

S. S. Kraman



107

the sound. Transmission paths may involve primarily airway or parenchyma or 
combinations that are poorly defined and difficult to investigate. Multipath trans-
mission and reverberation occur in many acoustic environments and can complicate 
analysis as well. In addition, for all usual clinical situations, sound must also pene-
trate and traverse the chest wall which is made up of varying substances with differ-
ent acoustic characteristics. The thickness of the chest wall varies from location to 
location and varies even more among different persons.

This chapter will deal exclusively with transmission of sound through the respi-
ratory system. By this I mean both sounds that are produced within the respiratory 
system and those that are introduced, as a probing device, from outside of it but not 
including ultrasound which, by its nature, is of no value in penetrating air- containing 
tissue.

7.2  Transmission of Artificial Sound Introduced into 
the Airway

One of the earliest studies of sound transmission from mouth-to-chest wall was car-
ried out by Ploy-Song-Sang et al. [2]. They placed microphones on the chest of the 
subjects at four anterior locations, apex to base on each side of the sternum in the 
midclavicular line. They recorded lung sounds as well as transmitted band-limited 
white noise (150–350  Hz) in the subjects in supine and upright positions. 133Xe 
ventilation scans were also performed. Then, the transmitted sound data was used to 
adjust for lung sound amplitude, and the resulting compensated breath sound distri-
bution pattern was compared with the 133Xe ventilation scans. They found their 
compensated breath sound index to better match the ventilation scan pattern than 
did the raw lung sounds in both postures suggesting that this acoustic technique 
could perhaps supplant ventilation scans that use radioactive gases.

Kraman and Austrheim [3] examined the relationship between naturally occur-
ring lung sounds and transmitted sound of similar frequency composition intro-
duced at the mouth. Unlike the study of Ploy-Song-Sang et al. [2], they mapped the 
sounds apex to base bilaterally, front and back in 2-cm increments. Their sound 
amplitude maps revealed maximal lung sound amplitude at the anterior apices bilat-
erally in a pattern similar to the transmitted sound. Posteriorly, the transmitted 
sounds were also at a maximum near the apices, whereas the lung sounds were loud-
est at the bases. In all cases, the transmitted sounds were of greater amplitude on the 
right side, whereas the lung sounds were roughly symmetrical. In a secondary 
examination of one upright subject, the investigators mapped lung sounds and trans-
mitted sounds in a band encircling the upper chest. They found that the two sound 
patterns were quite distinct with the loudest lung sounds on the left and transmitted 
sounds on the right side (Fig. 7.1). As all sounds were recorded at the same horizon-
tal level, no gravitational gradient could have caused these discrepancies. The 
authors surmised that much of the sound introduced at the mouth exits the trachea 
at the right side of the mediastinum where the tracheal wall directly abuts the pleura 
and thereby directly couples to the parenchyma, bypassing the airways and making 
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mouth-to-chest wall transmitted sound unlikely to correct for distribution of 
ventilation.

In a subsequent study [4], Fiz et al. confirmed similar asymmetry of naturally 
produced lung sounds (left > right) in subjects studied in sitting, supine, prone, and 
lateral decubitus positions with little change among them.

Wodicka and colleagues [5] studied the pattern of transmitted sounds through the 
lungs of healthy men over six posterior chest wall sites within three different fre-
quency bands (100–600 Hz [low], 600–1100 Hz [mid], and 1100–1600 Hz [high]). 
They found a right-to-left dominance of transmission as Kraman and Austrheim had 
previously reported [3] but only in the low-frequency range. For the mid- and high- 
range sounds, there was no lateral dominance at all. This suggested more airway- 
borne transmission and less coupling of the sound to the airway wall at these higher 
frequencies.

Rice and colleagues have investigated transmission of sound through animal 
lungs, both airways and parenchyma. In a pivotal study [6], Rice measured the 
speed of audible, high-frequency sounds (>10 kHz) produced by a spark gap placed 
within a catheter in the trachea. The sound was limited at the receiving end to a band 
between 10 kHz and 20 kHz. This is a frequency range much higher than that of any 
naturally occurring lung sounds or that had been studied by others using transmitted 
sounds [2, 3, 5]. Rice measured the acoustic velocity of transmission (spark to lung 
surface) to be 349 m/s and found it to be dependent on lumen gas composition, 

Fig. 7.1 Lung sound (LS) and transmitted sound (TRANS) maps recorded at a horizontal line 
encircling the chest at the level of the third thoracic vertebra in a standing subject. The length of 
the straight lines radiating from the chest is proportional to sound pressure measured at that point. 
Note the position of the trachea in direct contact with the medial aspect of the right lung. R right, 
L left, T trachea, ST sternum, SC scapula, SP spine [3]. Reprinted with permission of the American 
Thoracic Society. Copyright 2016 American Thoracic Society. The American Journal of Respiratory 
and Critical Care Medicine is an official journal of the American Thoracic Society
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temperature, and mean flow speed. This is virtually the same as the speed of sound 
through air. It was insensitive to cross-sectional area and shape, flow profile, trans-
pulmonary pressure, and lung volume. Rice theorized that the composition of the 
airway walls was apparently unimportant as the airway tissue is acoustically rigid at 
these high sound frequencies. At frequencies at and below 1000 Hz where virtually 
all lung sounds (normal and abnormal) reside, airway walls appear to interact 
strongly with the vibrating air column resulting in a much slower sound speed.

Rice [7] also examined acoustic transmission through lung parenchyma alone by 
measuring sound speed through individual lobes of excised horse lungs. He used a 
spark gap as a broadband sound source and detected the sound with a microphone 
on the opposite side of the lobe. He further examined the effect on sound speed of 
using gasses of different densities (air, helium, and sulfur hexafluoride) and at ambi-
ent pressures of 0.1–7  atm. He found that despite the input frequency range of 
5–30,000  Hz, the lung passed only frequencies between 100 and 1000  Hz. The 
measured trans-lobar speed was much slower than sound in air (30–60 m/s, ~20% 
sound speed in air), was minimally affected by gas composition, and varied with 
ambient pressure in a manner suggesting that the factor most responsible for sound 
speed limitation was volumetric stiffness of the lung tissue.

Rice and Rice [8], having demonstrated the wide differences in sound speed 
between airway sound and parenchymal sound, measured sound speed from the 
trachea to pleura in five excised horse (and one dog) lungs. The sound source was a 
square wave pulse delivered by a wide frequency driver delivering an acoustic fre-
quency range of 200–8000 Hz. They found that the frequency of peak transmission 
averaged 252 Hz and that the dominant mode of transmission was through the air-
ways as gas density (helium, air, carbon dioxide, and sulfur hexafluoride) affected 
the speed although not as much as expected in total air transmission. They found no 
evidence of surface or longitudinal waves. The exact point at which sound passed 
from the airway to the parenchyma was uncertain, but measurements of the first 
waves to reach the pleura suggested that about 90% of the transit was within the 
airways.

Kraman [9] attempted to measure the speed of band-limited sound in the fre-
quency range of normal lung sounds (125–500 Hz) through the respiratory system 
from the upper trachea-to-chest wall in five healthy human subjects. This was done 
after breathing both air and a mixture of 80% helium in 20% oxygen (heliox). 
Transit times varied from 2 ms in the upper chest to 5 ms at the lower chest, giving 
an approximate sound speed of 30 m/s. When heliox was breathed, the sound speed 
increased by only 10% suggesting that gas transmission through airways was a 
minor component of the transmission route. The findings were also consistent with 
Rice’s previous conclusions regarding sound speed limitation by the volumetric 
stiffness of the gas-filled lung tissue.

Mahagnah and Gavrieli [10] attempted to clarify the discrepancy between Rice 
[8] who found clear-cut dependence of transpulmonary transit time on gas density 
and previous studies that found minimal dependence [3, 7]. Mahagnah and Gavrieli 
measured mouth to upper and lower chest wall transmission time of sound with the 
subjects breathing air or heliox. They reported average transit times of 1.5 ms at the 
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apex and 5.2 ms at the base that was similar to what has been previously reported 
[3, 7, 9] for low-frequency sound (<~500 Hz). They also found no effect of gas 
density on the transit time. They were unable to explain the marked density- 
dependent transit time found by Rice [8]. However, it must be recognized that mea-
suring sound transmission from mouth-to-chest wall in an intact human as these 
studies have been usually done is fundamentally different than transmission from 
trachea to lung surface in an excised horse lung. In the excised lung, there is no 
direct contact between the trachea and lung parenchyma as exists in an intact human. 
As previously mentioned, the likely coupling of low-frequency sound energy from 
the tracheal wall to the parenchyma probably shortens the path of the transmission 
through the airway lumen. Regarding their findings in the excised lung, Rice and 
Rice state in their discussion “this result applies only to the fastest mode(s) of trans-
pulmonary sound. There may be found in the larger airways more energetically 
favorable points of sound transfer from the airway to the parenchyma” [8]. There is 
also the matter of interaction with the chest wall that will be discussed in the follow-
ing section of this chapter. Its effect on mouth-to-chest wall sound transmission is 
not at all defined.

Bergstresser and colleagues carried out a study of trachea-to-chest wall sound 
transmission [11] in 12 intact human subjects using the stethographic multichannel 
lung sound analyzer that permits simultaneous acquisition of sound at 14 posterior 
chest wall locations as well as the trachea. They used the cross-correlation tech-
nique to measure transit times at lung volumes ranging from total lung capacity to 
residual volume. To decrease ambiguity and improve identification and measure-
ment of the received signals, they encoded the input sound as a train of 11-cycle 
polyphonic pulses of frequencies ranging from 130 to 150 Hz. They found transit 
times of between 1 and 5 ms for central and peripheral locations. From the transit 
times and estimated path length, they calculated a trachea-to-chest wall sound speed 
of 37 m/s, a value similar to that found by other investigators [7, 9, 12]. In addition, 
they found that the transit times consistently decreased as lung volume increased. 
To explain this behavior, they modeled the acoustic behavior of the respiratory sys-
tem as a two-phase system with sound introduced at the mouth traveling through the 
tracheal lumen at near free-field speeds until “jumping” to the parenchyma and 
proceeding at much slower speed determined by the parenchymal stiffness due 
mainly to the bulk modulus of air.

One attempt has been made to model, mathematically, the acoustic behavior of 
nearly the entire respiratory system including the vocal tract, trachea, and first five 
bronchial generations. Although the model, described by Wodicka et al. [13], neces-
sarily contained numerous assumptions and estimations derived from experimental 
data up to that time, the predictions of their model are instructive and could lead to 
improved models that incorporate more experimental data. The authors modeled the 
respiratory system as a series of acoustic circuits for frequencies between 100 and 
600  Hz (that encompass nearly all normal and abnormal lung sounds audible 
through a stethoscope). The large airways were modeled as a single-tube radiating 
acoustic energy into the lung parenchyma that was itself modeled as a mixture of air 
bubbles in water. The thermal effects of the massive boundary of the chest wall were 
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also included. The total system was analyzed as a complex electronic circuit and the 
output compared with experimental results. Although this model was necessarily 
simplified, not taking into consideration the repetitively bifurcating bronchial tree, 
the results did qualitatively model the actual respiratory system behavior including 
the enhanced transmission of low-frequency sound compared with higher-frequency 
sound within the experimental range of 100–600 Hz and suggest that this results 
from thermal losses within the lung parenchyma. While a necessarily simplified 
model of a very complex biological system, Wodicka and colleagues’ model shows 
promise for a possibly finer grained computational surrogate of the acoustical 
behavior of the respiratory system in health and disease.

The following year, Wodicka and Shannon [14] measured the trachea-to-chest 
wall acoustic transfer function in eight healthy adults using input sound at the mouth 
limited to 75–1400 Hz. The sound was picked up by accelerometers over the trachea 
at the neck and over the right posterior upper and lower lung zones. As the signal/
noise was poor above ~650 Hz, the authors limited their analyses to the range of 
100–600  Hz. The transfer function spectra revealed the peak transmission of 
143 Hz ± 13 (SD) over the apex and 129 Hz ± 6 (SD) over the base with Q values 
of 2.0 and 2.2, respectively. Roll-off of energy above 300 Hz of 10 ± 4 (SD) dB/
octave at the upper site and 17 ± 2 (SD) dB/octave at the lower site was in general 
agreement with predictions generated by their previously described acoustic circuit 
model [13]. They concluded that the interaction between the lung and chest wall is 
important in enhancing the transmission of lower-frequency sounds.

Cohen and Bernstein [15] carried out a similar experiment but using vocal input 
rather than an externally introduced sound. They studied 19 healthy subjects and 5 
subjects with a variety of lung diseases including one with interstitial fibrosis, mea-
suring both the autoregressive (AR) spectral analysis and the more computationally 
demanding autoregressive moving average (ARMA) transfer function with input 
vocal sounds low-pass filtered at 1000 Hz. For the normal subjects, they found the 
peak transmitted frequency to be 130–250 Hz with decreased transmission at higher 
frequencies similar to previous findings by Wodicka et al. [13]. In the single patient 
with pulmonary fibrosis (a disease in which the lung parenchyma progressive stiff-
ens), there was a first peak at about the same frequency as the normal subjects but 
unusually enhanced transmission as well at about 700  Hz. Suggesting that the 
acoustic transmission properties of the lung are significantly modified in that 
disease.

In an attempt to define the acoustic transpulmonary transmission characteristics 
during acute lung injury, Rasanen and colleagues have carried out several studies 
using an oleic acid-induced lung injury model in pigs. Acute lung injury is a com-
mon and devastating lung condition that may complicate a variety of clinical situa-
tions such as major trauma, drowning, burns, poisoning, toxic gas exposure, and 
shock, among others. The common underlying defect in this condition is capillary 
leak with fluid filling the alveoli leading to collapse of dependent lung zones and 
consequent oxygen desaturation. Besides treating the underlying cause, supportive 
treatment, using positive pressure ventilation, is commonly employed to maintain 
the patient until gradual recovery which may take days to weeks. Positive 
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end-expiratory pressure (PEEP), used to stent open collapsed lung zones and 
improve oxygenation, has been the standard treatment for decades. The safe use of 
PEEP requires knowledge of how much is enough due to the risk of serious adverse 
effects such as barotrauma and cardiac dysfunction that increase as the intrathoracic 
pressure is increased. Commonly used techniques to achieve the right amount of 
PEEP are measurements of oxygen saturation, lung compliance, cardiac output, the 
radiographic appearance of the lungs on plain radiographs, and CT scans. A simple 
and rapid technique to determine when the dependent lung zones have been ade-
quately expanded would be welcomed.

Rasanen and Gavrieli [16] studied six healthy pigs that were anesthetized and placed 
on mechanical ventilation. They injected broadband noise (70–20,000 Hz) through the 
endotracheal tube and detected the sound at the trachea and at six locations over the 
dependent and nondependent lung areas. After baseline recording, acute lung injury 
was produced in the pig’s lungs by the administration of oleic acid through a pulmo-
nary artery catheter until a predefined difference in the ratio of arterial oxygen partial 
pressure-to-inspired oxygen fraction of <250 was achieved. During the development of 
lung injury, sound transfer function, amplitude, and coherence were measured at 
20-min intervals. The investigators found a consistent increase in sound transfer func-
tion in the range of 1500–2500 Hz (where sound transmission was most efficient) of 
>fivefold in the dependent lung zones, two- to threefold in the lateral zones, and no 
increase at the nondependent lung zones. This probably results from enhanced imped-
ance matching of the fluid-filled (and relatively airless)-dependent lung tissue to the 
chest wall reducing acoustic reflections from the interface. Radiographs and postmor-
tem examinations of the lungs confirmed the distribution of the pulmonary edema to 
the dependent lung zones. This well-done study established the potential utility of 
using transpulmonary sound transmission to detect the distribution of lung injury in 
situations similar to what is encountered in patients with acute lung injury.

These same authors followed this study with a similar one in which the effects of 
PEEP were assessed [17]. As explained above, PEEP is used to reinflate the atelec-
tatic (airless) lung to improve ventilation and oxygenation. Rasanen and Gavriely 
predicted that this would also reverse the enhancement of acoustic transmission that 
they had previously found in the dependent areas of lungs affected by acute lung 
injury. They used their previously described oleic acid-treated lung model to pro-
duce acute lung injury in six healthy pigs. Sound signals limited to 350–4000 Hz 
were introduced through the endotracheal tube and detected at the same six chest 
wall sites used in their previous study. Transfer function magnitude, coherence, and 
phase were measured at baseline airway pressure and after 15 min of PEEP at 5, 10, 
and 15 cmH2O pressure followed by two 15-min recordings at ambient airway pres-
sure. The animals were subsequently killed and the lungs examined. The results 
clearly showed the reversal in enhanced transmission in the dependent regions of 
the pig lungs with the effect at 10 cmH2O greater than 5 cmH2O and similar to that 
of 15  cmH2O. Removal of PEEP resulted in a rapid reversal of the PEEP effect 
(Fig. 7.2). Radiographs confirmed the regional atelectasis of the dependent lung, 
and postmortem examination showed hemorrhagic edema in the dependent zones 
with well-aerated nondependent lung tissue.
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These studies establish the potential viability of monitoring the progression of 
acute lung injury and controlling the level of PEEP by using regional transpulmo-
nary sound analysis. Currently, the only techniques used to asses this are radiogra-
phy and CT scanning, which are techniques unsuited to frequent use. There has not 
been, to my knowledge, any widespread usage of transpulmonary sound transmis-
sion to manage PEEP levels in mechanically ventilated patients. Lev et al. [18] have 
studied the distribution of lung sounds in such patients with the absence or presence 
of lung sounds serving as surrogates for the introduced sounds previously used by 
Rasanen and Gavrieli. In Lev and colleagues’ study, 34 patients with a wide variety 
of lung diseases or injuries resulting in respiratory failure were studied using a com-
mercial device produced by Deep Breeze Ltd., Or Akiva, Israel. This consisted of a 
bilateral, posterior chest microphone array with sound analysis and display. The 
posterior lung sound distribution was displayed and measured at PEEP levels of 0, 
5, and 10  cmH2O and, in 15 of the patients, additional measurements at 
15 cmH2O. Repeated measurements were made in most of the patients. The authors 
found that the application of PEEP was accompanied by an increase the lung sound 
amplitude at the bases and a decrease at the apex with no significant change in the 
mid-lung region. This shift also corresponded with an increase in dynamic compli-
ance. The study carried out in real-world ventilated patients suggests that atelectasis 
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at the bases of the lungs of these patients opened with PEEP resulting in the appear-
ance or increase in corresponding lung sound amplitude. It seems logical that simi-
lar technology could be employed to detect the transmission of sound introduced 
into the airway as done by Rasanen and Gavrieli [17]. Unfortunately, the study by 
Lev et al. suffers from multiple methodologic shortcomings, some of which they 
acknowledge. The patients are a heterogeneous group with apparently only a minor-
ity having acute lung injury that would be expected to benefit from ventilation with 
PEEP. Some had unilateral lung disease, others no lung disease. Many were breath-
ing spontaneously. The ventilation modes varied and no patients were deeply 
sedated. There is no indication that most of the patients required PEEP to treat 
hypoxemia. Although these shortcomings weaken the findings, the lung sound 
recording technology appears attractive as a simple means to examine transpulmo-
nary sound introduced into the airway in an appropriately selected group of patients 
with acute lung injury or acute respiratory distress syndrome where PEEP would be 
required for adequately oxygenation.

7.3  Transpulmonary (Auscultatory) Percussion

The technique of direct percussion has been around since the eighteenth century 
[19] and remains a useful technique today. In direct percussion, the body part of 
interest is sharply tapped, usually with an intervening finger helping create a sharp 
note, and the resulting tone and feel are interpreted to gain information about the 
condition of the underlying tissue (hollow, air-filled, solid). Auscultatory percussion 
is a variation of this technique in which one side of the body part is percussed and 
the sound is accessed at a distance or even on the opposite side of the body using a 
stethoscope, the theory being that a greater thickness of tissue can be probed that 
way. Guarino published several papers describing the use of this technique in differ-
ent parts of the body [20–23]. He also reported a controlled study of 28 patients 
purporting to reveal a surprising ability of auscultatory percussion to detect intra-
pulmonary masses as small as 2 cm diameter [24]. This was intriguing and, six years 
later, Bohadana and colleagues attempted to replicate Guarino’s findings [25]. 
Bohadana et al. studied 98 patients who were found to have abnormal chest films as 
part of a group of 281 subjects referred for chest radiography. The authors used two 
independent examiners who employed both auscultatory percussion and direct per-
cussion. A third blinded examiner evaluated the chest films of the subjects to char-
acterize the radiological findings. They found that both auscultatory percussion and 
direct percussion were about equally effective at detecting pleural effusions but that 
neither technique was able to detect any other abnormalities including intrapulmo-
nary masses of any size below 6 cm diameter.

Two years later, Bohadana came to my lab to spend a research year. The first 
study we carried out [26] was an investigation of percussion sound paths through 
the chest to attempt to discover the reason behind the finding in the previous study 
[25]. We studied five healthy subjects by percussing repeatedly over the sternum 
and recording the sounds over the upper and lower parts of both posterior lungs at 
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total lung capacity (TLC), functional residual capacity (FRC), and residual volume 
(RV). Percussion was first practiced to assure consistency, and 40 percussion notes 
were recorded at each location and at each studied lung volume. For each series, we 
calculated the average peak-to-peak pulse amplitude, and the average frequency 
was calculated from Fourier waveform analysis. After the series was completed 
while the subjects breathed air, we repeated the entire series with the patients breath-
ing 80% helium in 20% oxygen (heliox). We found that the peak-to-peak amplitude 
was higher at TLC and RV then at FRC. The results on air and heliox were nearly 
identical. Our findings were best interpreted as indicating that the sounds of sternal 
percussion were transferred primarily through the skeleton rather than through the 
lungs and that the stiffening of the chest wall at high and low lung volumes enhanced 
transmission.

We followed the above study with another in which we performed three- 
dimensional mapping of sternal percussion sounds on the posterior chest wall in 
three healthy subjects and four patients with large intrapulmonary masses [27], 
ranging from 6 to 10 cm in largest diameter. We performed sequential recordings at 
each of 63 locations covering the back in a 7 × 9 point matrix with 2-cm point sepa-
ration and created sound amplitude maps of the resultant sound distribution 
(Fig. 7.3). We found that the only anatomic structures that altered the sound pattern 
were chest wall structures, most notably the scapulae. Neither the lung masses in the 
patients nor mediastinal structures in any of the patients or subjects were revealed 
in the percussion maps. From this, along with our previous studies, we concluded 
that the sounds of sternal percussion travel to the back of the chest primarily via 
chest wall structures with intrathoracic structures having little effect. Whereas direct 
percussion and auscultatory percussion may help detect the presence of large masses 
or fluid in contact with the chest wall, the evidence suggests that auscultatory per-
cussion plays no role in the detection of intrapulmonary lesions.

There are theoretical issues that should be mentioned regarding the question of 
whether it is possible for a solid mass within the lung to affect a sound wave travers-
ing the lung. This is related to the size of the mass and wave length of the sound, 
which can be estimated using knowledge of the frequency of the sound and its speed 
through the lung. As the frequency of percussion sounds are limited to 100 Hz or 
less [26] and the speed of low-frequency sound has been measured at about 30 m/s 
[9], the percussion pulse wavelength within the lung is calculated at approximately 
30 cm, comparable to the anterior-posterior diameter of the chest. To be detectable 
by a passing wave, the object must be of substantial size with respect to the wave-
length, generally stated as at least ½ the wavelength [28]. That suggests that to be 
detectable by sternal percussion, the mass would have to be about 15 cm in diameter 
assuming that the percussion wave did pass through the lung parenchyma rather 
than the skeleton.

Since my own investigations into auscultatory percussion were carried out, the 
Internet was established and with it, the ability to discover writings that had been 
obscured by time but were now easily accessible as they were put online by various 
libraries. Among these was a short letter related to auscultatory percussion that was 
published in 1896 in which the author states the following about the technique in 
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question: “My own observations would lead me to believe that the waves of sound 
are, as regards the thorax, mainly conducted by the walls” [29]. Had we known of 
this note at the time of our study, we would have been sure to credit his insight.

 Conclusion
Much of the utility of auscultation that has made the practice so useful for 
200 years is due to the changes in lung sounds and percussion notes that result 
from alterations in the density of the underlying thoracic contents mainly con-
sisting of the lung and material, mainly liquid, that can intrude between it and the 
chest wall. Although the abnormal sounds are generally interpreted as changes in 
intensity and character, the underlying mechanism is transmission through a 
modified medium. We generally only recognize this overtly when listening to the 
transmitted voice and the practitioner still mostly relies on pattern recognition as 
did Laennec. However, technology has arrived at the point that, in appropriate 
clinical situations, sound transmission through the lung can now be readily and 
inexpensively measured with sufficient resolution to clearly detect regional dif-
ferences and time-to-time changes in lung density. There is opportunity for 
investigators to develop and prove this technology. I hope that we will see this in 
the near future.
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8Breath Sound Recording

Yasemin P. Kahya

8.1  Introduction

Auscultation of the lung dates back more than 2000 years, but it has become a diag-
nostic tool since Laennec introduced the first form of the stethoscope [1]. The 
stethoscope is a widely used instrument to the extent that it has become the symbol 
of medical profession. Nevertheless, auscultation with a traditional stethoscope, 
which amplifies frequencies lower than 112 Hz and attenuates those higher than 
112 Hz [2], is regarded to have low diagnostic value due to the attenuation of higher 
frequencies, which contain valuable diagnostic information regarding respiratory 
sounds, and due to the subjectivity involved in the evaluation of these sounds by 
medical doctors. With the advances in computer technology and signal processing 
algorithms, computerized analysis of respiratory sounds has provided new under-
standing in correlating lung sounds with diseases and disease states [3] and, also, in 
relating pulmonary acoustics with lung mechanics. Computational methods for the 
analysis of breath sounds offer additional advantages, such as digital storage, moni-
toring in critical settings, computer-supported analysis, comparison among different 
recordings, and provision of objective parameters in their evaluation. Despite this 
aroused research activity in breath sound processing and analysis, the main concern 
is in the standardization of the recording of breath sounds. Different approaches to 
record breath sounds have been reported in various publications, such as in [4–7]. 
Moreover, there have been efforts to offer guidelines for data acquisition equipment, 
such as the Computerized Respiratory Sound Analysis (CORSA) project financed 
by the European Community [8]; such efforts will eventually culminate in the com-
mercial development of respiratory sound acquisition equipment, which will be 
accepted with general consensus by the medical community.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_8&domain=pdf
mailto:kahya@boun.edu.tr
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8.2  Breath Sound

The term “breath sound” is used to include normal and adventitious sounds recorded 
over the chest wall, the trachea, or at the mouth [9]. The characteristics of breath 
sounds are closely correlated with the airflow in the respiratory tract; therefore, 
when breath sounds are recorded, some form of airflow measurement is also made, 
either directly using a flowmeter or indirectly estimating from tracheal or chest 
sounds [10]. Lung sounds are all respiratory sounds heard over the chest wall. The 
most commonly used bandwidth in the measurement of lung sounds is from 
60–100 Hz to 2 kHz when recorded over the chest. Tracheal sounds are recorded 
from the extrathoracic part of the trachea with a bandwidth from 60–100  Hz to 
4 kHz. Cough sounds are also measured with a bandwidth from 50 Hz to 3 kHz. 
Snoring sounds, which are induced by abnormal vibrations in the walls of the oro-
pharynx, are low-frequency noisy sounds with periodic components of 30–250 Hz 
fundamental frequencies and are usually detected during sleep. The acquisition sys-
tem of the breath sound is designed according to the location and type of breath 
sound to be recorded. A block diagram of a lung sound acquisition, recording, and 
analysis system is depicted in Fig. 8.1.

8.3  Sensors Used in Breath Sound Recording

8.3.1  Specifications and Definitions

In discussions relating to sensors, certain specifications have been given as guide-
lines in building data acquisition instruments for breath sound recording. In this 
section these specifications and their definitions are presented [11].

Decibel scale: The basis for most microphone specifications is the decibel 
(dB) scale. The dB scale is logarithmic and is used because it is analogous to the 
way the human ear perceives changes in sound pressure. Furthermore, the 
changes in dB are more comprehensible than the large numbers that might occur 
in pressure scales (e.g., Pascal, Newton, or Bar). The dB scale expresses a given 
pressure in proportion to a reference pressure, mostly 20 μPa (i.e., Pa, a mea-
surement of pressure). The reference pressure 20 μPa is chosen to be equal to 
0 dB. It is important to note that 0 dB does not mean that there is no sound; it is 
considered to be the lower limit in the sound pressure level which can be 
detected by the average human ear.

Sensors

Amplification and
filtering of

microphone
(sensor) and

flowmeter output

Digitization of
preprocessed

respiratory and
flow data using
data acquisition

(DAQ) card

Visualization,
recording and

listening of
digitized data

Operation of
signal processing

and machine
learning

algorithms to
analyse the data

Fig. 8.1 Overview of lung sound data acquisition, recording, and computerized analysis system
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The frequency response: The frequency response of a microphone is usually rep-
resented with the frequency response curve, which illustrates the microphone’s abil-
ity to transform acoustic energy into electric signals. A flat response curve, which 
would indicate that the microphone does no coloring, is required in the frequency 
range of the respiratory sounds. The frequency response is different from the micro-
phone’s frequency range, which indicates which frequency range the microphone 
reproduces sound within a given tolerance. The frequency range is sometimes also 
referred to as “bandwidth” where the tolerance is usually −3 dB. In [12], it is rec-
ommended that the maximum deviation within the frequency range of respiratory 
sounds be 6 dB in breath sound recording systems.

Sensitivity: The sensitivity of a microphone is the electrical response at its output 
to a given standard acoustic input. The standard reference input signal for micro-
phone sensitivity measurements is a 1 kHz sine wave at 94 dB sound pressure level 
(SPL) or 1 Pascal (Pa). According to the IEC 268-4 norm, the sensitivity is mea-
sured in mV per Pascal at 1 kHz whereas at 250 Hz for measuring microphones. 
Alternatively, the sensitivity can be stated in dB relatively to 1 V/Pa, resulting in a 
negative value. Tolerances in sensitivity, according to production differences, are 
also stated and would normally be in the region of 2 dB. Sensitivity represents the 
microphone’s ability to convert acoustic pressure to electric voltage. The sensitivity 
indicates the voltage a microphone produces at a certain sound pressure level. A 
microphone with high sensitivity gives a high-voltage output and therefore does not 
need as much amplification as a model with lower sensitivity. In applications with 
low sound pressure levels, a microphone with a high sensitivity is required in order 
to keep the amplification noise low. In [12], it is recommended that the sensitivity of 
breath sound recording systems be stable and steady and be independent of varia-
tions in static pressure and sound direction.

The equivalent noise level: The equivalent noise level of a microphone, or micro-
phone’s self-noise, indicates the sound pressure level that will create the same volt-
age, as the self-noise from the microphone will produce. A low noise level is 
required when working with low sound pressure levels, and self-noise determines 
the lower limit in the microphone’s dynamic range.There are two typical 
standards:

 1. The dB(A) scale will weigh the SPL according to the ear’s sensitivity, especially 
filtering out low-frequency noise. Good results (very low noise) in this scale are 
usually below 15 dB(A).

 2. The CCIR 468-1 scale uses a different weighing, so in this scale, good results are 
below 25–30 dB.

Signal-to-noise ratio (SNR): The signal-to-noise ratio (SNR) is the ratio of a 
reference signal to the noise level of the microphone output. This noise level 
includes noise contributed both by the microphone element and the electronic cir-
cuit included in the microphone package. The SNR is the difference in decibels 
between the noise level and a standard 1 kHz, 94 dB SPL reference signal. SNR is 
calculated by measuring the noise output of the microphone in a quiet, echoless 
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environment. A weighed value, dB(A), which means that it includes a correction 
factor that corresponds to the human ear’s sensitivity to sound at different frequen-
cies, is used to specify SNR over a 20 kHz bandwidth. When comparing SNR mea-
surements of different microphones, it is important to make sure that the 
specifications are presented using the same weighing and bandwidth; a reduced 
bandwidth measurement makes the SNR specification better than it is with a full 
20 kHz bandwidth measurement. The CORSA recommendation [12] is to have a 
minimum SNR of 60 dB, with a sensitivity of 1 mV/Pa on a load of 200 Ω in breath 
sound recording systems.

The dynamic range: The dynamic range of a microphone is a measure of the dif-
ference between the loudest and quietest SPLs to which the microphone responds 
linearly. The SNR of the microphone measures the difference between the noise 
floor and a 94 dB SPL reference, but the microphone still has a great deal of useful 
signal response above this reference level. Druzgalski [13] recommended that 
microphones used for respiratory sounds have dynamic ranges greater than or equal 
to 40–50 dB; however, the minimum dynamic range acceptable for sound sensors is 
60 dB as recommended by CORSA [12].

Total harmonic distortion: Total harmonic distortion (THD) is a measurement of 
the level of distortion on the output signal for a given single-frequency input signal. 
This measurement is presented as a percentage. It is the ratio of the sum of the pow-
ers of all harmonic frequencies above the fundamental frequency to the power of the 
input at the fundamental frequency. This parameter is expressed in percentage. The 
input signal for this test is typically at 105 dB SPL, which is 11 dB above the refer-
ence SPL of 94 dB. THD is measured at a higher SPL than other specifications 
because, as the level of the acoustic input signal increases, the THD measurement 
typically increases as well. A rule of thumb is that the THD triples with every 10 dB 
increase in input level. Therefore, THD less than 3% at 105 dB SPL means that the 
THD will be less than 1% at 95 dB SPL.

Polar pattern: Polar pattern is also called directional pickup pattern or directionality. 
The polar pattern of a microphone is the sensitivity to sound relative to the direction or 
angle from which the sound arrives. The most common types of directionality are omni-
directional, cardioid, and supercardioid. The recommendation by CORSA [12] is the 
use of omnidirectional microphones. The omnidirectional microphone has equal output 
or sensitivity at all angles; therefore, it picks up sound from all directions.

8.3.2  Sensor Types and Recording Approaches

The basic principle in auscultation with a stethoscope is the transfer of vibrations of 
the chest wall to the air pressure variations that travel to the diaphragm of the ear 
using the medium of the stethoscope. These air pressure variations cause sound 
waves and are recorded using microphones that are transducers that convert sound 
signals to electrical signals. There are different types of microphones that employ 
diverse methods to convert the air pressure variations of a sound wave to an electri-
cal signal. The most common microphones available in the market are the dynamic 
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microphone, which uses a coil of wire suspended in a magnetic field; the condenser 
microphone, which uses the vibrating diaphragm as a capacitor plate; and the piezo-
electric microphone, which uses a crystal of piezoelectric material.

The principle of the dynamic microphone is electromagnetic induction. A small 
movable induction coil is placed in the magnetic field of a permanent magnet and is 
attached to the diaphragm of the microphone. When sound reaches the microphone, 
it moves the diaphragm whose vibration causes the coil to move in the magnetic 
field, producing a varying current in the coil through electromagnetic induction. The 
dynamic microphone’s main disadvantage is its narrow bandwidth, since a single 
dynamic membrane does not linearly respond to all audio frequencies and may 
introduce distortions in different regions of the frequency spectrum.

The condenser microphone, also called the capacitor microphone or electrostatic 
microphone, has a diaphragm which acts as one plate of a capacitor and the vibra-
tions produce changes in the distance between the plates, causing changes in the 
capacitance value. A nearly constant charge is maintained externally on the capaci-
tor with a DC bias. The fluctuations in the capacitance value due to vibrations 
caused by sound waves induce fluctuations in the voltage across the capacitor plates. 
It is to be noted that the capacitance of the parallel plate capacitor is inversely pro-
portional to the distance between the plates. There is a specific type of condenser 
microphone that is called the electret microphone where the externally applied 
charge is replaced by a permanent charge in an electret material, which is a ferro-
electric material that has been permanently electrically charged. Due to their good 
performance, ease of manufacture, and relatively lower cost, electret microphones 
are widely used in instrumentation. They have almost flat frequency response over 
the audio frequency range and are quite stable. They do not require an external 
polarizing voltage but are produced with an integrated preamplifier that requires 
power. When used in pulmonary sound recording, the diaphragm and the chest wall 
need to be coupled acoustically through a closed air cavity since the movements 
involved are very small.

Piezoelectricity is the ability of some materials to produce a voltage under the 
application of pressure. Piezoelectric microphone uses piezoelectricity to convert 
vibrations into an electric signal. The piezoelectric materials are used to form a piezo-
electric accelerometer that senses the acceleration of the mass of the whole sensor 
caused by the movement of the surface it is in contact with. They are used as contact 
sensors directly on the skin to amplify sound signals from the body. Due to low output 
signal and very high output impedance, they are susceptible to noise. The earlier ver-
sions, which had high sensitivity and signal-to-noise ratio, were massive; however, the 
contemporary models are manufactured in much smaller dimensions.

In recording breath sounds, there are basically two major approaches:

 1. “Contact sensor” for direct recording of the movement of the chest wall (e.g., 
piezoelectric accelerometer)

 2. “Air-coupled sensor” for acoustic recording of the movement of a diaphragm 
exposed to the air pressure generated by the chest-wall movement (e.g., con-
denser, in particular, electret microphone)
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These two types of sensors have been compared by Druzgalski [13] with the 
conclusion that the piezoelectric contact sensors have a higher sensitivity and 
immunity to ambient noise. However, later studies by Pasterkamp et al. [14] have 
found that both sensors have similar frequency response and signal-to-noise ratio in 
the frequency range of respiratory signals. A detailed discussion on the electro-
acoustic and electromechanical analogies to illustrate the working principles of 
various microphone transduction techniques may be found in [11], a classic review 
of microphone types in [15] and more contemporary ones in [16].

8.3.3  Sensor Attachment

The type of sensor used determines the type of coupling in a breath sound recording 
system.

Contact sensors: If a piezoelectric accelerometer is used, then coupling is directly 
on the skin, since it is a contact sensor. There is no need for an air coupler, but the 
pressure exerted on the skin through the sensor should be kept constant. Maintaining 
constant pressure is difficult to achieve manually. The use of elastic bands is not 
suitable, since the pressure between the sensor and the skin varies as thorax moves 
with breathing. Adhesive rings are suggested to be used for contact sensor 
attachments.

Condenser microphones: There is a need of an air coupler that is used with the 
condenser microphone since free-field measurement is not possible for such small 
movements of the chest wall involved in respiratory sounds. The air that is captured 
in the air cavity of the coupler exerts enough force on the diaphragm to cause a 
displacement that produces measurable sound pressure. The geometry of the air 
coupler is effective in the overall performance of the sensor. Wodicka et al. [17] 
studied the effects of microphone air cavity depth on the frequency response of the 
transduction with measurements performed both using an artificial chest wall and 
lung sounds from a healthy subject. They concluded that the high-frequency 
response of the transduction diminished with increasing cavity depth and that 
smaller cavity depths were more appropriate for detection of lung sounds over a 
wide bandwidth. Kraman et al. [18] studied the effects of coupler air chamber width, 
shape, and venting on lung sounds. They used cylindrical chambers of 5, 10, and 
15 mm in diameter at the skin and conical chambers of 8, 10, and 15 mm in diameter 
and 2.5, 5, and 10 mm in depth and compared the inspiratory lung sound spectra 
obtained using each of the couplers. They also studied the effect of various needle 
vents in transmitting ambient noise into the microphone chamber. The shape and 
diameter had insignificant effect on the lung sound spectrum below 500 Hz. From 
approximately 500 to 1500 Hz, the 5 mm diameter couplers showed slightly less 
sensitivity than the 10 and 15 mm diameter couplers. Also 2.5 mm and 5 mm depth 
couplers had higher sensitivity. All conical couplers provided approximately 
5–10  dB more sensitivity than the cylindrical couplers. All vents allowed some 
ambient noise to enter the chamber, but the amount was very small using the nar-
rowest, longest vent. They concluded that the optimal air coupler for the electret 
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microphone was conical in shape, between 10 and 15 mm in diameter at the skin, 
with 2.5–5 mm in depth, and either not vented or vented with a tube no wider than 
0.35 mm or shorter than 20 mm.

For all sensors used, shielded twisted pair of coaxial cables is recommended for 
protection from electromagnetic interference. They should also be protected from 
mechanical vibrations against acoustic noise.

Although many laboratories that are conducting studies on the analysis of lung 
sounds and CORSA guidelines [12] have attempted to set a standard for breath 
sound acquisition, it is still a challenge to compare data acquired with different 
systems. Contrary to previous studies, a later study by Kraman et al. [19] compared 
different lung sound transducers using a bioacoustics transducer testing system. 
They used two different brand accelerometers, one electret condenser microphone 
with different shape and size air couplers, one classic stethoscope head connected to 
an electret condenser microphone, and one electronic stethoscope. They found that 
the size and shape of the air coupler chamber they used had no important effect on 
the detected sound; that one accelerometer had the broadest frequency response 
with useful sensitivity extending to 4 kHz; that the other accelerometer, the electret 
condenser microphone, and the classic stethoscope head connected to an electret 
condenser microphone had similar flat frequency responses from 200 Hz to 1200 Hz; 
and that worse performance was obtained from the electronic stethoscope. Their 
conclusion was that there are important differences among commonly used lung 
sound sensors that have to be defined to allow comparison of data from different 
laboratories.

8.3.4  Attachment Locations

The earlier recording instruments used one or two sensors in the recording of lung 
sounds [20–23] from the chest. Similarly, the minimal locations recommended by 
CORSA task force are trachea (for tracheal sounds) and left and right posterior base 
of the lungs usually 5 cm laterally from the paravertebral line and 7 cm below the 
scapular angle for adults [24]. Later multichannel recording systems were devel-
oped in various laboratories, and multichannel analysis of respiratory sounds 
became popular [25–28], since the simultaneous recording and analysis of sounds 
from multiple sites over the chest facilitated and accelerated an otherwise slow and 
tedious process. In Fig. 8.2, the depiction of examples of locations used in multi-
channel recording of lung sounds in various studies is presented. These studies used 
14–25 microphone locations on the chest wall for simultaneous recording of lung 
sounds. The optional locations recommended by CORSA for adults are right and 
left anterior area of the chest at the second intercostal space at the mid-clavicular 
line and right and left lateral area of the chest at the fourth or fifth intercostal space 
on the mid-axillary line [24].

In tracheal breath measurements, the sensor is usually attached to the neck at the 
anterior cervical triangle [29]. The recommendation by CORSA is also at the sternal 
notch [24].
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8.3.5  Environmental and Subject Conditions for Breath 
Sound Recording

There are a number of recommendations by the CORSA Task Force applicable to 
the environmental and subject conditions during breath sound recording [24]:

• The background noise level should preferably be less than 45 dB (A) and 60 dB 
(linear) with minimum ambient noise from the environment including voiced 
sounds. The sounds induced by airflow through the flow transducer should be 
taken into account.

• The recording is to be performed at comfortable room temperature, humidity, 
lighting, and ventilation.

• The sitting position is preferable for the subject for short-term recording, whereas 
supine position is preferable for long-term recording.

• For adults, tidal breathing of 7–10 respiratory cycles, with a peak expiratory and 
inspiratory flow of 1–1.5 l/s or 10–15% of the predicted maximum peak flow, 
and tidal volume of 1 L or 15–20% of predicted vital capacity are recommended 
for short-term recording, whereas tidal breathing without any voluntary effort is 
recommended for long-term recording.

• The airflow, volume, and flow/volume display should be in front of the subject.
• For babies and young children, chest movement monitoring by strain gauge 

bands, pneumatic belts, or chest straps should be used.

8.4  Analog Processing

8.4.1  Amplification

The electric signal coming from the sound transducer is amplified so that it is pre-
pared for analog-to-digital conversion. The signal amplitude should be at an 
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optimum level for the analog to digital converter input. The earlier instruments 
employed operational or discrete transistor amplifiers, but the more recent designs 
use instrumentation amplifiers available as integrated circuits in a single package. 
An instrumentation amplifier is a difference amplifier with an extremely high com-
mon-mode and differential mode input impedance (>100  MΩ), very low output 
impedance, accurate and stable gain which can usually be adjusted with a single 
external resistor, and an extremely high common-mode rejection ratio (CMRR). 
High-input impedances are needed for minimum loading of the signal input, and 
low-output impedance minimizes signal loss at the output stage of the amplifier. The 
instrumentation amplifier with its high CMRR is able to amplify a small signal from 
a transducer in the presence of a large common-mode component such as noise 
from the power lines; hence, it is widely applied in biomedical measurement and 
test instrumentation. The minimum required CMRR for amplifiers used in some of 
the other biomedical measurement instruments have been already established. For 
example, the minimum CMRRs for Electrocardiography (ECG or EKG) and for 
Electroencephalography (EEG) amplifiers are 107  dB and 140  dB, respectively 
[30]. No standard has been set for the breath sound recording system but in [31], a 
minimum CMRR of 100 dB is suggested.

Another requirement of the amplifier is low internal noise since the noise of the 
amplifier should be smaller than that of the sound sensor. In ECG and EEG ampli-
fiers, the maximum internal noise voltage requirements are 2 mV and 1 mV, respec-
tively [30]. However, no standard requirement on the noise level has been established 
for breath sound recording amplifiers since the requirement would depend on the 
type of the sound sensor used. A related parameter is the signal-to-noise ratio (SNR) 
of the measurement, which is usually around 40  dB in breath sound recording 
instrument although it is suggested that the SNR of the amplified signal should be 
approximately 60 dB in the frequency range of interest [12].

The frequency bandwidth of the amplifier should be adequate for the signal of 
interest. The gain-bandwidth product of the instrumentation amplifier is taken into 
consideration in the design of the recording system. The requirements relating to 
gain-bandwidth product are not very demanding for the signal of interest since the 
useful frequency range of lung sounds and tracheal sounds extends up to 2 kHz and 
4 kHz, respectively [12].

Additional features, which are preferred in the amplifier, are low-power and pro-
grammable gain. Low-power is critical both for safety reasons and for portable 
instrument design. Programmable gain gives the user flexibility to the instrument if 
used to record sounds from different regions of the pulmonary system since, for 
example, the amplitude of tracheal sounds is much higher than the amplitude of 
lung sounds recorded from the posterior chest.

8.4.2  Filtering

Passband filtering is applied in breath sound recording systems. This is usually 
achieved by a cascade of high-pass and low-pass filters. The reason for high-pass 

Y. P. Kahya



129

filtering is to reduce low-frequency distortions due to heart, muscle, and friction 
noise and other external low-frequency noise. For the high-pass filter, the cutoff 
frequency is chosen somewhere in the range from 30 to 150 Hz by most researchers, 
but the most frequently preferred range is between 50 and 60 Hz [31]. Passband 
ripples are not allowed; moreover, it is recommended that linear phase or delay 
equalized frequency responses be used as incorrect high-pass filtering can particu-
larly distort waveforms of signals containing crackles and other transient-type sig-
nals with a wide bandwidth and short duration [32]. This is due to the fact that filters 
introduce a frequency-dependent phase shift. If this shift varies linearly with fre-
quency, its effect is simply to delay the signal by a constant amount. However, if 
phase varies nonlinearly, different input frequencies will experience different 
delays, so non-sinusoidal signals containing multiple frequencies may experience 
significant phase distortion in propagating through the filter. Usually, Bessel filters 
are used in high-pass filtering since they maximize the passband delay, resulting in 
nearly linear phase characteristics within the passband. The slope of the frequency 
response is generally chosen to be greater than 18 db/oct corresponding to a mini-
mum filter order of three.

Low-pass filtering is needed to prevent aliasing of the digitized signal. The digi-
tization process of the analog to digital converter creates additional spectral compo-
nents, called images, at locations symmetric about half the sampling frequency, fs, 

which is called the Nyquist frequency, 
fs
2

. Aliasing occurs when the signal con-

tains frequencies above the Nyquist frequency because the spectral components of 
the signal will be distorted with the overlapping spectral components of the image, 
making it impossible to fully recover the original signal. So to reconstruct the signal 
of a given bandwidth, fB, from its digitized version, the sampling rate, fs, must be 
such that fs ≥ 2 fB. This requirement is met by band-limiting the signal below the 
Nyquist frequency and is achieved by using a low-pass filter which has a flat 
response up to fB and which must roll off rapidly enough to provide the desired 

amount of suppression at 
fs
2

 and beyond. Usually Butterworth filters with maxi-

mally flat response in the passband are used. The order of the filter, therefore the 
slope of the response, depends on fs: the higher the fs, the smaller the order can be. 
However, it is recommended that there should be at least 24 dB attenuation at the 
aliasing frequency and that the −3 dB cutoff frequency of the filter must be at the 
upper frequency of the signal [32].

8.4.3  Safety Standards

The acquisition instrument is made up of the sensor, the amplifier, the filters, the 
analog to digital converter, and the computer. A very important concern in the 
design of the preprocessing circuitry and the instrument as a whole is compliance 
with the basic safety and performance requirements of medical equipment which 
are defined in IEC 60601-1 standards. The European (EN 60601-1) and Canadian 
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(CSA 60601-1) versions of the standard are identical to the IEC standard. The origi-
nal standard has evolved to the fourth edition, and the adoption of the various revi-
sions of IEC 60601-1 depends on the particular country. However, it should be 
noted that no specific standard for safety in biomedical sound recording exists.

The sensors are in direct contact with the patient and are critical components for 
safety concerns. Their biasing voltages should be low, and their preprocessing cir-
cuitry, i.e., the amplifier and the filters, must conform to the above-mentioned 
standards.

8.5  Digitization

In earlier recordings of breath sounds, analog systems, such as tape records, were 
used to store data for further analysis [4]. However, with the advent of digital com-
puters and advanced digital signal processors, the format of data has become digital. 
The main advantage of digital form of data is its ready usability with digital signal 
processing algorithms for further analysis. Actually, a new research area where 
studies involving topics like detection of adventitious lung sounds, classification of 
lung sounds, evaluation of the diagnostic value of lung sounds, respiratory system 
modeling, etc. has evolved in the last 30 years [5, 6, 33].

Other evident advantages of digital form may be listed as ease of documentation 
and communication, immunity to distortion due to noise in transmission, and ease 
of storage and access.

The digitization process is carried out by analog-to-digital converters (ADC). 
Two important specifications in choosing the optimum ADC are the sampling fre-
quency and the resolution, which corresponds to the number of bits in conversion. 
Different research groups have used diverse combinations of sampling rate and 
resolution. The CORSA task force has come up with a list of recommendations for 
digitization [34]. Their recommendations, however, specifically address recording 
systems which use sound facilities already available in the market, in particular the 
CD format of 44.1  kHz sampling rate. This sampling rate has been adopted for 
audible sound bandwidth of 20 kHz but is too high for breath sounds. So, they have 
suggested that submultiples of 44.1 kHz be used for different types of breath sounds. 
For example, for lung sounds recorded from the chest area, band-limiting the signal 
with a fourth order Butterworth low-pass filter with 3-dB cutoff frequency at 2 kHz 
is suggested with a sampling rate of 5.5125 kHz. The cutoff frequencies of record-
ing tracheal sounds and snoring/cough sounds could be set at 4 and 8 kHz, with 
11.025 and 22.05 kHz sampling rates, respectively. If the flow signal is also recorded 
simultaneously, then these sampling rates are very high, and digitally low-pass fil-
tering of the signal to 20 Hz is recommended.

There are good quality ADC cards commercially available, which can be used as 
auxiliary units with the computer and are multichannel with programmable sampling 
rates. If such an ADC card is used in the recording system, then the recommendation is 
that the sampling rate should be chosen such that after low-pass filtering the signal, there 
should be at least 24 dB attenuation at the sampling frequency.
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Most of the researchers have used at least an ADC resolution of 12 bits in their 
breath sound recording systems [4]. However, because of internal noise generated 
in the ADC, the actual resolution corresponds to smaller number of bits. So, in [6], 
it is recommended that 16-bit resolution is used so that even in mediocre ADC 
cards, an actual resolution of about 12 bits is achieved. However, if a good quality, 
professional ADC card is used with 12-bit resolution, it is recommended that the 
least significant 4 bits be padded with zeroes and a 16-bit word in two’s complement 
format be used for data representation.

Also, the CORSA task force has come up with some recommendations [34], 
regarding the input signal level for the ADC, assuming Gaussian-like input signals. 
For an ADC with a voltage range of –V to +V, the maximum allowed signal power 
should be around V2/16, resulting in a maximum signal-to-quantization noise ratio 
(SQNR) of around 65 dB for 16 bits. Thus, the minimum power of 35 dB less than 
this figure should be used assuming a minimum SNR of 30 dB.

They have also recommended that a calibration procedure to determine the gain 
and phase responses of the amplifier and filter unit be available for the breath sound 
recording system along with a verification procedure to check that no clipping, 
overload, and excessive noise level exist.

8.6  Upper Airway Sounds

Measurement and computerized analysis of upper airway sounds have aroused sci-
entific research interest with a view to correlate pathologies with these sounds. Of 
particular interest are the cough sounds and snoring sounds.

8.6.1  Cough Measurement

Cough is one of the most common complaints for which people seek medical con-
sultation [35] and consume vast number of drugs. It is a challenge for a physician to 
evaluate the significance of cough clinically and its response to treatment. It is pos-
sible to measure cough by assessing different aspects and effects of cough, and 
these approaches involve the assessment of such attributes like severity, frequency, 
intensity, and impact on quality of life. There are basically two approaches to assess-
ment of coughs: subjective tools and objective tools. A systematic review of these 
tools is given in [36] and in [37]. The most commonly used subjective measurement 
tools of cough severity, frequency, impact, or their combination are cough diaries, 
visual analog scale (VAS) scores, the Leicester cough questionnaire (LCQ), and 
cough-specific quality of life questionnaire (CQLQ) in clinical environment 
although other subjective questionnaires are also available.

Subjective tools of cough assessment: A widely used subjective assessment tool, 
VAS, is brief and easy to use, where the subject is asked to evaluate the severity of cough 
on a 100 mm scale from “no cough” to “the worst cough severity.” The other advantages 
of VAS can be listed as free availability, familiarity to clinicians, and clinical 

8 Breath Sound Recording



132

meaningfulness. Its drawback is the lack of published data reporting its validity and the 
minimal important difference [37]. Different effects of cough such as chest pain, vomit-
ing, headache, sleep disorder, and similar disturbances may be more widely acquired 
using health-related quality of life questionnaires (HRQOL). Of these, LCQ and CQLQ 
are the most common, especially for adult patients with chronic cough. The LCQ has 19 
items addressing physical, psychological, and social aspects of the effects of cough [38]. 
It was originally developed for patients with chronic cough but later was also validated 
for patients with chronic obstructive pulmonary disease (COPD), bronchiectasis, and 
acute cough [39–41]. LCQ is validated with good reliability, repeatability, and respon-
siveness to change. The other popular subjective tool, CQLQ, has 28 items and was 
developed in the USA. It is well validated in patients with chronic and acute cough [42]. 
Some other subjective questionnaires which are less commonly used in clinical assess-
ment of cough are cough severity score (CSS) which refers to symptoms during the day 
time and night time separately and acquires data relating to cough frequency, intensity, 
and impact and cough severity diary (CSD) which has seven items to evaluate the sever-
ity and impact of the cough and was developed using patient feedback [43]. The latter 
two assessment tools have not been accepted in clinical use as extensively and have not 
been validated.

Objective tools of cough assessment: Cough frequency measurement is considered 
the gold standard for objective assessment of cough [44]. Electronic recording devices 
have been used in cough detection monitoring, and the earlier approaches were based 
either on sound measurement alone [45] or on simultaneous recording of sound and 
electromyography (EMG) [46, 47]. The earlier versions of these devices were mostly 
used in research applications rather than in clinical trials. The technical developments 
like MP3 recorders and longer-lasting batteries led to the design of systems that could 
be used in clinical environments or in ambulatory, 24-h monitoring of cough fre-
quency [48]. Moreover, the advances in signal processing techniques made the fast 
handling and processing of large data possible [49]. There are several instruments that 
have been validated and are being widely used in clinical settings. One commonly 
used device uses a free-field miniature condenser lapel microphone with a flat fre-
quency response between 20 Hz and 20 kHz and an MP3 recorder with a recording 
duration of more than 24  h [50]. It has an especially custom- developed software, 
based on the Hidden Markov model, for automated detection of cough sound. Another 
popular device has two sensors, one chest wall air-coupled electret condenser micro-
phone and one free-field lapel condenser microphone, both microphones being omni-
directional. The frequency range for the microphones is between 100 Hz and 4 kHz. 
Recordings are made at a sampling rate of 8 kHz with 16 bits per sample bit rate, 
stored on a compact flash memory card [49, 51]. The algorithm for cough detection 
involves data reduction before manual counting by a trained technician. Both moni-
tors have been validated and utilized in patients with chronic cough, acute cough, and 
COPD and have been used to evaluate antitussive therapy in clinical trials [52, 53]. 
The two main challenges in the design of cough measuring instruments are the dis-
crimination of cough sounds from other sounds like throat clearing, speech, sneezing, 
laughing, and other ambient sounds and the variability of the cough sound character-
istics between subjects, which requires the development of a general model that is 
applicable to different patients [48].
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Cough reflex sensitivity challenge tests: The most common tussive agents to evalu-
ate the sensitivity of the cough reflex are capsaicin and citric acid although other 
agents such as fog, low-chloride solution, bradykinin-prostaglandin E2, mannitol, and 
cinnamaldehyde are also used [54]. The most extensively employed procedure is the 
inhalation of nebulized tussive agents, and the test result is expressed as the concentra-
tion of tussive agent that causes two or five coughs (C2 or C5). Although cough reflex 
sensitivity assessment is reproducible, its major drawback in clinical practice is that it 
cannot discriminate healthy subjects from patients with cough.

Among the numerous available validated tools to assess cough, a combination of 
subjective and objective measures is preferable in clinical settings [54]. By combin-
ing these methods, the severity and the effect of cough can be assessed more com-
pletely. However, there is still a need for very large-scale studies which include 
different patterns of cough to cross validate evaluations of cough-specific quality of 
life questionnaires and cough monitoring devices before they can be recommended 
for extensive use [55].

8.6.2  Snoring Sound Measurements

Snoring sound, which is commonly heard during sleep, is measured especially in 
the diagnosis of obstructive sleep apnea (OSA). According to the International 
Classification of Sleep Disorders, “primary snoring is characterized by loud upper- 
airway of breathing sounds in sleep, without episodes of apneas or hyperventila-
tion” [56]. The snore is an inspiratory sound but can occur during expiration in OSA 
instances. It contains periodic components with a fundamental frequency between 
30 and 250 Hz and is loud with an intensity higher than 50 dB(A) [57]. To under-
stand the clinical importance of snoring sounds, it is essential to record these sounds 
using standardized techniques so that studies from different sleep laboratories may 
be compared. No European standards are available for the measurement of snoring, 
but there are three methods, which are considered equivalent by the American 
Academy of Sleep Medicine (AASM) [58, 59]. These methods use an acoustic sen-
sor such as a microphone, a nasal pressure sensor such as a cannula or a piezoelec-
tric vibration sensor. However, in a study which was conducted to compare these 
three methods, it was concluded that there was a lack of consistency among these 
three methods in detecting snore events, and it was recommended that audio-based 
measurement was the most accurate [60].

8.7  Future Perspectives for Breath Sound Recording

Breath sound recording is a stimulating area of scientific research; however, even 
with more than 30 years of research activity, it has not yet established itself as a 
clinical investigation tool for diagnosis. Although many intelligent signal process-
ing algorithms have been developed, the real bottleneck in the widespread applica-
tion of breath sound recording as a routine clinical procedure is the lack of 
standardization in the sound signal acquisition from the surface of the body. 
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Consequently, objective comparisons and correlations of data from different record-
ing systems cannot be made for an established diagnostic practice. The two main 
sensors used in the breath recording instruments, namely, the air-coupled electret 
microphone and the piezoelectric contact accelerometer, have their own shortcom-
ings. An ideal sensor should be small and lightweight with a broad and reproducible 
frequency response. It should be immune to ambient noise and be enhanced with 
noise cancellation abilities so that it can record breath sounds in clinical settings 
where silent recording conditions may be difficult to achieve. There are new devel-
opments in microelectromechanical systems (MEMS) which have resulted in sen-
sors with high-quality detection of breath and heart sounds [7]. With the progress of 
sensor research, an unanimously accepted transducer for breath sound recording is 
expected to be attained.

With the development of more efficient methods of recording breath sounds, 
multi-sensor arrays are being designed for acoustic mapping of the lung [25, 28, 61, 
62]. The use of acoustic data for visual representation of the lung may be a promis-
ing alternative due to its practical, inexpensive, noninvasive, and harmless nature.

Wireless recording is another promising area for breath sound recording devel-
opment. There have been several studies, such as [63], where wireless microphones 
are utilized to transmit breath sound to a receiver for further processing. A similarly 
active and expanding area in medicine is remote monitoring. Telemetry is of two 
types, namely, asynchronous and synchronous telemedicine. In asynchronous medi-
cine, data are collected and sent electronically to a medical professional for further 
analysis and diagnosis. Synchronous telemedicine is real time and even interactive. 
Moreover, in synchronous telemedicine, distant examination may be enabled 
through audiovisual technology. There have been reports of self-monitoring of 
asthma [64, 65] and COPD [66] patients at home using telemedicine tools, and the 
results were accurate and satisfactory, without affecting the quality of care received 
by these patients. A study using telemedicine with intelligent algorithms is pre-
sented in [67]. Similarly, with the advances in smartphone and Bluetooth technol-
ogy, wireless stethoscopes working with mobile phones have been developed [68]. 
Furthermore, with the miniaturization of sensors and widespread use of Internet 
communication, wearable monitoring systems are being cultivated [69, 70].
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9Current Techniques for Breath Sound 
Analysis

Leontios J. Hadjileontiadis and Zahra M. K. Moussavi

9.1  Introduction

This chapter aims to provide some insight in the current techniques used for 
breath sound analysis, in order to reveal, as accurately as possible, their 
underlying diagnostic value. This process leads to the construction of feasible 
models and tools that assist the physician during lung-related disease assess-
ment and treatment. The main problems that drive the development of such 
techniques are (1) overcoming subjective interpretation of the breath sounds 
performed during auscultation by the doctor and (2) the elimination, as much 
as possible, of the contamination noise imposed during the breath sound 
acquisition by various noise sources (internal and/or external).

Breath sounds were the locus of interest even from the ancient Greeks, who fol-
lowed vast medical experimentation to better understand the anatomy and 
functionality of the human body. Breath sounds are mentioned and described 
in the writings of the Hippocratic school (circa 400 BC) as splashing, crack-
ling, wheezing, and bubbling sounds emanating from the chest [1]. All these 
different sound impressions reveal the variation in the breath sound percep-
tion that makes their interpretation a quite hard task to accomplish.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_9&domain=pdf
mailto:leontios@auth.gr
mailto:leontios.h@kustar.ae.ac
mailto:Zahra.Moussavi@umanitoba.ca


140

A profound idea, yet with great impact on the qualitative appreciation of breath 
sounds, was proposed by René Theophil Hyacinthe Laënnec in 1816, who 
invented the stethoscope. This simple gadget, which was originally made of 
wood, replaced the “ear-upon-chest” detection procedure enhancing the emit-
ted breath sounds [2]. Nevertheless, this invention has changed a lot the way 
medicine was performed. Actually, medicine was one of the first sites where 
the conceptual tools of rationality and empiricism were combined with tech-
niques of investigation to make the human body a source of knowledge [3]. 
The stethoscope significantly contributed to the combination of conceptual 
tools of rationality and empiricism with techniques of investigation, trans-
forming the human body to “an object of knowledge” (ibid). It was not so 
much about the actual artifact as the technique that it crystallized, i.e., medi-
ated auscultation [4]. In this way, listening became important to the construc-
tion of medical knowledge and its application through the development of a 
technique and a technology to go with it, to such extent that doctor’s hearing 
tool became the symbol of a profession, even from the 1820s [5]. Clearly, a 
‘good doctor’ is the one that has the technology and possesses the technique 
to effectively use it.

The development of the stethoscope and mediated auscultation coincided with 
the development of new theories of sense perception based on a “separation of the 
senses.” To this end, seeing and hearing are to be understood as fundamentally and 
absolutely different modes of knowing the world, though neither form of knowledge 
is guaranteed as truth [6]. This was the moment when empiricism collided with 
subjectivism [7]. If the sensorium was, before this moment, a kind of complex 
whole, it then became an accumulation of parts. Thus, not only vision but hearing 
became its own, specific object of knowledge over the course of the nineteenth cen-
tury, supplemented through technique and technology. From then, audition became 
a key modality in perceiving states of patients’ bodies.

Attempts of quantitative analysis of breath sounds date to 1930, but the first sys-
tematic, quantitative measurement of their characteristics (i.e., amplitude, pitch, 
duration, and timing in controls and in patients) is attributed to McKusick in 1958 
[1]; with his work, a new window toward the exploration of acoustics in medicine 
was widely opened.

Before embarking on the description of the advanced signal processing 
approaches in the area of breath sound analysis, their characteristics are epitomized 
in the succeeding section, facilitating the understanding of the nature of the exam-
ined breath sound signals.

9.2  Breath Sound Characteristics

The whole book serves as a valuable source of information regarding the breath 
sound characteristics according to their categorization. Here, some issues that 
relate with the essence of breath sound analysis approaches are presented, mainly 
focused on lung sounds (LSs).
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From a general perspective, a LS is nothing but an audible sound; the latter con-
sists of audible vibrations transmitted through an elastic solid or a liquid or gas, 
created by alternating regions of compression and rarefaction of the elastic medium. 
The density of the medium determines the ease, distance, and speed of sound trans-
mission. The higher the density of the medium, the slower sound travels through it. 
Sound waves are characterized by the generic properties of waves, which are fre-
quency, wavelength, period, amplitude, intensity, speed, direction, and polarization 
(for shear waves only). Due to the variety of LSs, a commonly accepted categoriza-
tion is needed. In the latter, the principal characteristics, i.e., frequency, intensity, 
duration, and quality (timbre/texture), are mainly considered.

9.2.1  Categorization

In fact, LSs are divided into two main categories, i.e., normal and abnormal ones. 
The normal are certain sounds heard over specific locations of the chest during 
breathing in healthy subjects. The character of the normal LSs and the location 
at which they are heard define them. Hence, the category of the normal LSs 
includes [8]:

Tracheal (heard over the trachea having a high loudness)
Vesicular (heard over dependent portions of the chest, not in immediate proximity 

to the central airways)
Bronchial (heard in the immediate vicinity of central airways but principally over 

the trachea and larynx)
Bronchovesicular, which refers to normal breath sounds with a character in between 

vesicular and bronchial (heard at intermediate locations between the lung and the 
large airways)

Normal crackles, inspiratory breath sounds (heard over the anterior or the posterior 
lung bases) [9, 10]

The abnormal LSs consist of LSs of a bronchial or bronchovesicular nature that 
appear at typical locations (where vesicular LS is the norm). The abnormal LSs are 
categorized between continuous adventitious sounds (CAS) and discontinuous 
adventitious sounds (DAS) [11] and include [12–16]:

Wheezes: musical CAS that occur mainly in expiration and are invariably associated 
with airway obstruction, either focal or general

Rhonchi: low-pitched sometimes musical CAS that occur predominantly in expira-
tion, associated more with chronic bronchitis and bronchiectasis than with asthma

Stridors: musical CAS that are caused by a partial obstruction in a central airway, 
usually at or near the larynx

Crackles: discrete, explosive, non-musical DAS, further categorized between:
Fine crackles are high-pitched exclusively inspiratory events that tend to occur in 

mid-to-late inspiration, repeat in similar patterns over subsequent breaths, and 
have a quality similar to the sound made by strips of Velcro™ being slowly 
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pulled apart; they result from the explosive reopening of small airways that had 
been closed during the previous expiration

Coarse crackles are low-pitched sound events found in early inspiration and occasion-
ally in expiration as well, develop from fluid in small airways, are of a “popping” 
quality, and tend to be less reproducible than the fine crackles from breath to breath

Squawks (SQ): short, inspiratory wheezes that usually appear in allergic alveolitis and 
interstitial fibrosis [17] and predominantly initiated with a crackle, caused by the 
explosive opening and fluttering of the unstable airway that causes the short wheeze

Friction rub: DAS localized to the area overlying the involved pleura which occur 
in inspiration and expiration when roughened pleural surfaces rub together, 
instead of gliding smoothly and silently.

Analytical description can be found in Part III of the current book.

9.2.2  Intrinsic Characteristics

The variety in the categorization of LSs implies changes in the acoustic characteris-
tics, either of the source or the transmission path of the LSs inside the lungs, because 
of the effect of a certain pulmonary pathology. It is likely that the time- and frequency- 
domain characteristics of the LS signals reflect these anatomical changes [18].

In particular, the time-domain pattern of the normal LSs resembles a noise pattern 
bound by an envelope, which is a function of the flow rate (ibid). Tracheal sounds 
have higher intensity and a wider frequency band (0–2  kHz) than the chest wall 
sounds (0–600 Hz) and contain more acoustic energy at higher frequencies [19]. The 
CAS time-domain pattern is a periodic wave that may be either sinusoidal or a set of 
more complex, repetitive sound structures [18]. In the case of wheezes, the power 
spectrum contains several dissonant-like peaks (“polyphonic” wheezes) or a single 
peak (“monophonic” wheeze), usually in the frequency band of 200–800 Hz, indicat-
ing bronchial obstruction (ibid). Crackles have an explosive time-domain pattern, 
with a rapid onset and short duration (ibid). It should be noted that this waveform 
may be an artifact of high-pass filtering [20]. Their time-domain structural character-
istics (i.e., a sharp, sudden deflection usually followed by a wave) provide a means 
for their categorization between fine and coarse crackles [21].

For an extensive description and a variety of examples regarding LS structure 
and intrinsic characteristics, the reader should refer to [12, 16, 18] and Chaps. 2, 5, 
and 6 of the current book.

9.3  Analysis Mainstream Pathways

LSs analysis has long lived between two main representations, i.e., in time and fre-
quency domain, following a variety of directions; the most popular include:

Respiratory flow estimation [22–29]
Heart sound cancellation [30–45]
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DAS detection and denoising [46–68]
Nonlinear analysis of LS [69–79]
Feature extraction and classification [6, 18, 46, 52, 60, 80–108]

Although LS time and spectral characteristics proved to be so far quite efficient 
in the interpretation of LSs, they cannot always provide the full image of the diag-
nostic power of LSs. In this vein, some new analysis domains have been proposed, 
approaching some LSs properties from different angles, capturing, perhaps, in a 
more pragmatic way their behavior. The latter could drive more efficiently machine 
learning algorithms applied in the diagnosis of lung sound [109]. The presentation 
of such methodologies aims at not only revealing the importance of LSs as indica-
tors of respiratory health and disease but also shedding light upon the inherent char-
acteristics of the advanced signal processing techniques that manage to adapt to the 
specific properties of LSs, providing a new viewpoint in the evaluation of respira-
tory acoustics. These interesting representations and features of LSs are gleaned in 
the subsequent sections, based on the relevant literature, where more detailed (math-
ematical) description is provided, accordingly.

9.4  Beyond Spectrum: Higher-Order Spectrum (HOS)

9.4.1  Rationale

Many real-world signals, such as almost all the biomedical ones, are non-Gaussian 
random processes. As a result, distinguishing features, such as non-Gaussianity, 
non-minimum phase, colored noise, and nonlinearity, are important and must be 
accounted for in a signal processing context. To this end, a class of tools has been 
developed to the point of practical application, known as higher-order statistics 
(spectra) (HOS), which have proven to be of potential value when dealing with non- 
Gaussian random processes [110, 111].

Higher-order statistics, also known as cumulants, are related to and may be 
expressed in terms of the moments of a random process. In general, the k th-order 
cumulant of a random process is defined in terms of the process’s joint moments of 
orders up to k (ibid). Just as the power spectrum (PS) (the Fourier transform of the 
autocorrelation) is a useful tool in the signal analysis, so too are the higher-order 
spectra, also known as polyspectra, which are the associated Fourier transforms of 
the cumulants. In PS estimation, the process under consideration is treated as a 
superposition of statistically uncorrelated harmonic components, and the distribu-
tion of power among them is the estimation outcome. As such, only linear mecha-
nisms governing the process are investigated due to the suppression of the phase 
relations among the frequency components [112]. Consequently, the information 
contained in the PS suffices for the complete statistical description of a Gaussian 
process of known mean. Looking beyond the PS to obtain information regarding 
deviations from Gaussianity and presence of nonlinearities, the polyspectra should 
be employed. The most often used ones are the third- and fourth-order spectra, also 
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called bispectrum and trispectrum, respectively. From this perspective, the PS 
should be considered, in fact, as a member of the class of higher-order spectra, i.e., 
as a second-order spectrum.

Cumulants not only reveal amplitude information about a process but also reveal 
phase information. This is of great importance, since, as is well known, second- 
order statistics, i.e., correlation, are phase-blind. A key characteristic, which differ-
entiates cumulants from correlation, is that cumulants are blind to all kinds of 
Gaussian processes, whereas correlation is not. From a practical point of view, this 
means that when cumulant-based methods are applied to non-Gaussian (or, possi-
bly, nonlinear) processes contaminated by additive Gaussian noise (even colored 
Gaussian one), they provide an analysis field of automatically improved signal-to- 
noise ratio (SNR).

Practically speaking, many biomedical signal processes are non-Gaussian yet 
corrupted by measurement noise, which can often be realistically described as col-
ored Gaussian process; hence, in these practical applications, the value of the HOS 
is apparent. Another very attractive property of cumulants refers to the ability to 
work with them as operators. On a practical level, this means that the cumulants of 
the sum of two statistically independent random processes equals the sum of the 
cumulants of the individual processes. Higher-order moments, by contrast, do not 
have that property; hence, they are much less convenient [111].

Based on the aforementioned HOS characteristics, placing LSs in the HOS- 
based domain could reveal their true character and, hence, could disclose further 
their underlined diagnostic value, as exemplified next.

9.4.2  Epitomized Definitions and Examples of HOS-Based 
Analysis of LSs

9.4.2.1  LS Quadratic Phase Coupling (QPC) Detection
Quadratic phase coupling (QPC) refers to peaks at harmonically related positions in 
the power spectrum. As the existence of phase coupling denotes existence of nonlin-
earity, which, in turn, in many cases, is related to the existence of pathology, detec-
tion of QPC in LS signals could possibly provide an indicator of the anatomical 
changes of lungs due to the pathology. The detection of the QPC is facilitated via 
the HOS-defined bicoherency index (BI). The latter is the magnitude of the bicoher-
ence, i.e., (| |),Px

3 1 2w w,( )  defined as

 

P
C

C C C

x
x

x x x
3 1 2

3 1 2

2 1 2 2 2 1 2

1

2

w w
w w

w w w w
,

,
( ) = ( )

( ) ( ) +( )éë ùû

,

 

(9.1)

where Cx
2 w( )  and Cx

3 1 2w w,( )  correspond to the power spectrum and the bispec-
trum of a stationary stochastic process {X(k)}, given, accordingly, by
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and cx
2 t( )  denotes the autocorrelation function, whereas cx

3 1 2t t,( )  are the third- 
order cumulants of {X(k)}, defined (for a zero-mean {X(k)}) as
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Due to the even symmetry of c cx x
2 2-( ) = ( )t t , C Cx x

2 2w w( ) = -( )  and 
Cx

2 0w( ) ³ ; thus Cx
2 w( )  is a real nonnegative function. This observation is quite 

vital for the use of the power spectrum when phase carries the important informa-
tion, where, unlike Cx

3 1 2w w,( ) , it becomes useless, as Cx
2 w( ) , being real, cannot 

express any phase information.
A nonlinear analysis of musical LSs based on BI was first presented in [76]. In 

the latter, the third-order statistics and spectra were used both for the detection of 
QPC between distinct frequency components of musical lung sounds and as a mea-
sure of their nonlinear interaction. This harmonic analysis was conducted on pre-
classified signals (wheezes, rhonchi, stridors) selected from international teaching 
tapes. The derived results have shown a high degree of deviation from Gaussianity 
along with quadratic self-coupling within the distinct frequencies of the correspond-
ing power spectrum of musical lung sounds. This is depicted in Fig. 9.1, where the 
estimated Cx

2 w( )  and Cx
3 1 2w w,( )  of an inspiratory stridor recorded from an infant 

with croup [76] are depicted in Fig. 9.1a, b, respectively. From the three distinct 
peaks seen in the Cx

2 w( )  in Fig. 9.1a, i.e., (410.2, 820.4, 1230.6) Hz, a self- coupling 
is revealed in the bispectrum domain, Cx

3 1 2w w,( )  in Fig. 9.1b, denoted by the clear 
peak at the (410.2, 410.2) Hz.
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Fig. 9.1 An example of QPC seen in the case of a recorded inspiratory stridor: (a) the correspond-
ing power spectrum and (b) the corresponding bispectrum estimated within the principal region in 
the bi-frequency domain [76]. The distinct peak in the bispectrum denotes existence of the QPC 
and strong deviation from the Gaussian assumption
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As reported in [76], in case of monophonic wheezes, the frequency pair of 
QPC belongs into the low-frequency band. The fundamental frequency is 
revealed in inspiratory phase of breath cycle, while its first harmonic dominates 
in the expiratory phase. This fact leads to the conclusion that the monophonic 
wheeze consists of a single note or a single tonality, established by the octaves 
of the fundamental frequency, due to a nonlinear mechanism. In case of poly-
phonic wheezes, the frequency pair of QPC belongs into a higher frequency 
band than that of monophonic wheezes. In the inspiratory phase, pairs of high 
frequencies perform QPC, while in the expiratory phase, submultiple frequen-
cies of those in the inspiratory phase perform QPC. The harmonics which are 
involved result in a polyphonic chord, since apart from the fundamental fre-
quency (f0), the octave (2f0) and the fifth of the chord (3f0) perform QPC. This 
result is consistent with the accepted theory that polyphonic wheezes are made 
up of several dissonant notes starting and ending simultaneously, like a chord 
[14].

In the same works, in case of random wheezes, the nonlinearity and non- 
Gaussianity of the process were found to be evident both in inspiratory and expira-
tory cases. In cases of sibilant (SBR) and sonorous (SNR) rhonchi, high- and 
low-frequency pairs perform QPC, since they correspond to high and low wheezes, 

respectively. From f f f f1 2 1 2
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sibilant and sonorous rhonchi have similar nonlinear production mechanism but dif-
ferent transmission, since high frequencies are only amplified in case of sibilant 
rhonchi. Moreover, in case of stridors, high-frequency pairs, both in inspiration and 
expiration, perform QPC. The frequencies with QPC corresponding to inspiratory 
stridors from an infant with croup are higher than those corresponding to inspiratory 
stridors from a 9-year old child with croup. As it is well known, stridor (ST) inten-
sity is the only thing that distinguishes a stridor from a monophonic wheeze (MW) [14]. 

From the nonlinear analysis, it can be seen that f f f f1 2 1 2
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justifying their relationship, but the degree of nonlinearity is much larger in stridor 
than in monophonic wheeze. This difference can introduce another field of separat-
ing these associated abnormal musical LSs categories.

From the examples presented above, clearly, differences in the degree of QPC, 
the nonlinearity, and the non-Gaussianity of the processed LS signals could estab-
lish a new field in characterization and feature extraction of the pulmonary patholo-
gies associated with musical lung sounds, such as asthma and chronic obstructive 
pulmonary dysfunction [52, 75, 76].

9.4.2.2  AR-HOS Modeling of LSs Source and Transmission
Analysis and modeling of the system that produces the LSs and their transmission 
channel inside the lungs contribute to the understanding of both the way LSs are 
produced and, even more, the way the pathology affects these production and trans-
mission mechanisms. Such modeling could offer more sparse representation of the 
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lung functionality via the model parameters, which, with efficient modeling, could 
lead to an objective description of the changes a disease imposes to the production 
or transmission path of the LSs.

LSs originated inside the airways of the lung are modeled as the input to an all- 
pole filter, which describes the transmission of LSs through the parenchyma and 
chest wall structure [113]. The output of this filter is considered to be the LSs 
recorded at the chest wall. The recorded LSs also contain heart sound interference. 
Muscle and skin noise, along with instrumentation noise, are modeled as an additive 
Gaussian noise. With this model, given a signal sequence of LSs at the chest wall, 
an autoregressive (AR) analysis based on third-order statistics (TOS), namely, 
AR-TOS, can be applied to compute the model parameters. Therefore, the source 
and transmission filter characteristics can be separately estimated, as it is thoroughly 
described in [52, 75].

The AR-TOS is described from the following equation:
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where yn represents a pth order AR process of N samples (n = 0, …, N − 1), ai are 
the coefficients of the AR model, and wn are independent and identically distributed 
(i.i.d.), third-order stationary, zero-mean, random variables, with E wn

3 0{ } = ¹b  
and yn independent of wl for n < l. Since wn is third-order stationary, yn is also third- 
order stationary, assuming it is a stable AR model. For the model of (9.5), we can 
write the cumulant-based “normal” equations [114]:
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where cy
3 1 2t t,( )  are the third-order cumulant sequence of the AR process. In prac-

tice, sample estimates of the cumulants are used. The (9.6) yields consistent esti-
mates of the AR parameters maintaining the orthogonality of the prediction error 
sequence to an instrumental process derived from the data [115].

The profound motivations behind the use of the AR-TOS model is the suppres-
sion of Gaussian noise, because TOS of Gaussian signals are identically zero. 
Hence, when the analyzed waveform consists of a non-Gaussian signal in additive 
symmetric noise (e.g., Gaussian), the parameter estimation of the original signal 
with TOS takes place in a high-SNR domain, and the whole parametric presentation 
of the process is more accurate and reliable [111].

The model used for the LSs originated inside the airways considers the LSs 
source as the output from an additive combination of three kinds of noise sequences 
[116]. The first sequence (periodic impulse) describes the CAS sources, because 
they have characteristic distinct pitches, and they are produced by periodic oscilla-
tions of the air and airway walls [14, 18]. The second sequence (random intermittent 
impulses) describes the crackle sources, because they are produced by sudden open-
ing/closing of airways or bubbling of air through extraneous liquids in the airways, 
both phenomena associated with sudden intermittent bursts of sounds energy (ibid). 
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Finally, the third sequence (white non-Gaussian noise) describes the breath sound 
sources, because they are produced by turbulent flow in a large range of airway 
dimensions (ibid). The estimation of the AR-TOS model input (LSs source) can be 
derived from the prediction error by means of inverse filtering [52, 117]. An exam-
ple of AR-TOS (p  =  2) modeling for the case of fine crackles corresponding to 
pulmonary fibrosis [117] is shown in Fig. 9.2.

For the acquired fine crackles (Fig. 9.2a), the estimated source waveform based 
on (9.5) and (9.6) (Fig. 9.2b) contains impulsive bursts, corresponding to the fine 
crackles of Fig. 9.2a. This could be explained by the associated with fine crackles 
phenomenon of explosive reopening of small airways that had closed during the 
previous expiration. The abnormal airway closure that precedes the “crackling” 
reopening is due to increased lung stiffness [18]. Moreover, the transmission filter 
response (Fig. 9.2c) is centered at high frequencies (≈530 Hz); hence, pulmonary 
fibrosis converts the transmission path to a band-pass filter (350–700 Hz). From the 
magnitude of parametric bispectrum (Fig. 9.2d), it can be noticed that a self-QPC 
exists at (530, 530) Hz, denoting that nonlinear mechanisms are involved in the 
transmission path of fine crackles through the lungs.

In the same vein, in the work of Li and Liu [118], QPC peaks of bispectrum, 
normalized bispectral entropy and parameters of slice spectrum are selected to form 
the feature vector for lung sounds classification for the classes of controls, patients 
with pneumonia and patients with asthma. Their results, although qualitative, have 
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Fig. 9.2 An example of AR-TOS modeling of LS source and transmission for the case of fine 
crackles [75, 117]. (a–d) Correspond to the recorded LSs signal, the AR-TOS-based estimated 
source, the AR-TOS-based estimated transfer function, and the corresponding magnitude of the 
parametric bispectrum, respectively
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shown that bispectrum analysis of lung sounds is applicable and effective and could 
provide a field to yield more reliable classification features than the conventional 
power spectrum.

9.5  Beyond Fourier Transform: Wavelet Transform (WT)

9.5.1  Rationale

The notion of a wavelet (i.e., a small wave) has evolved rapidly from its introduction 
by Grossmann and Morlet in the middle of the 1980s as applied to the analysis of 
properties of seismic and acoustic signals [119]. Nowadays, the family of analyzing 
functions dubbed wavelets is being increasingly used in problems of pattern recog-
nition, in processing and synthesizing various signals (like speech), in analysis of 
images of any kind (e.g., iris images, X-rays, satellite images, an image of mineral, 
etc.), for study of turbulent fields, for contraction (compression) of large volumes of 
information, and in many other cases.

The wavelet transform (WT) of a one-dimensional signal involves its decompo-
sition over a basis obtained from a soliton-like function (wavelet), possessing some 
specific properties, by dilations and translations. Each of the functions of this basis 
emphasizes both a specific spatial (temporal) frequency and its localization in phys-
ical space (time). Thus, unlike the Fourier transform traditionally used in signal 
analysis, the WT offers a two-dimensional expansion of a given one-dimensional 
signal, with the frequency and the coordinate treated as independent variables. 
Consequently, the signal could be analyzed simultaneously in physical (time, coor-
dinate) and frequency spaces. This ability has spawned a number of sophisticated 
wavelet-based methods for signal manipulation and interrogation. WT has been 
found to be particularly useful for analyzing signals which can best be described as 
aperiodic, noisy, intermittent, and transient [120].

One faces known difficulties when processing short high-frequency signals or 
signals with localized frequencies. The WT proves to be an extremely efficient tool 
in adequately decoding such signals, since elements of its basis are well localized 
and possess a moving time-frequency window. It is not a coincidence that many 
researchers refer to wavelet analysis as a “mathematical microscope,” as this term 
accurately conveys the remarkable capability of the method to offer a good resolu-
tion at different scales. This so-called microscope reveals the internal structure of an 
essentially inhomogeneous process (or field) and exposes its local scaling behavior 
[121]. In this vein, WT picks out “coherent structures” in a time signal at various 
scales by shifting the wavelet along the signal, so coherent structures related to a 
specific dilation in the signal to be identified.

The decomposition of the input signal into approximation and detail space is 
called multiresolution approximation [122], which can be realized using a pair of 
finite impulse response (FIR) filters (and their adjoints), which are low pass and 
high pass, respectively, defining a multiresolution decomposition–multiresolution 
reconstruction scheme (MRD–MRR).
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Wavelets can be successfully applied to solve various problems, as the vast rel-
evant literature justifies. An analytical description and details regarding the imple-
mentation of wavelet analysis can be found in [120, 123–127] and in their 
references.

9.5.2  Epitomized Definitions and Examples of WT-Based 
Analysis of LSs

Wavelet transform analysis uses wavelets to convolve them with the signal under 
investigation [120]. The continuous wavelet transform (CWT) of a continuous sig-
nal x(t) with respect to the wavelet function is defined as [120]
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Assuming x(t) to be a sine wave (e.g., like a musical LS signal, i.e., wheeze), then 
x(t) = A sin (ωxt + φ), with ωx and φ being its angular frequency and phase, respec-
tively; it holds that ωx = λωc/a, where ωc/a is the angular frequency of the analyzing 
mother wavelet of (9.8), and ωc is the central angular frequency that corresponds to 
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/ c  and for a real mother wavelet and b = 0, (9.7) could be written in 
the form of
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The inverse CWT (ICWT) is defined as [120]
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where Cg is an admissibility constant [120], and its value depends on the chosen 
wavelet.

By selecting discrete values for a, b parameters, a discrete form of the wavelet of 
(9.8) is produced. When a power-of-two logarithmic scaling of both the dilation and 
translation steps is adopted (known as the “dyadic grid arrangement”), then a dyadic 
grid wavelet is formed. Discrete dyadic grid wavelets are commonly chosen to be 
orthonormal; they are both orthogonal to each other and normalized to have unit 
energy.

Considering the characteristics of various LS signals, a series of research 
efforts were developed toward the application of WT to LS analysis. In the work 
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of Gross et al. [128], parameters based on multiresolution approximation were able 
to detect typical pneumonia LS at an early stage of the disease in all 16 examined 
patients. In particular, using Daubechies 8 coefficient quadratic mirror filters [123], a 
multiresolution approximation was performed, and the bronchial breathing sound pat-
tern was detected by using WT-based ratio R between inspiration and expiration of the 
frequency band 345–690 Hz (scale 3) described in [129]. WT coefficients in the pneu-
monia site exhibited reduced amplitude compared to the ones from the healthy site, 
following a reversed pattern (healthy site, higher amplitude in inspiration and lower in 
expiration; pneumonia site, lower amplitude in inspiration and higher in expiration). 
The successful WT-based detection of bronchial breathing can be considered as a first 
step in developing a monitoring system for pneumonia-risk patients.

Ayari et al. [130] applied the WT transform to normal LS, crackles, and wheezes. 
In their work, they used wavelets formed by the first derivative of a Gaussian. 
Derivatives of Gaussian are most often used to guarantee that all maxima lines prop-
agate up to the finest scale. They used the WT modulus maxima method [131] to 
characterize the local regularity of LS. The localized singularities correspond to the 
sharp and slow variations. WT of LS across scales presents local maxima when 
using a wavelet that is a first derivative of a smoothing function. Consequently, the 
sharp and slow variations are indicated by the location of the local modulus maxima 
obtained by one vanishing moment wavelet. The analysis of the behavior of WT 
modulus maxima across scales permits detection of singularities and estimation of 
Lipschitz exponents for the sharp and slow variation [132]. Numerical results for 
the crackle sound showed that singularity at sharp variation was Lipschitz 1. For 
wheezes the singularity at sharp variations was Lipschitz 1. This is quite expected, 
as wheezing sound seems more like a sinusoidal signal, so it looks to be more regu-
lar than the normal lung sound.

WT has also been used in combination with artificial neural networks (ANNs) to 
form a LS classification scheme. In the work of Kandaswamy et al. [94], LS signals 
were decomposed into the frequency sub-bands using multiresolution approxima-
tion, and a set of statistical features was extracted from the sub-bands to represent 
the distribution of wavelet coefficients. An ANN-based system, trained using the 
resilient back-propagation algorithm (RPROP) [133], was implemented to classify 
LS to one of the six categories: normal, wheeze, crackle, squawk, stridor, or rhon-
chus. RPROP is a local adaptive learning scheme, performing supervised batch 
learning in feed-forward neural networks. The basic principle of RPROP is to elimi-
nate the harmful influence of the size of the partial derivative on the weight step. As 
a consequence, only the sign of the derivative is considered to indicate the direction 
of the weight update. The authors used some statistics from the WT coefficients as 
features for the ANN-based classification. In particular, they used (1) the mean of 
the absolute values of the coefficients in each sub-band, (2) the average power of the 
wavelet coefficients in each sub-band, (3) the standard deviation of the coefficients 
in each sub-band, and (4) the ratio of the absolute mean values of adjacent sub- 
bands. The first two features represent the frequency distribution of the signal 
whereas the next two the amount of changes in frequency distribution. These feature 
vectors, calculated for the frequency scales of 3–7, were used for classification of 
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the LS signals by the ANN. The authors achieved classification accuracy >90%, 
when using Daubechies wavelet of order 8 [123].

Various combinations of WT-based approaches in DAS detection and extraction 
from the background vesicular sound were also proposed. As already mentioned, 
WT provides a new perspective in analysis of LS, since it can decompose them into 
multi-scale details, describing their power at each scale and position (ibid). Applying 
a threshold-based criterion at each scale, a filtering scheme which weights WT coef-
ficients according to signal structure can be composed. Separation of signal from 
“noise” can be achieved through an iterative reconstruction–decomposition process, 
based on the derived weighted WT coefficients at each iteration. The aforemen-
tioned concept was introduced in [49], where the implementation of a wavelet 
transform- based stationary–nonstationary (WTST–NST) filter for the separation of 
DAS (nonstationary waves) from vesicular ones (stationary waves) is described. 
WTST–NST is a wavelet domain filtering technique, based on the fact that explo-
sive peaks (DAS) have large components over many wavelet scales, while “noisy” 
background (VS) dies out swiftly with increasing scale. This fact allows character-
ization of the wavelet transform coefficients with respect to their amplitude; the 
most significant coefficients at each scale, with amplitude above some threshold, 
correspond to DAS, while the rest correspond to VS.  Consequently, a wavelet 
domain separation of WT coefficients corresponding to DAS and vesicular sound, 
respectively, can offer a time-domain separation of DAS from vesicular sound using 
an iterative MRD–MRR scheme. Figure 9.3 illustrates an example of the applica-
tion of the WTST–NST filter to recorded LS that contains coarse crackles.

In Fig. 9.3, the top subplot illustrates the original recorded LS sounds; the non-
stationary character of CC is clearly evident. The result of the application of the 
WTST–NST filter to the recorded LS is depicted in the middle subplot of Fig. 9.3, 
whereas the estimated VS signal (serving as background noise) is shown in the bot-
tom subplot of Fig. 9.3. When comparing the output of the WTST–NST filter with 
the original signal, the ability of the WTST–NST filter to efficiently identify and 
extract DAS from VS is realized. Extended implementation details and further 
experimental results can be found in [49].

In the work of Ulukaya et al. [104], a rational-dilation WT (RADWT) [134] was 
used, in which the Q-factor of the analysis and synthesis filters can be adjusted 
according to the properties of signal of interest. When high Q-factor filters are used, 
oscillatory wavelets similar to wheeze signals in the time domain and better fre-
quency resolution for low and middle frequency bands in frequency domain can be 
achieved. From the decomposed sub-band coefficients with the RADWT, various 
feature subsets, namely, energy, Shannon entropy, standard deviation, minimum/
maximum, and kurtosis values of each sub-band, were derived. These new feature 
subsets were fed into k-nearest neighbor (k-NN) and support vector machine (SVM) 
classifiers, in order to discriminate the classes of crackle, wheeze, and normal sig-
nals. Their results show that by using high Q-factor wavelet analysis, higher indi-
vidual crackle, wheeze, normal signal detection rates, and average accuracy (mean 
of individual rates) could be achieved (>95% with SVM), when compared to the 
low Q-factor wavelet analysis.
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As it is apparent from the above referenced examples, WT provides new oppor-
tunities in LS representation that allow construction of hybrid analysis tools. The 
latter stems from the beneficial advantages of WT and, by combining other efficient 
methods, introduces new approaches in LS analysis and appreciation. This becomes 
clearer in the succeeding section.

9.6  HOS and WT: Wavelet Higher-Order Spectrum (WHOS)

9.6.1  Rationale

As it was previously presented, wavelet analysis can be seen as a generalization of 
the Fourier analysis and, in many cases, permits a similar interpretation but ampli-
fies it by adding time resolution—in a more fundamental way than is permitted by 
the short-time Fourier transform (STFT), since the latter does not remove the objec-
tion raised above against Fourier-type methods.

CC denoising by the WTST-NST filter
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Fig. 9.3 An example of the application of the WTST–NST filter [49] to recorded LS that contain 
coarse crackles (CC), illustrating the efficient performance of the WTST–NST filter to identify and 
extract DAS from vesicular sound (VS). (top) The original recorded LS, (middle) the denoised 
CCs, (bottom) the estimated VS (background noise-like)
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Signals containing coherent couplings have traditionally been analyzed by means 
of a normalized bispectrum, i.e., the bicoherence, as described in Sect. 9.4.2.1 (see 
(9.1)). The bicoherence, when defined properly, quantifies the fraction of power 
contained in the nonlinearity. However, when the available data have a nonstation-
ary nature, traditional fast Fourier transform (FFT)-based methods may be inade-
quate due to the inability of the STFT to resolve short-lived transients properly 
[115, 135]. To circumvent such problem, the wavelet bispectrum/bicoherence was 
proposed [136–138], based on a combination of CWT with HOS.

For the analysis of nonstationary processes, the wavelet bispectrum has two main 
advantages compared to traditional FFT-based methods. First, since the CWT is a 
time-scale representation of a signal, thus, a time axis is introduced in a natural way. 
Second, wavelets have an inherent constant-Q filtering property and are conse-
quently well suited for detection of transients.

The wavelet bicoherence technique detects QPC while reducing time averages to 
a minimum, thus permitting short-lived events, pulsed, and intermittency to be 
resolved [139]. Relatively short data sequences are sufficient to perform an analysis, 
in contrast to the Fourier bicoherence that needs long-time series to obtain both suf-
ficient frequency resolution and statistics. Estimates of the noise contribution and 
error level of the wavelet bicoherence provide a criterion for the reliability of the 
results. A powerful noise reduction is an integral part of the standard technique: as 
noncoherent contributions are averaged out, weak coherent signals can be detected 
in very noisy data. Moreover, the wavelet bicoherence is more independent of the 
frame of reference and may be expected to be more useful in experiments where 
measurement in the local frame of reference is difficult [138].

9.6.2  Epitomized Definitions and Examples of WHOS-Based 
Analysis of LSs

By analogy to the definition of the bispectrum in Fourier terms (see (9.3)), the wave-
let bispectrum (WBS) is defined as [139]

 
B a a W a W a W a

T

x x xw , , , , d1 2 1 2( ) = ( ) ( ) ( )ò * t t t t ,
 

(9.11)

where Wx(ai, τ),  i = 1, 2, denotes the CWT defined in (9.7) and the integration is 
performed over a finite time interval T : τ0 ≤ τ ≤ τ1, and a, a1, a2 satisfy the following 
rule:

 

1 1 1

1 2a a a
= + .

 
(9.12)

The WBS expresses the amount of QPC in the interval T, which occurs between 
wavelet components of scale lengths a1, a2 and a of x(t), such that the sum rule of 
(9.12) is satisfied. By interpreting the scales as inverse frequencies, i.e., w p

=
2
a

, the 
WBS can be interpreted as the coupling between wavelets of frequencies that satisfy 
ω = ω1 + ω2 within the given frequency resolution.
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Similarly to the definition of bicoherence (see (9.1)), the wavelet bicoherence 
(WBC) can be defined as the normalized WBS, i.e.,
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and its magnitude, i.e., ∣bw(a1, a2)∣, namely, wavelet bicoherence index, can attain 
values between 0 and 1.

Since the WBC defined in (9.13) refers to a certain time interval T, its value is 
corresponded to the center of this interval, i.e., t0 = T/2. Consequently, the evolution-
ary WBC (EWBC) can be defined as
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where Ttotal is the total time duration of the analyzed signal x(t). When using EWBC, 
the evolution of the nonlinearities across time can be represented, within a time 
resolution controlled by the selection of the ΔT1 value.

Due to the nature of wheezes, the notion of QPC detection examined in Sect. 
9.4.2.1 is expanded by employing wavelet bispectrum and wavelet bicoherence as a 
means to track and quantify the evolution of the nonlinear characteristics of wheezes 
within the breathing cycle. To this end, the combination of wavelet transform with 
third-order statistics/spectra introduces the nonlinear analysis of wheezes in the 
time-bi-frequency domain. This was investigated in [78, 79], where breath sound 
signals from asthmatic patients were analyzed using CWT-HOS-based parameters.

The variation in the time-frequency characteristics of wheezes justifies the neces-
sity of using wavelet-based higher-order statistics/spectra to reveal their nonlineari-
ties. Figure 9.4 (top-a) depicts one breathing cycle of a breath sound signal along 
with the normalized airflow (superimposed with a dotted line) recorded from an 
asthmatic patient. The positive and negative airflow values indicate inspiratory and 
expiratory phases, respectively. As it can be seen from Fig. 9.4 (top-a), the expira-
tory phase is prolonged compared to the inspiratory one; this is due to the existence 
of asthma. Similarly, the breath sound signal exhibits a profound high-amplitude 
section (~1.2–2.8  s) corresponding to inspiratory wheeze, whereas an extended 
expiratory wheeze (~3.7–6.3 s) with decaying amplitude dominates the expiratory 
phase.

Figure 9.4 (top-b) shows the representation of the signal in the time-frequency 
domain via the CWT of the signal. From this figure, the harmonic character of 
wheezes (both inspiratory and expiratory) is apparent. Clearly, there are coexisting 
distinct spectral peaks within the area of 150–500 Hz that emerge during the appear-
ance of wheezes, revealing their polyphonic character (like a chord). In addition, a 
frequency sweep from low to high frequencies and vice versa can be noticed, mainly 
at the beginning and the end of wheezes, due to the increase or decrease of the 
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airflow signal, respectively. Moreover, the spectral peak within 200–400 Hz that 
sustains its high amplitude during the inspiratory wheeze is subsided in the expira-
tory one, where the spectral peak around 200 Hz seems to be the most evident one.

Figure 9.4 (bottom) illustrates a graphical representation of the ESWBC for 
whole breath sound signal shown in Fig. 9.4 (top-a). In this way, the evolution of the 
nonlinearities in breath sound signal that contains wheezes is demonstrated. From 
this figure, it is apparent that QPC occurs in both breathing phases only at the time 
instances where the wheezes exist. Moreover, the main frequency pair with QPC 
[(f1, f2) ≈ (200, 200) Hz] is sustained, both in inspiratory and expiratory wheezes; 
however, additional pairs at higher frequencies with QPC emerge during the expira-
tory wheeze. This relates to the pathology of asthma, as it affects the expiratory 
phase more than the inspiratory one of asthmatic patients [140].

The CWT-HOS-based analysis of wheezes presented here could be expanded 
to different types of wheezes, as a means to characterize them according to the 
nonlinear properties they exhibit as they evolve within the breathing cycle. This 
would shed light upon the differences between different categories of wheezes 
(e.g., monophonic vs. polyphonic) and different pathologies (e.g., COPD and 

Recorded signals

Magnitude of continuous wavelet transform

Breath sound signal

1

1

0.5

0

-0.5

1000

a

b

800

600

400

200

-1

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (

V
)

F
re

qu
en

cy
 (

H
z)

2 3
Time (s)

4 5 6

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

2 3
Time (s)

4 5 6

Airflow signal

Fig. 9.4 Top-(a): One breathing cycle of a breath sound recording from an asthmatic patient with 
two dominant wheezes (one inspiratory and one expiratory). Top-(b): the CWT of the analyzed 
signal. Bottom: the corresponding ESWBC. The time axis includes one breathing cycle [79]

L. J. Hadjileontiadis and Z. M. K. Moussavi



157

asthma). In either case, CWT-HOS provides an efficient hybrid analysis tool 
that allows enhancement of significant details in the LS interpretation, which 
could not be solely perceived by auscultation.

9.7  Empirical Mode Decomposition (EMD)

9.7.1  Rationale

To accommodate the nonstationarity of the LS signals, the corresponding analysis could 
be applied to either a moving data window or adaptively giving more weight to more 
current data as a means for summarizing a time dependent oscillation pattern. 
Nevertheless, a more efficient approach lies in the field of empirical mode decomposi-
tion (EMD), proposed by Huang et al. [141]. EMD decomposes the signal into compo-
nents with well-defined instantaneous frequency. Each characteristic oscillatory mode 
extracted, namely, intrinsic mode function (IMF), is symmetric and has a unique local 
frequency, and different IMFs do not exhibit the same frequency at the same time [141].

The EMD method is necessary to deal with both nonstationary and nonlinear 
data, and, contrary to almost all the previous methods, EMD is intuitive; that is, the 
basis of the expansion is generated in a direct, a posteriori, and adaptive way, derived 
from the data [141]. The main idea behind EMD is that all data consist of different 
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simple intrinsic modes of oscillations, represented by the IMFs. An IMF represents 
a simple oscillatory mode as a counterpart of the simple harmonic function, yet it 
allows amplitude and frequency modulation; thus, it is much more general. The 
EMD method considers the signals at their local oscillation scale, subtracts the 
faster oscillation, and iterates the residual. EMD can also be viewed as an expansion 
of the data in terms of the IMFs. Then, these IMFs, based on and derived from the 
data, can serve as the basis of that expansion which can be linear or nonlinear as 
dictated by the data, and it is complete and almost orthogonal. Most important of all, 
it is adaptive,and, therefore, highly efficient.

Representation of LS in the EMD domain reveals their intrinsic characteristics, 
as these are reflected in the IMFs, and provides a new analysis space where detailed 
exploitation of LS diagnostic information is feasible.

9.7.2  Epitomized Definitions and Examples of EMD-Based 
Analysis of LSs

EMD is formed through the estimation of the IMFs, which each one satisfies two 
conditions [141]: (1) in the whole dataset, the number of extrema and the number of 
zero-crossings must either equal or differ at most by one; and (2) at any point, the 
mean value of the envelope defined by the local maxima and the envelope defined 
by the local minima is zero. A sifting process adopted [141] results in a decomposi-
tion of the data into empirical modes and a residue which can be either a monotonic 
function or a single cycle, i.e.,

 

x t c t r t
i

N
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=
å
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(9.15)

where ci(t) is the ith IMF and rN(t) the final residue.
It is noteworthy that, in order to apply the EMD method, there is no need for a 

mean or zero reference; EMD only needs the locations of the local extrema to gener-
ate the zero reference for each component (except for the residue) through the shift-
ing process. Moreover, using the IMF components, a time-space filtering can be 
devised simply by selecting a specific range of them in the reconstruction procedure 
(e.g., in (9.15), for high-pass filtering, i = 1 : k, k < N or for band-pass one, i = b : k, 
1 < b, k < N). This time-space filtering has the advantage that its results preserve the 
full nonlinearity and nonstationarity in the physical space [142].

The process of finding IMFs is indeed like sifting: to separate the finest local 
mode from the data first based only on the characteristic time scale. The sifting 
process, however, has two effects: (1) to eliminate riding waves and (2) to smooth 
uneven amplitudes. While the first condition is absolutely necessary for the instan-
taneous frequency to be meaningful, the second condition is also necessary in case 
the neighboring wave amplitudes have too large a disparity. Unfortunately, the sec-
ond effect, when carried to the extreme, could obliterate the physically meaningful 
amplitude fluctuations. Therefore, the sifting process should be applied with care, 
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for carrying the process to an extreme could make the resulting IMF a pure 
frequency- modulated signal of constant amplitude. One of the possible drawbacks 
of EMD is the occasional appearance of mode mixing, which is defined as a single 
IMF consisting of either signals of widely disparate scales or a signal of a similar 
scale residing in different IMF components. Mode mixing is a consequence of sig-
nal intermittency. Recently, a new sifting approach was proposed, namely, Ensemble 
EMD (EEMD) [143, 144], that successfully deals with the mode mixing problem. 
This new approach consists of sifting an ensemble of white noise-added signal and 
treats the mean as the final true result. Finite, not infinitesimal, amplitude white 
noise is necessary to force the ensemble to exhaust all possible solutions in the sift-
ing process, thus making the different scale signals to collate in the proper IMFs 
dictated by the dyadic filter banks. An extension to the EEMD was proposed by Yeh 
et al. [145], with the purpose of removing the residue of added white noises. They 
modified the EEMD method by using the complementary sets of added white noises 
to remove residue of added white noises. This modified EEMD, namely, comple-
mentary EEMD (CEEMD), was also developed as a new technique to overcome 
intermittence [145], hence mode mixing. CEEMD extents the concept of EEMD 
method by generating two sets of averaged IMFs, i.e., averaged IMFs with positive 
and negative residues of added white noises.

An example of the application of the EMD and EEMD to recorded CC is illus-
trated in Fig. 9.5a, b, respectively. In particular, the recorded LS signal along with 
the first nine IMFs is depicted, showing the distribution of the vesicular sound and 
CC waveforms across the decomposition levels. When comparing the morphology 
of the IMFs between the two decompositions, some differences can be identified. In 
particular, IMF1 clearly differs from the original signal in the case of EMD 
(Fig. 9.5a), whereas in the case of EEMD (Fig. 9.5b), it exhibits strong similarity 
with the original signal. CC are more isolated in the first four EMD-IMFs, whereas 
CC dominate in the third and fourth EEMD-IMFs. Clearly, EEMD-IMF2 corre-
sponds to the additive noise used in the EEMD realization. In general, EEMD-IMFs 
seem to better represent CC than the EMD-IMFs, despite the domination of noise in 
some IMFs, as EEMD reduces the mode-mixing effect (e.g., at IMF3 and IMF4 
level).

A similar approach was attempted for discriminating between fine and coarse 
crackles in [146]. They reported that the EMD technique improved the visual iden-
tification of crackles embedded in respiratory sound. Although crackles and respira-
tory sound were mixed, their respective oscillations were able to be identified at 
different IMFs.

In their work, Lozano et al. [147] present a new classifier that automatically dis-
tinguishes normal sounds from CAS, based on the multi-scale analysis of instanta-
neous frequency (IF) and instantaneous envelope (IE) calculated after the use of 
EEMD. The classifier was based on the fact that the IF dispersion of respiratory 
signals markedly decreases when CAS appear in respiratory cycles. Therefore, CAS 
were detected by using a moving window to calculate the dispersion of IF sequences. 
The study dataset contained 1494 LS segments extracted from 870 inspiratory 
cycles recorded from 30 patients with asthma. All cycles and their LS segments 
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were previously classified as containing normal sounds or CAS by a highly experi-
enced physician to obtain a gold standard classification. A SVM classifier was 
trained and tested using an iterative procedure in which the dataset was randomly 
divided into training (65%) and testing (35%) sets inside a loop. The SVM classifier 
was also tested on 4592 simulated CAS cycles. High total accuracy was obtained 
with both recorded (94.6% ± 0.3%) and simulated (92.8% ± 3.6%) signals, showing 
that the proposed method sets an efficient approach in LS analysis and 
classification.

EMD analysis has also been used in a DAS denoising process, as thoroughly is 
described in [56].
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Fig. 9.5 Application of (a) EMD and (b) EEMD to LS containing CC superimposed on vesicular 
LS. In both cases, the recorded LS signal along with the first nine IMFs are depicted, respectively
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9.8  Other Approaches

9.8.1  Back to Lower-Order Statistics (LOS)

A broad class of non-Gaussian phenomena encountered in practice can be charac-
terized as impulsive. Signals and/or noise in this class tend to produce large- 
amplitude excursions from the average value more frequently than Gaussian signals. 
They are more likely to exhibit sharp spikes or occasional bursts of outlying obser-
vations than one would expect from normally distributed signals. As a result, their 
density function decays in the tails less rapidly than the Gaussian density function 
[148]. Among the different kinds of LS, there are some that seem to belong in the 
aforementioned class, occurring with a different degree of impulsiveness. Since 
modeling based on α-stable distribution related to lower-order statistics (LOS) is 
appropriate for enhanced description of impulsive processes (ibid), its use could 
provide a useful processing tool for analysis of impulsive LS.

Analysis of LS with explosive character, like crackles, by means of LOS-based 
modeling provides an innovating perception in the analysis of impulsive LS, sug-
gesting a new field in their processing for diagnostic feature extraction. Following 
this approach, impulsive LS (i.e., DAS) with explosive character can be modeled by 
means of LOS [86]. From the estimated parameters of the symmetric α-stable (SαS) 
distribution of the analyzed impulsive LS using the log ∣ SαS∣ method [148], it is 
derived that the covariation coefficient calculated for the cases of the sound sources 
of squawks (SQ) and FC [86] shows an almost 50% correlation between the SQ and 
FC, confirming the accepted theory that SQ are produced by the explosive opening, 
due to a FC, and decaying fluttering of an unstable airway [18]. Moreover, by esti-
mating the characteristic exponent α for each category (crackles, background noise, 
and artifacts), based again on the log ∣ SαS∣ method (Nikias and Shao 1995), a clas-
sification criterion could be established, according to the estimated alpha values. 
This approach has been adopted in [149], from where it is deduced that FC follow 
approximately a Cauchy distribution (mean α = 0.92, which is close to α = 1.0 that 
holds in the case of the Cauchy distribution), while the CC deviate both from Cauchy 
and Gaussian distributions (mean α = 1.33); the artifacts have high impulsiveness 
with values of α ≪ 1.0. The events that resemble the vesicular sound are seen as 
background noise and are modeled as Gaussian processes (values of α > 1.8 or very 
close to 2.0, which hold in the case of the Gaussian distribution). Using this 
approach, disputed sounds that could not be classified by the doctor could be clearly 
classified.

9.8.2  Higher-Order Crossings (HOC)

Apart from the transform-based approach presented so far, time characteristics of 
LS could also be considered as a focus field. Taking into consideration that almost 
all observed time series are oscillatory, displaying local and global up and down 
movements as time progresses, proper time series analysis could “capture” these 
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oscillatory patterns and use them as a new domain of representation. This is done 
here by the concept of higher-order crossings (HOC) [150]. HOC analysis of time 
series is a way to study oscillation of stochastic processes combinatorically by 
counting and provides an alternative to commonly used spectral methods.

Time ordering makes it possible to apply to a time-series linear filtering, one of 
the most indigenous elements of time series analysis. This filtering, in fact, changes 
the time-series oscillations, and this can be reflected in the change in the zero- 
crossing count effected by the filtering procedure. The application of a specific 
sequence of filters (or family of filters) to a time series forms the corresponding 
sequence (or family) of zero-crossing counts, namely, HOC, and, thus, provides a 
summary of the oscillation “history” observed in the time series and its filtered 
versions.

Following the properties of HOC estimated from different LS signals, new dis-
crimination features could be established that provide successful differentiation 
among LS with similar acoustic behavior. In this vein, HOC have been used to 
perform a discrimination analysis of DAS, especially FC, CC, and SQ [87]. In fact, 
HOC assesses the changes in oscillatory pattern of DAS according to their type, by 
estimating the relevant HOC sequence. Based on the connection between filtering 
and zero-crossings, the proposed method constitutes a possible tool for DAS dis-
crimination analysis, namely, HOC-DA, which is quite attractive due to its simplic-
ity in the evaluation of the HOC sequence and its ability to provide simple 
discrimination criteria between the examined LS classes [87].

9.8.3  Fractality/Lacunarity (F/L)

The term “fractal dimension” (FD) can more generally refer to any of the 
 dimensions commonly used for fractal characterization (e.g., capacity dimension, 
 correlation dimension, information dimension, Lyapunov dimension, Minkowski–
Bouligand dimension) [151]. In other words, FD is a measure of how “compli-
cated” a self- similar figure is. To this end, the FD can be considered as a relative 
measure of the number of basic building blocks that form a pattern [152]. 
Consequently, the FD could reflect the signal complexity in the time domain. This 
complexity could vary with sudden occurrence of transient signals, such as 
 explosive LS.

As Gnitecki and Moussavi [73] note, LS will possess valid FD values, based on 
their morphological properties. Most obviously, the signals do not self-cross. In 
physical systems, the property of self-similarity in pure fractal objects is not strict 
but is probabilistic, and there are minimum and maximum scaling limits [153]. In 
reality, an object occurring in nature, such as a physiological signal, that exactly 
duplicates itself over several scales does not exist. Thus, the fractality of LS is in the 
self-affine sense [73]. Furthermore, the LS exhibits clear quasi-periodicity because 
they emerge from natural biological processes, like breathing, which implies that 
they are not purely random [153]. Consequently, FD analysis could clearly shed 
light upon the understanding of LS from a functional point of view.
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An analysis of LS with FD is presented in the work of Gnitecki and Moussavi [73], 
where they examined the fractality of LS from normal subjects reflected in the estimated 
values of FD. LS was sequestered corresponding to 85–100% of the maximum flow per 
inspiratory breath. Three sliding window sizes were used for each FD calculation across 
the signals, i.e., 50, 100, and 200 ms, respectively, shifted forward by 25 ms. In [73], 
apparent similarities, in terms of both morphology and overall variability, between three 
scalings of LS were found. Overall, FD showed an increase with airflow. From the char-
acteristics of the FD analysis of the examined normal LS, a fractal character was identi-
fied; this finding, however, was not justified for the case of abnormal LS. FD was also 
used in the analysis of DAS for their detection and isolation from the vesicular sound 
combined with both WT [54, 55] and EMD [56] analyses.

Laennec in his attempt to develop a metalanguage of sound (as reported in his 
magnum opus Treatise [154]) defined a set of descriptions for the shape and texture of 
sounds that was independent of subjective experience (i.e., independently verifiable). 
By employing the texture of the LS in this codification, Laennec showed the impor-
tance of this sound property in the hydraulic hermeneutics of mediated auscultation. 
Following this pathway, LS texture could be approached through the concept of lacu-
narity. The latter was originally developed to describe a property of fractals [155–158] 
and to discriminate textures and natural surfaces that share the same FD. Gefen et al. 
[156] define lacunarity as the deviation of a fractal from translational invariance. 
Translational invariance can also be a property of non-fractal sets [155], and it is 
highly scale dependent; sets which are heterogeneous at small scales can be quite 
homogeneous when examined at larger scales or vice versa [159]. From this perspec-
tive, lacunarity can be considered a scale-dependent measure of heterogeneity or tex-
ture of an object, whether or not it is fractal [155]. Lacunarity features can be used to 
assess the largeness of gaps or holes of one- (signals) or two-dimensional sets 
(images). A set with low lacunarity is homogeneous and transitional invariant, whereas 
one with high lacunarity has gaps distributed across a broad range of sizes [160].

In the work of Hadjileontiadis [6, 88], lacunarity analysis was applied to two data-
sets of DAS exhibiting high-classification performance, resulting in a combined mean 
classification accuracy greater than 99.6% for all comparison groups (FC-CC; FC-SQ; 
CC-SQ; FC-CC-SQ) [88]. The randomized training and testing sections used in the 
evaluation of the lacunarity analysis augurs a promising performance of the LAC 
analysis under different case scenarios. The simplicity of the LAC analysis facilitates 
the customization of its computational environment under a real-time context, result-
ing in an easily implemented and user-friendly processing tool of DAS.

9.9  Emerging Approaches

9.9.1  Swarm Decomposition (SwD)–Swarm Transform (SwT)

In Sects. 9.5 and 9.7, the MRD–MRR and the EMD/EEMD multiresolution analysis 
schemes were referenced, respectively, as bases to build upon the analysis of LSs 
and derive new diagnostic features. The issue behind the use of MRD–MRR is the 
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demand for an a priori selection of the analysis basis (wavelet) from a given library 
(e.g., Daubechies, Morlet), whereas in the EMD/EEMD case, this requirement is 
waived, as the analysis basis is produced from the signal itself, via the sifting pro-
cess. Nevertheless, as the name of EMD/EEMD denotes, it is an empirical approach.

In the light of the aforementioned, a new multiresolution analysis scheme has 
been recently proposed [161], based on the swarm perception, namely, the swarm 
decomposition (SwD). The latter circumvents the empirical character of EMD by 
proposing a more deterministic approach to achieve effective multiresolution 
decomposition.

In the SwD, a swarming model is used as the analysis basis, where the processing 
is intuitively considered as a virtual swarm–prey hunting, where the prey is the sig-
nal itself. According to the state of the swarm, i.e., relations of its members, differ-
ent oscillatory characteristics of the signal are revealed (e.g., its low/high frequencies 
when the swarm has low/high coherence between its members). To systematically 
use this type of filtering, the relations between the swarm parameters and particular 
responses are needed; these are derived using a genetic algorithm [161]. Eventually, 
the SwD is realized by iteratively applying the swarm filtering, where, at each itera-
tion, it is properly parametrized, so as to result in an oscillatory mode (OM) sequence 
(roughly corresponding to the IMFs of the EMD/EEMD). The main advantage of 
the proposed swarm-based perspective is that SwD allows for the efficient decom-
position of a signal into components that preserve physical meaning, likewise EMD/
EEMD, being yet based on a rigid mathematical model [161]. By applying Hilbert 
transform to the resulted OM components, a time-frequency representation is 
formed, namely, swarm transform (SwT), which allows for better discrimination of 
the localization in time and frequency of the inherent oscillations of the input signal 
(e.g., pitched LSs, such as wheezes).

Figure 9.6a displays the OMs derived from the analysis of an asthmatic wheeze 
(first panel of Fig. 9.6a) using the SwD, whereas Fig. 9.6b displays the correspond-
ing output of the EEMD analysis (first seven IMFs) of the same input LS signal 
(first panel of Fig. 9.6b). In addition, Fig. 9.7a displays the estimated SwT corre-
sponding to the OMs from the SwD of Fig.  9.6a, whereas Fig.  9.7b shows the 
Hilbert–Huang spectrum, as the Hilbert transform of all derived IMFs via the EEMD 
displayed (in part) in Fig. 9.6b.

As it can be seen from the comparison of Fig. 9.6a, b, there is a more focused 
approach in the oscillatory characteristics of the wheeze components in the output 
of the SwD, compared to the one of the EEMD. In fact, in the SwD output (Fig. 9.6a), 
the wheezing parts (roughly identified within the time sections of [0–0.5 s], [0.5–
1.8 s], and [1.8–3.16 s]) are clearly isolated across the identified OMs, whereas in 
the EEMD output (Fig. 9.6b), more general transitions from high- (IMF1) to low-
(IMF7) frequency components are corresponded.

This is directly reflected in the corresponding SwT and Hilbert–Huang spectrum 
of Fig. 9.7a, b, respectively, as the multiphonic character of the recorded wheeze 
along with the frequency sweeping episodes (mostly at [1.8–3.16 s]) is clearly rep-
resented in the SwT (Fig. 9.7a) with parallel and sweeping ridges, whereas is in the 
Hilbert–Huang spectrum (Fig.  9.7b), more dispersed spectral information is 
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Fig. 9.6 Application of (a) SwD and (b) EEMD to an asthmatic wheeze recording. In both cases, 
the recorded LS signal along with the seven OMs and IMFs are depicted, respectively
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displayed. The latter results in less distinct representation of the time-frequency 
characteristics of the wheeze, leaving unclear the interconnection of its harmonic 
content and the transition to different frequency bands across time, depending on 
the changes of the breathing airflow.

9.9.2  Deep Learning (DL)

In the analysis of LSs, the main pathway adopted for decades is the construction of 
a pattern-recognition or machine-learning system, based on the predesign of feature 
extractors that transform the raw data (LS recordings) into a suitable internal repre-
sentation or feature vector, from which the learning subsystem, often a classifier, 
could detect or classify patterns in the input. Nevertheless, in a different course, 
representation learning (RL) could be adopted. In fact, RL is a set of methods that 
allows a machine to be fed with raw data and to automatically discover the represen-
tations needed for detection or classification. In the case of probabilistic models, a 
good representation is often one that captures the posterior distribution of the under-
lying explanatory factors for the observed input. A good representation is also one 
that is useful as input to a supervised predictor [162].

Deep learning (DL) methods are RL methods with multiple levels of representa-
tion, obtained by composing simple, but nonlinear, modules. Each of these models 
transforms the representation at one level (starting with the raw input) into a repre-
sentation at a higher, slightly more abstract level [163]. By composing enough of 
such transformations, very complex functions can be learned, and the classification 
tasks are further enhanced, as higher layers of representation amplify aspects of the 
input that are important for discrimination and suppress irrelevant variations. The 
key aspect behind the DL is that these layers of features are not designed by human 
engineers, but they are learned from data using a general-purpose learning proce-
dure [164].

Convolutional neural networks (CNNs), originated in the work of LeCun et al. 
[165], are often used in DL. CNNs use a special architecture which is particularly well 
adapted to classify images, as they try to take advantage of the spatial structure. CNNs 
use three basic ideas, i.e., local receptive fields, shared weights, and pooling. In a fully 
connected ANN, the inputs are considered in a vertical line of neurons. In a CNN, 
these inputs are organized as square of neurons connected to a layer of hidden neu-
rons. This connection, however, is realized in small, localized regions of the input 
square, i.e., the local receptive field, for the hidden neuron. For each local receptive 
field, there is a different hidden neuron in the first hidden layer, and each connection 
learns a weight, and the hidden neuron learns an overall bias, as well, by learning to 
analyze its particular local receptive field. The map from the input layer to the hidden 
layer is referenced as a feature map, and the weights defining the feature map are the 
shared weights, whereas the bias defining the feature map in this way is the shared 
bias. The shared weights and bias are often said to define a kernel or filter. A big 
advantage of sharing weights and biases is that it greatly reduces the number of 
parameters involved in a convolutional network. A complete convolutional layer 
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consists of several different feature maps. CNNs also contain pooling layers, which 
are usually used immediately after the convolutional layers to simplify the informa-
tion in their output. A pooling layer takes each activation of the hidden neuron’s out-
put from the convolutional layer and prepares a condensed feature map. One common 
procedure for pooling is known as max pooling, where a pooling unit simply outputs 
the maximum activation in the small square (e.g., 2 × 2) input region. The process of 
max pooling is separately applied to each feature map. The intuition is that once a 
feature has been found, its exact location is not as important as its rough location rela-
tive to other features. In this way, there are many fewer pooled features, and the num-
ber of parameters needed in later layers is reduced. The final layer of connections in 
the CNN network is a fully connected layer, where every neuron from the max-pooled 
layer is connected to every one of the final output neurons.

An example of a CNN structure is shown in Fig.  9.8. This CNN consists of 
28 × 28 input neurons, followed by a convolutional layer using a 5 × 5 local recep-
tive field and three feature maps, resulting in a layer of 3 × 24 × 24 hidden feature 
neurons, followed by a max-pooling layer, applied to 2 × 2 regions, across each of 
the three feature maps, resulting in a layer of 3 × 12 × 12 hidden feature neurons that 
connect to the fully connected layer that provides the final output (eight possible 
classes).

The newly introduced concept of DL and CNNs reveals an emerging field for the 
analysis of LSs. An effort toward such direction has been proposed in the work of 
Chamberlain et al. [81], where they used a semi-supervised DL algorithm to auto-
matically classify LS from 284 patients. The two classes considered were wheezes 
and crackles, and 11,627 sound files recorded from 11 different auscultation loca-
tions on these 284 patients with pulmonary disease were analyzed. Eight hundred 
and ninety of these sound files were labeled to evaluate the DL model. Each recorded 
sound file was converted to a spectrogram using the STFT, and the resulted STFT 
image was fed to the DL model. The latter was used as an autoencoder algorithm, 
which discovers the underlying structure of a dataset and maps it to a lower- 
dimensional representation. More specifically, they used the DL structure to create 

28×28 input neurons 3×24×24 neurons 3×12×12 neurons

Fig. 9.8 An example of a CNN structure with 28 × 28 input neurons, 5 × 5 local receptive field 
and three feature maps, a max-pooling layer, applied to 2 × 2 region across each of the three feature 
maps, resulting in a layer of 3 × 12 × 12 hidden feature neurons that feed the fully connected layer 
(thick arrow) at the end of the CNN structure layer, which provides the final output from the eight 
possible classes
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a denoising autoencoder, which uses randomly corrupted input data to find a lower- 
dimensional representation. Input data are corrupted and passed to the denoising 
autoencoder, which then seeks to recreate the original uncorrupted data. This ran-
dom corruption helps to remove the effects of random noise from the dataset and 
forces the algorithm to learn better features. By using layers of denoising autoen-
coders, robust high-level features can be learned from a dataset. The validation 
results, when using a subset of ten features from the DL process to train two SVMs 
(one to identify wheezes and one to identify crackles), have shown ROC curves with 
AUCs of 0.86 for wheezes and 0.74 for crackles. Although these results do not 
exhibit extreme high-classification performance, they demonstrate how semi- 
supervised DL can be used with larger data sets without requiring extensive labeling 
of data (less than 5%).

Another more recent approach in the same vein has been proposed in [166, 167]. 
In their work the authors proposed the use of the CWT to represent the respiratory 
cycles as time-scale diagrams (scalograms) that depict the presence or not of 
wheezes and/or crackles. Subsequently, a CNN is structured for image recognition, 
which, after training, is capable to distinguish the scalograms from different classes. 
The initial CNN consists of 32 × 32 input neurons, a 5 × 5 local receptive field, and 
2 × 2 max pooling. This structure is repeated two more times, with the second one 
having 64 × 64 input neurons, followed with a flattened layer that leads to a 64 fully 
connected layer. Validation results from the analysis of 2364 breathing cycles, 
which with a noise-driven data augmentation process resulted in 21,000 breathing 
cycles, have shown an 84% and 87% accuracy for the cases of crackles and wheezes, 
respectively. The use of the CWT-based scalograms, instead of the STFT-based 
images used in Chamberlain et al. [81], to feed the CNN, was motived by the fact 
that scalograms, unlike the STFT, could better represent the nonstationarities in the 
acquired LS signals, as STFT has an inherent resolution trade-off; hence, scalo-
grams as input to the CNN more accurately represent the nature of the LSs, facilitat-
ing efficient CNN feature encoding.

Clearly, increase in the size of LS databases toward the big data concept would 
further enhance the efficiency of DL techniques.

9.10  Concluding Remarks and Future Trends

In this chapter, a variety of approaches in the area of LSs analysis have been pre-
sented. Despite their differences, all these approaches share a common aim: to 
enhance the underlying diagnostic value of breath sounds. The simplicity of the 
auscultation makes it appealing; the subjectivity in its interpretation and its noise 
susceptibility, though, make it challenging for the processing approaches. 
Apparently, the evolution of available processing capabilities is related to a series of 
parallel developments, such as technology growth, introduction of new theories, 
better understanding of the mechanisms of biological functionality, and gradual 
integration of the biomedical engineering research findings in clinical practice. In 
fact, clinical validation, real-time implementation, generalization, noise robustness, 
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and appropriate training are some of the key issues that need to be considered for a 
realistic scenario of intelligent auscultation systems. Although the signal processing 
methods described in this book do not account for all these issues, they create a 
strong basis for more pragmatic exploitation of breath sounds and contribute toward 
the enhancement of their diagnostic value.

The emerging techniques of SwD and DL, briefly presented here, demonstrate 
the potentiality of how biologically inspired techniques could be used for explaining 
more complex structures that better reveal the connection of the pathology with the 
acquired signals. For instance, a combination of SwD with DL could be attempted, 
as the derived OMs could facilitate the transition from the raw data space to the 
image space with an enhanced representation of the characteristics of the signal’s 
inherent oscillations. A first effort toward this direction with very promising results 
has already been attempted for the case of EEG raw data [168].

Moreover, a combination of CNNs with recurrent neural networks (RNNs) that 
use reinforcement learning could further enhance learning and decision-making. 
This is due to the nature of RNNs, in which connections between units form a 
directed cycle and allow them to exhibit dynamic temporal behavior and use their 
internal memory to process arbitrary sequences of inputs [169]. Furthermore, DL, 
and in a more general perspective RL, could be combined with complex reasoning, 
in which rule-based manipulation of symbolic expressions could be replaced by 
operations on large vectors [170].

From the flipped side of the coin, regulatory agencies, such as the Food and Drug 
Administration, as well as industry and clinicians, would be able to compare new 
algorithms of LSs analysis to existing ones, revealing incremental improvements 
and validating the performance claims. Their acceptable accuracy in clinical prac-
tice would reduce variability inherent in unassisted auscultation, contributing to 
avoiding unnecessary and costly referrals and diagnostic testing. This is supported 
by Reid Thompson’s [171] view, who coins:

Using technology, we are now poised to improve auscultation skills, set standards for pro-
ficiency and develop automated pathologic (heart) sound detection algorithms to assist the 
busy clinician or the underserved area without access to trained healthcare workers or 
advanced technology. The future of auscultation, like its past, is starting to sound glorious 
(p. 46).

Overall, the ample space for new discoveries and optimization is the driving 
force that keeps bioacoustic research alive. The latter could also be extended to a 
more immersive perception, in which visual and auditory information of the human 
body status are merged in a unified medium that fosters experiential perception of 
the diagnostic information. The latest advances in the augmented (e.g., Microsoft 
HoloLens) and virtual reality (e.g., Oculus) provide the technological means for 
realization of such ideas in practice, as exemplified in Fig. 9.9.

Last but not least, we should bear in mind that all breath sound analysis tech-
niques require physicians’ support and collaboration; only joint efforts could really 
catalyze and guarantee the success of such endeavors, truly adding to the global 
health.
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10Normal Versus Adventitious Respiratory 
Sounds

Alda Marques and Ana Oliveira

10.1 Normal Respiratory Sounds

Normal respiratory sounds are nonmusical sounds produced from breathing and 
heard over the trachea (i.e., normal tracheal sounds) and chest wall (i.e., normal 
lung sounds) [1].

Normal tracheal sounds can be heard at the suprasternal notch and are generated 
by turbulent airflow in upper airways, including pharynx, glottis, and subglottic 
regions [2]. These sounds are strong, easy to hear, and with distinguish respiratory 
phases, as the distance from the sound source to the sensor is short and there is no 
lung filter [2]. Acoustically, normal tracheal sounds cover a wide range of frequen-
cies, from less than 100 Hz to 5000 Hz with a sharp drop in power at frequencies 
above 800 Hz and little energy beyond 1500 Hz [3]. Expiratory tracheal spectra has 
higher mean frequencies than the inspiratory spectra, and increases in tracheal 
sound mean frequencies are closely related to increases in airflow until flows of 
0.75 L/s [4]. Measurements of tracheal sounds are not frequently performed but 
may provide valuable clinical respiratory information in particular cases, such as in 
upper airway flow obstruction (e.g., to monitor apnea in adults [5–8] and children 
[9, 10]), or in the presence of lung consolidation, as tracheal sounds are similar to 
the abnormal bronchial breathing in these patients.

The sounds heard over the chest wall, normal lung sounds, are generally only 
heard during inspiration and early part of expiration [11]. It is believed that normal 
lung sounds at frequencies above 300  Hz are generated by turbulent airflow 
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vortices; however the generation of sounds heard below 300 Hz is not clear [12]. It 
seems well established that the sound heard during inspiration is produced primarily 
within the lobar and segmental airways, whereas the sound produced during expira-
tion seems to be originated in more proximal airways [13–15]. Normal lung sounds 
have a median frequency (F50) around 500 Hz (131–552.5 Hz), their intensity peaks 
at about 100—200 Hz [11, 16] and there is an energy drop above 300 Hz [12]. 
Therefore, normal lung sounds may be difficult to hear, as their sound frequencies 
are mixed with muscle and cardiovascular sounds [2]. Nevertheless, much higher 
respiratory sound frequencies, above 1 kHz [17], can be heard if an adequate micro-
phone is used.

Characteristics of normal respiratory sounds change from individual to individ-
ual because airway dimensions are a function of body height [18]. But there are 
other factors, such as gender, chest location where it is heard, body position, and 
airflow, that affect normal respiratory sounds [11], being particularly different 
between children and adults [17] and in the presence of a respiratory condition. 
Normal lung sounds heard over the chest wall of a newborn, infant, or children pres-
ent louder inspiratory and expiratory sound and higher median frequencies than 
those found in adults [17]. This sound pattern corresponds to normal bronchial 
breathing and is generally attributed to acoustic transmission through smaller lungs, 
thinner chest walls, and less contribution of low-frequency muscle noise [2].

In the presence of a respiratory condition, normal lung sounds may be classified 
as “abnormal” if heard at inappropriate locations. Bronchial breathing involves a 
prolonged and loud expiratory phase with frequency components up to 600–1000 Hz 
[19], and it is abnormal if heard at the lung periphery of an adult. This would be 
typically heard in the presence of lung consolidation, as there is an increase in the 
transmission of higher frequencies from central airway to the chest wall and absorp-
tion of low frequencies due to the reduction of filtering effect.

We will now describe in detail normal tracheal and lung sounds in healthy people 
and in people with a respiratory condition. A summary of normal respiratory sounds, 
from their mechanisms to clinical interpretation, is presented in Table 10.4.

10.1.1 Normal Tracheal Sound

Normal tracheal sound has been reported as having higher frequency and intensity 
than normal lung sounds.

10.1.1.1 Frequency

In Healthy People
The highest normal respiratory sound frequencies have been reported at the tra-
chea, where inspiratory values of 447 to 766 Hz at F50 [20, 21] and of 1323 ± 192 Hz 
at 75% of the total spectral power (F75) have been described [20]. Expiratory 
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sounds have been found to be slightly lower, i.e., 540 ± 174 Hz at F50 [21]. Values 
of frequency at maximum power (Fmax) at the trachea between 93 and 154 Hz 
during inspiration and 99 ± 8 Hz during expiration have been found [20, 21]. A 
synthesis of normal respiratory sound features in healthy people can be found in 
Table 10.1.

In the Presence of a Respiratory Condition
Slightly higher frequency values of normal tracheal sound have been found when a 
respiratory condition is present compared to people without respiratory conditions. 
For F50, inspiratory frequencies of 753 ± 177 Hz in chronic obstructive pulmonary 
disease (COPD) [20] and 507 ± 153 Hz in asthma [21] and expiratory frequencies 
of 546 ± 117 Hz in asthma [21] have been reported. For F75, inspiratory frequencies 
of 1239 ± 186 Hz in patients with COPD [20] have also been reported. In COPD, 
inspiratory sound power tends to peak at 228 ± 340 Hz [20] and at 106 ± 47 Hz in 
asthma [21], while expiratory sound peaks at about 92 ± 7 Hz in asthma.

A decrease in the centroid frequency (defined as frequency that includes half of 
the total power of the spectrum) of the tracheal sound, from 273 to 552 Hz, has been 
observed in patients with asthma [34] after a bronchodilator administration. A syn-
thesis of normal respiratory sound features in people with respiratory conditions can 
be found in Table 10.1.

10.1.1.2 Intensity

In Healthy People
Studies on intensity of normal tracheal sounds have focused on healthy people. 
Intensity values between 34.6 and 83.1  dB during inspiration [12, 20, 22] and 
between 45.4 and 85.1 dB during expiration [12, 22] have been found. Some studies 
have also measured respiratory sound intensity in amplitude, and values of 
67 ± 24 mV have been reported for people without respiratory conditions [21]. A 
synthesis of normal respiratory sound features in healthy people can be found in 
Table 10.1.

In the Presence of a Respiratory Condition
Tracheal sound intensity has not been commonly used as an indicator of pathol-
ogy in respiratory conditions. No differences in inspiratory tracheal sound inten-
sity/amplitude have been reported among patients with stable asthma 
(84.7 ± 3.7 dB; 56 ± 44 mV), stable COPD (82.6 ± 3.1 dB), and people without 
respiratory conditions (83.1 ± 3.7 dB; 67 ± 24 mV) [20, 21]. Similarly, no signifi-
cant differences in expiratory tracheal sound amplitude have been found between 
patients with stable asthma (64 ± 42 mV) and people without respiratory condi-
tions (117 ± 103 mV) [21].

During histamine challenges, higher inspiratory and lower expiratory sound 
amplitude has been reported in patients with asthma (inspiration, 97  ±  31  mV; 
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expiration, 94 ± 26 mV) compared to people without respiratory conditions (inspi-
ration, 68 ± 34 mV; expiration, 124 ± 113 mV) [21]. However, after the administra-
tion of bronchodilators in both groups, sound amplitude is significantly lower in 
both respiratory phases in patients with asthma (inspiration, 58 ± 36 mV; expiration, 
61 ± 17 mV) than in people without respiratory conditions (inspiration, 77 ± 23 mV; 
expiration, 118 ± 95 mV) [21]. Changes in the asthmatic tracheal sound group may 
be due to changes in airway diameter caused by bronchoconstriction after histamine 
and bronchodilator administration. A synthesis of normal respiratory sound features 
in people with respiratory conditions can be found in Table 10.1.

10.1.2 Normal Lung Sounds

Normal lung sounds present higher inspiratory frequency and intensity values than 
expiratory sounds. Most studies have been focusing on analyzing lung sound fre-
quencies in healthy people and in people with respiratory conditions.

10.1.2.1 Frequency

In Healthy People
Frequency of normal respiratory sounds in healthy people has been revised as shown 
in Oliveira and Marques [11]. It has been reported that lung sound frequencies are 
higher in women than in men at Fmax (444–999 Hz vs. 426 to 826 Hz; p < 0.01) 
[17] and in children than in adults at 25% of the total spectral power (F25, 
125 ± 6 Hz; 139 ± 15 Hz, p = 0.02), F50 (169 ± 14 Hz; 194 ± 26 Hz, p = 0.03), 95% 
of the total spectral power (F95: 527 ± 52 Hz; 467 ± 45 Hz, p = 0.02), and Fmax 
(1040–1595 Hz vs. 104–1735 Hz; p < 0.01). Also, decreases in frequency quartiles 
have been reported to be dependent not only on people’s age but also on their height 
(p < 0.001) [23].

During inspiration, values of Fmax of 822–999 Hz at right upper anterior chest 
[3], of 106–843 Hz at right lower posterior chest [3, 17, 20, 21, 23, 24], and of 
236.6–885 Hz at left lower posterior chest have been reported [3, 24]. Lower Fmax 
values have been reported for the same locations during expiration, i.e., Fmax of 
604–794 Hz at right upper anterior chest [3], 104–420 Hz at right lower posterior 
chest [3, 17, 21, 24], and 172.6–480.1 Hz at left lower posterior chest [3, 24].

Frequency at maximum power has also been found to change with the body position. 
The highest values of Fmax have been reported during inspiration at the right lung when 
it is in the dependent side-lying position (278.4  ±  42.3  Hz). Inspiratory Fmax then 
decreases in the sitting position (244.5 ± 51.9 Hz), and the lowest values have been 
found when the right lung is in the nondependent side-lying position (201.6 ± 57.6 Hz) 
(p < 0.001) [24]. No significant differences have been found for the left lung.

Therefore, it seems established that normal lung sound frequencies are higher in 
children than in adults, in women than in men, and in inspiration than in expiration 
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and change with body position, being progressively lower from dependent side-
lying, sitting, and nondependent side-lying positions. A synthesis of normal respira-
tory sound features in healthy people can be found in Table 10.1.

In the Presence of a Respiratory Condition
A similar lung sound pattern to the one described for healthy people has been 
observed in patients with respiratory conditions. Values of F25 of 153.8 ± 42.8 Hz 
in interstitial pneumonia [32] and of 131.9 ± 16.3 Hz in asbestos [33] during inspi-
ration and of 111.2 ± 10.6 Hz in asbestos [33] during expiration have been reported. 
For F50, values of 165 ± 18 Hz in asthma [21], 190.3 ± 26.6 Hz in asbestos [33], and 
231.9 ± 104.7 Hz in interstitial pneumonia [32] during inspiration and of 143 ± 20 Hz 
in asthma [21] and 158.4 ± 22.4 in asbestos [33] during expiration have been found. 
For F75, values of 335.2  ±  142.7  Hz in interstitial pneumonia [32] and of 
278.0 ± 53.5 Hz in asbestos [33] during inspiration and of 235.6 ± 34.8 Hz in asbes-
tos [33] during expiration have been reported. Values of Fmax of 113 ± 30 Hz [20] 
and 130 ± 17 Hz [30] in COPD, 101 ± 17 Hz in asthma [21], 141.0 ± 29.8 Hz in 
asbestos [33], and 168.1 ± 99.8 Hz in interstitial pneumonia [32] during inspiration 
and of 100 ± 20 Hz in COPD [30], 95 ± 8 Hz in asthma [21], and 116.9 ± 32.2 Hz 
in asbestos [33] during expiration have been reported. Nevertheless, Fmax seems to 
be increased during histamine challenges in patients with asthma and COPD [33] 
compared with people without respiratory conditions, due to airway narrowing. 
Increased values of inspiratory Fmax have also been found in smokers compared to 
nonsmokers (117 ± 16.2 Hz vs. 106.4 ± 21.6 Hz; p = 0.0081) and may be an early 
sign of airway obstruction. A synthesis of normal respiratory sound features in peo-
ple with respiratory conditions can be found in Table 10.1.

10.1.2.2 Intensity
Sound intensity varies considerably over the chest [35, 36] as they are regional- and 
volume-dependent. In frequencies below 300 Hz (main frequencies of normal lung 
sounds), the sounds are loudest over the best ventilated airways [37].

In Healthy People
Intensity of normal lung sounds in healthy people has also been revised as discussed 
in Oliveira and Marques [11]. Overall intensity (measure in amplitude values) 
between 1.2 and 1.7 V has been reported, being higher at left upper anterior chest 
and lower at right lower posterior chest [38].

Values for inspiratory sound intensity between 4.7 and 68.6 dB at right upper 
anterior chest [3, 22, 25], 79.1 ± 4.3 dB at left upper anterior chest [25], 4.3–72.8 dB 
at right lower posterior chest [3, 17, 22, 24, 25], and 5.7–76.6 dB at left lower pos-
terior chest [3, 22, 24–27] have been found in the literature. Lower intensity values 
for expiratory sounds have been reported, i.e., 2.3 ± 1.3 dB at right upper anterior 
chest [3, 22], 1.9–11.2 dB at right lower posterior chest [3, 17, 22, 24], and 2.5–
10.2 dB at left lower posterior chest [3, 22, 24].

10 Normal Versus Adventitious Respiratory Sounds



186

Two studies have compared the intensity of lung sounds at different frequencies 
(150–300 and 300–600 Hz) between inspiration and expiration [26, 27] and found 
that inspiratory sounds were always louder than expiratory sounds. Also, the differ-
ence between the two respiratory phases was high in the frequency band of 300 to 
600 Hz in both studies [26, 27]. The intensity of inspiratory sounds recorded over 
the posterior left chest was found to be higher than at the posterior right chest (left 
25.6 dB vs. right 20.7 dB) [24, 26].

When comparing different chest locations, the sound intensity of both lungs has 
been reported as being significantly higher in sitting than in nondependent side-lying 
positions (inspiration, 20.7–25.6 dB vs. 15.7–19.7 dB; expiration 8.8–10.2 dB vs. 6.8–
8.7 dB). Moreover, intensities have been found to be slightly lower (not statistically 
significant) in sitting than in the dependent side-lying positions (inspiration, 20.7–
25.6  dB vs. 22.7–23.5  dB; expiration 8.8–10.2  dB vs. 9.3–11.2  dB). In side-lying, 
higher intensities of the dependent side vs. nondependent side have been reported 
(inspiration, 22.7–23.5 dB vs. 15.7–19.7 dB; expiration 9.3–11.2 dB vs. 6.8–8.7 dB) 
[24]. A synthesis of normal respiratory sound features in healthy people can be found 
in Table 10.1.

Thus, it seems established that intensity of normal lung sound is higher in 
upper regions of the chest than in lower regions, in the left than in the right lung, 
and in inspiration than in expiration. Also changes in body position cause sound 
intensity to be progressively lower from dependent side-lying to sitting to nonde-
pendent side-lying. Finally, lung sound intensity has been found to increase with 
higher frequency band and flows and to differ significantly among infants, chil-
dren, and adults [17], i.e., higher flows imply lower sound intensity in infants and 
children (i.e., normal bronchial breathing) than in adults and vice versa [17]. A 
synthesis of normal respiratory sound features in healthy people can be found in 
Table 10.1.

In the Presence of a Respiratory Condition
Lung sound intensity has been studied in patients with asthma [20, 21, 31, 39, 40] 
and COPD [20, 28, 41, 42] in stable states and after allergen inhalation (i.e., 
Dermatophagoides pteronyssinus SQ502, methacholine, and histamine).

No differences have been found in the intensity of inspiratory sounds recorded at 
the right chest of patients with stable asthma (67.1 ± 4.5 dB; 129 ± 55 mV), stable 
COPD (63.5 ± 4.4 dB), and people without respiratory conditions (64.4 ± 4.4 dB; 
84 ± 38 mV) [20, 21, 40]. Conflicting results have been reported for expiratory lung 
sound intensity in patients with asthma. Significant lower expiratory sound intensity 
at the right chest (upper, mid, and lower lobes) of patients with asthma than in 
healthy controls has been reported, being most evident at relatively low airflow 
values (p < 0.005) [40]. However, no significant differences have also been reported 
(asthmatic patients, 62  ±  27  mV vs. people without respiratory conditions, 
104 ± 40 mV) [21].
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During histamine challenges, no differences in lung sound amplitude have been 
reported between patients with asthma (inspiration, 86  ±  52  mV; expiration, 
63 ± 33 mV) and people without respiratory conditions (inspiration, 136 ± 48 mV; 
expiration, 111 ± 36 mV) [21]. Different responses have however been observed 
during the course of responses to Dermatophagoides pteronyssinus SQ502 and 
methacholine challenges. After inhalation of Dermatophagoides pteronyssinus 
SQ502, expiratory lung sound intensity recorded over the right chest (upper, mid, 
and lower lobes) of patients with asthma showed a significant increase from the 
baseline (24.4  ±  3.1  dB) compared with the phases of airway obstruction (early 
asthmatic response, 30.7 ± 7.1 dB; late asthmatic response, 29.3 ± 7.1 dB, p < 0.05; 
and post-bronchodilator response, 26.6 ± 3.2 dB; p < 0.05) [31]. Similar results 
were observed in people without respiratory conditions and patients with asthma 
after inhalation of methacholine. During quiet inspiration and expiration, lung 
sounds were louder than at baseline in both subject groups (p = 0.013); however, the 
increase in intensity with airflow was greater in patients with asthma than in normal 
subjects during forced expiration (p ≤ 0.001). In patients with asthma, during both 
quiet breathing (p = 0.029) and forced expiration (p = 0.002), expiratory sounds 
progressively increased with the decrease of FEV1 (i.e., increase airway narrowing) 
[39]. These changes may suggest that the generation and/or transmission of lung 
sounds during asthmatic acute airway narrowing are modified by morphological 
abnormalities of the airway wall.

In patients with COPD, studies have found high lung sound intensities in tidal 
breathing, especially at the upper chest [41] and at higher frequency bands (>400 Hz) 
[28], than in people without respiratory conditions. Mean inspiratory lung sound 
intensities of 42.9 ± 4.9 dB in people with COPD and of 34.6 ± 2.4 dB in people 
without respiratory conditions have been reported independently of the respiratory 
phase and anatomical site of recording [28]. Nevertheless, at higher flow rates (1 to 
2 L/s), no significant differences between patients with COPD and people without 
respiratory conditions have been found [20, 42]. At higher respiratory volumes, 
lower sound intensity, especially at lung bases, has been reported [41]. This diverse 
lung sound distribution in patients with COPD may be explained by several reasons, 
such as the altered ribcage and diaphragm configurations and movement due to 
hyperinflation and to the location and extent of emphysema areas [41]. Nevertheless, 
more studies with standardized airflows and volumes are needed to establish firm 
conclusions about the clinical utility of lung sound intensity in patients with COPD.

At high flow rates (i.e., 1.0–1.5 L/s), lower expiratory sound intensity has also 
been reported in smokers compared with nonsmokers without respiratory condi-
tions both for maximum intensity (48.2 ± 3.8 dB vs. 50.9 ± 3.2 dB; p = 0.001) and 
mean intensity (31.2 ± 3.6 dB vs. 33.7 ± 3 dB p = 0.001, dz. = 0.75) [29]. These 
results may be an early sign of poorer pulmonary ventilation in smokers and should 
be further investigated. A synthesis of normal respiratory sound features in people 
with respiratory conditions can be found in Table 10.1.
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10.2 Adventitious Respiratory Sounds

Adventitious respiratory sounds are additional respiratory sounds superimposed to 
normal respiratory sounds. They are mainly composed by discontinuous (e.g., crack-
les) and continuous (e.g., wheezes) sounds. A summary of adventitious respiratory 
sounds, from their mechanisms to clinical interpretation, is presented in Table 10.4

10.2.1 Crackles

Crackles are discontinuous adventitious respiratory sounds. They are intermittent, 
nonmusical, brief, and explosive sounds thought to be caused by the sudden 

Table 10.1 Synthesis of normal respiratory sound features in healthy people and in people with 
respiratory conditions

Location F50 (Hz) Fmax (Hz) Imean (dB) Imax (dB)
Healthy [3, 12, 17, 
20–29]

Trachea Inspiration
447–766
Expiration
540 ± 174

Inspiration
93 and 154
Expiration
99 ± 8

Inspiration
34.6–83.1
Expiration
45.4–85.1

Chest Inspiration
119.3–128.3
Expiration
91.3–104.5

Inspiration
90.4–885
Expiration
78.9–794

Inspiration
4.7–79.1
Expiration
1.9–37.7

Inspiration
52–58.8
Expiration
49.3–54.5

COPD [20, 21, 28, 
30]

Trachea Inspiration
753 ± 177

Inspiration
228 ± 340 Hz

Inspiration
82.6 ± 3.1

Chest Inspiration
113–130
Expiration
100 ± 20

Inspiration
42.9–63.5

Asthma [21, 31] Trachea Inspiration
507 ± 153
Expiration
546 ± 117

Inspiration
106 ± 47
Expiration
92 ± 7

Inspiration
84.7 ± 3.7

Chest Inspiration
165 ± 18
Expiration
143 ± 20

Inspiration
101 ± 17 Hz
Expiration
95 ± 8

Inspiration
67.1 ± 4.5 dB
Expiration
24.4 ± 3.1

Interstitial pneumonia 
[32]

Trachea
Chest Inspiration

231.9 ± 104.7
Inspiration
168.1 ± 99.8

Asbestos [33] Trachea
Chest Inspiration

190.3 ± 26.6
Expiration
158.4 ± 22.4

Inspiration
141.0 ± 29.8
Expiration
116.9 ± 32.2

Values are presented as mean or as mean ± standard deviation per respiratory phase (inspiration or 
expiration)
F50, median frequency; Fmax, frequency at maximum power; Imean, mean intensity; Imax, maxi-
mum intensity
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opening and closing of abnormally closed airways [43–45]. Paul Forgacs was the 
first to theorize that crackles were generated during inspiration as a result of sudden 
opening of the airways [45]. Despite almost four decades of subsequent research, 
this theory has never been refuted. A few years later, it was explained that these 
events could be modeled quantitatively on the basis of a stress-relaxation quadru-
pole [46]. In simple terms, it was found that the sudden airway opening and sudden 
airway closing originated stressed waves which were then propagated in the lung 
parenchyma, originating crackles. Currently, a crackle sound is believed to be origi-
nated from multiple events, such as the acoustic energy generated by pressure 
equalization, changes in elastic stress after a sudden opening or closing of airways 
[19, 47], when there is inflammation/edema in the lungs [48], or produced by 
boluses of gas passing through airways as they open and close intermittently [45] or, 
less frequently, by abundant secretions [16]. Recently, it has also been found that the 
events responsible for crackle generation must be as fast in expiration, due to sud-
den airway closing, as they are in inspiration, due to sudden airway reopening, even 
if the former is less energetic than the latter [49].

Frequency of crackles ranges from 100 to 2000 Hz [19] depending on the diam-
eter of the airways (i.e., low diameter airways produce high-frequency crackles and 
vice versa), which are usually affected by the pathophysiology of the surrounding 
tissue. The short duration of crackles (<20 ms) and their often low intensity make its 
discrimination and characterization by conventional auscultation difficult [47]. The 
difficulty to detect crackles is aggravated when other respiratory sounds of greater 
intensity are being produced simultaneously (e.g., wheezes) [47].

Smaller airways have been shown to produce mid-to-late inspiratory and occa-
sionally early expiratory crackles of short duration (<10 ms) and high frequencies 
(fine crackles). This type of crackles is rarely transmitted to the mouth; is unaffected 
by forced expiratory maneuvers, such as cough or huff; and is gravity-dependent. 
Restrictive pulmonary diseases have been associated with the production of fine 
crackles [50]. Larger, more proximal airways, such as trachea and main bronchi, are 
thought to produce longer (>10 ms) and low-frequency crackles (coarse crackles) in 
early inspiration and throughout expiration. This type of crackles is scanty, usually 
audible at the mouth, and gravity-independent and is more associated with obstruc-
tive pulmonary disease and secretions [16, 19, 51]. Due to their characteristics, 
coarse crackles may change or disappear during auscultation, forced expiratory 
maneuvers, or even during pulmonary function tests, possibly due to the effect of 
lung expansion [48]. Considering crackles’ different characteristics and clinical 
interpretation, it seems essential to consider their timing within the respiratory 
cycle, as it allows direct estimation of the sound origin [52].

Besides crackles’ frequency, duration, gravity (in)dependence, (non)response to 
forced expiratory maneuvers, and timing within the respiratory cycle, their number 
and the anatomical place from where they are being auscultated should also be con-
sidered. As the disease progresses, crackles tend to increase in number and occur 
first in the basal areas and later in the upper zones of the lungs [2]. In addition to the 
described crackles’ characteristics, some investigations have also used crackles’ ini-
tial deflection width (IDW), largest deflection width (LDW), and two-cycle duration 
(2CD) for diagnostic and monitoring purposes [47].
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10.2.1.1 In Healthy People
The appearance of crackles has been interpreted as an early sign of respiratory dis-
ease [19]; however some studies have reported that crackles are present in healthy 
people [11, 29, 53–55]. In this population, the number of crackles have been found 
to vary between 1 and 4 per respiratory cycle and have been heard mainly in the 
upper and lateral right chest, especially during inspiration [29, 55–57]. Studies have 
reported the presence of both fine [54, 55] and coarse [56] crackles in healthy peo-
ple, with frequencies ranging from 148.1 to 387 Hz in inspiration, from 144.2 to 
404 Hz in expiration [29, 56], and from 259 to 864 Hz in all respiratory cycle [54]. 
A synthesis of crackle features in healthy people can be found in Table 10.2.

10.2.1.2 In the Presence of a Respiratory Condition
The use of crackles for diagnostic purposes has been recently revised [62]. Crackles 
have been associated with the process and severity of the disease in patients with 
interstitial lung disorders [19, 47], pneumonia [56, 63, 64], and COPD [58, 65]. 
Additionally, a number of inspiratory crackles recorded at anterior/upper regions 
have been shown to differ between healthy smokers and nonsmokers (2.2 [1.8–3.7] 
vs. 1.5 [1.2–2.2], p = 0.0081) [29]. These findings further point toward the possible 
use of crackles as first indicators of respiratory disease. However, these results have 
only been reported by one study and require investigation.

Some studies have also explored crackle’s different features among diseases, 
e.g., COPD [30, 55, 57, 59, 66], fibrosis alveolitis, bronchiectasis, heart failure [30], 
asbestosis [67, 68], pulmonary edema [68], pneumonia, asthma, and interstitial pul-
monary fibrosis [49, 57, 66], and between different phases of the same disease, e.g., 
stable versus exacerbated COPD [58, 63, 65]. A synthesis of crackle features in 
healthy people can be found in Table 10.2.

Crackles are also commonly used to monitor patients’ responses to respiratory 
interventions, and yet few studies [60, 64, 69] have been conducted assessing their 
use as an outcome measure [70]. From the limited evidence available, LDW seemed 
to be the most valuable parameter to be used as an outcome measure due to its high 
effect sizes found in patients with pneumonia following medical intervention (1 and 
1.25) [64]. This is supported by what has already been proposed by Hoevers and 
Loudon [71]. However, LDW has been the variable less explored among studies. 
Conflicting information has been found for the number of crackles and 2CD [60, 64, 
69]. Timing of crackles has also showed to be sensitive to the clinical course of pneu-
monia [64] and has been described as a sensitive parameter to discriminate between 
respiratory diseases and heart failure [47]. However, similar to LDW limited research 
has been conducted considering this parameter as an outcome measure. Thus, it can 
be concluded that despite all available information, and the clear potential of crackles 
to contribute for the diagnosis and monitoring of respiratory conditions and interven-
tions, much research is still needed to recommend auscultation of crackles as diag-
nostic and outcome measure for respiratory interventions. As described by Pasterkamp 
et al. [2], what seems well established is the presence or absence of crackles to dis-
tinguish pulmonary fibrosis from sarcoidosis (crackles usually absent) [50], fine and 
late inspiratory crackles indicating fibrotic lung disease and early coarse crackles 
indicating obstructive lung disease [58, 72, 73], crackles as an early sign of asbestos 
[67, 74, 75], and crackles indicating heart failure [30, 76, 77].
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10.2.1.3 Wheezes
Wheezes are continuous and musical adventitious respiratory sounds usually longer 
than 80–100 ms and with frequencies from less than 100 Hz to 1 kHz or even higher 
if measured inside the airways [78]. The mechanisms underlying wheeze produc-
tion appear to involve an interaction between the airway wall and the gas moving 
through the airway and causing its oscillation [79]. These oscillations start when the 
airflow velocity reaches a critical value, called flutter velocity, due to narrowed air-
ways [19, 79, 80]. The flutter mechanisms mainly explain expiratory wheezes, but 
inspiratory wheezes, which are normally associated with more severe and upper 
airway obstruction, are not yet well understood [19, 79].

It has been proposed that wheezes always occur when there is a flow limitation, 
but flow limitation is not necessarily accompanied by wheezes [81–83]. They can 
therefore be produced by all the mechanisms that reduce airway caliber such as 
bronchospasm, mucosal edema, intraluminal tumor, secretions, foreign bodies, or 
external compression. The frequency of a wheeze is dependent on the mass and 
elasticity of the airway walls and on the flow velocity. It is, however, not influenced 
by the length or the size of the airway [79]. Wheezes, which are usually louder than 
the underlying normal respiratory sounds, are often audible at the patient’s mouth or 
by auscultation over the larynx [2].

Clinically, wheezes can be defined by their frequency (complexity—mono- or 
polyphonic), intensity, number, duration and position in the respiratory cycle, 
gravity influence, and respiratory maneuvers. Duration, complexity, and position 
in the respiratory cycle have been mostly used in the clinical setting to quantify 
the severity of an airway obstruction and to monitor its progression. Duration in 
the respiratory cycle, or wheeze occupation rate, has been indicated do be directly 
related to the degree of bronchial obstruction [19]. Regarding the complexity and 
position in the respiratory cycle, it is generally accepted that polyphonic wheezes 
and presence of wheezes in both inspiratory and expiratory phases indicate a more 
serious obstruction stage than monophonic wheezes and presence in expiration 
only [79, 84, 85].

To facilitate wheeze interpretation, a classification based on complexity and 
position in the respiratory cycle has been adopted. Wheezes have been classified as 
fixed monophonic, random monophonic, and sequential inspiratory or expiratory 
polyphonic [86]. Fixed monophonic wheezes imply hearing only one frequency and 
are usually indicative of an incomplete occlusion of the bronchus (e.g., tumor). 
Random monophonic wheezes occur when there is widespread airflow obstruction 
(e.g., asthma) [86]. This specific type of wheeze occurs randomly across the respira-
tory cycles, during inspiration or expiration, and is usually a result of bronchial 
spasm or swelling of the mucous membrane [86]. Sequential inspiratory wheezes 
are typically generated when peripheral airways open and oscillate, late in inspira-
tion. They are characterized as sequences of short, monophonic wheezes, each with 
a different pitch and sound intensity [86]. Pulmonary diseases associated with 
sequential inspiratory wheezes include fibrosing alveolitis, asbestosis, and other dif-
fuse interstitial pulmonary diseases [86]. Expiratory polyphonic wheezes are 
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produced by the passage of air through several bronchial airways simultaneously 
obstructed [19], creating harmonic unrelated musical sounds. This type of wheezing 
is often associated with COPD [86].

In Healthy People
A literature review on respiratory sounds has synthetized the studies that analyzed 
wheezes in healthy people [11]. The presence of wheezes in healthy people has been 
studied [29, 56, 57]; however only two studies have reported the characteristics of 
these sounds [29, 57]. The average wheeze occupation rate in healthy people seems 
to vary between 0 and 51.6% both in inspiration and expiration [29, 57]. Mean fre-
quencies of wheezes have been found to be higher in expiration (309–526.8 Hz) 
than in inspiration (283–300 Hz) [29, 57]. A synthesis of wheeze features in healthy 
people can be found in Table 10.3.

In the Presence of a Respiratory Condition
Wheezes have been used for diagnostic purposes [62] and widely reported in several 
respiratory conditions in children (i.e., cystic fibrosis [89], asthma [88, 90] with 
prolonged cough [91], and bronchiolitis [69]) and in adults (i.e., asthma [87, 92–
94], pneumonia [56], COPD [87, 95, 96], lower respiratory tract infections [97, 
98]). Table  10.3 provides a synthesis of wheeze features in several respiratory 
conditions.

Wheezes have also been used as an outcome measure in respiratory interventions 
[70]. Wheeze occupation rate seemed to be the most promising parameter to be used 
as an outcome measure in children and adults [70, 92, 98]. In a systematic review on 
respiratory sounds in COPD [95], it was found that during forced expiratory maneu-
vers, only 13.7% of the time was not occupied by wheezes; most were polyphonic 
(53.6% vs. 32.6% monophonic) [87] and were more frequent during expiration than 
in inspiration (inspiratory wheeze rate 2% vs. expiratory wheeze rate 12%) [57]. A 
strong association between the proportion of the respiratory cycle occupied by 
wheezes and the degree of bronchial obstruction has been widely demonstrated [87, 
88, 90, 91]. This wheeze parameter, even when identified with conventional auscul-
tation, has shown to be sensitive to assess the effectiveness of respiratory interven-
tions in children [99, 100]. The wheeze complexity may also be a variable of interest 
as the presence of polyphonic wheeze indicates a more serious obstruction than 
monophonic wheeze [94]; however, this has been vaguely explored [94]. Wheeze 
monitoring has been found to provide more information on the changes of airway 
obstruction than measurements of pulmonary function [92], such as the percentage 
predicted of FEV1 in people with asthma [93]. Thus, wheezes and their variables 
seem to be a promising objective measure for all populations with a special empha-
sis on non-collaborative populations such as children, people with cognitive deficit, 
and people in the intensive care.

There are three other sounds within the wheeze classification that, due to their 
specific characteristics and relationship with a disease process, are normally 
described apart, i.e., squawks, stridor, and rhonchus.
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Squawks
Squawks can be considered a subgroup of wheezes and are characterized by specific 
parameters. A squawk is a high-frequency inspiratory short wheeze caused by air-
way wall oscillation as airways open, generally accompanied by crackles. Normally, 
the duration of a squawk is between 50 and 400 ms [1, 47, 57], and their frequency 
rarely exceeds 300 Hz [1, 2]. The term “squawk” should only be used to describe 
inspiratory short wheezes in patients with interstitial lung diseases or in acute 
patients with pneumonia, where small airways are involved, or they should be called 
simply “short wheezes.” Although relatively common, little attention has been paid 
to this adventitious respiratory sound [101], and further education on its identifica-
tion and interpretation has been recommended [102].

Stridor
Stridor is a very loud wheeze, resulting from a morphologic or dynamic obstruction 
in the larynx or trachea [1]. It occurs during inspiration when the obstruction is extra-
thoracic and during expiration when it is intra-thoracic, unless the obstruction is 
fixed, in which case, stridor may appear in both phases of respiration [1, 79]. The 
frequency of stridor is between 500 Hz [16] and 1000 Hz, and it is common in infants 
and babies due to their small airway dimensions or supraglottic inflammation (laryn-
gitis) [1]. In adults the frequency of stridor is usually much lower <200 Hz [103].

Rhonchus
Rhonchus should be placed between musical and nonmusical sounds [102]. They 
are low-pitch sounds, generated in the central/larger airways (associated with the 
presence of secretions, narrowing of large airways, or abnormal airway collapsibil-
ity) that can be heard during inspiration, expiration, or both and can disappear with 
forced expiratory maneuvers such as cough or huffing. The main frequency of rhon-
chus is below 300 Hz, and their duration is above 80–100 ms [1, 2, 16].

10 Normal Versus Adventitious Respiratory Sounds
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Conclusion

This chapter summarizes the main characteristics of respiratory sounds in healthy 
people and in some of the most representative respiratory diseases worldwide. 
Respiratory sounds exhibit different acoustic properties depending on the per-
son’s characteristics (e.g., age, gender, height, position, and airflow), local of 
sound acquisition, and position in the respiratory phase. The definition of such 
characteristics and the mastering of the pulmonary auscultation technique, by 
health professionals, will allow objective interpretations of respiratory sound 
alterations and, potentially, enhance the early detection, treatment, and monitor-
ing of respiratory diseases.

Most of the evidence in respiratory sounds is now gathered through computer-
ized acoustic devises, such as electronic stethoscopes and microphones. However, 
the methods for recording, analyzing, and reporting respiratory sounds still differ 
significantly among studies, which impair our understanding of the clinical 
meaning of each respiratory sound and the changes in their acoustics. Thus, the 
development of up-to-date international standard guidelines in the recording, 
analysis, and storage of respiratory sounds is immediately warranted. This stan-
dardization will enable comparisons of results among research and clinical cen-
ters and will facilitate the integration of the information provided by respiratory 
sounds in the clinical processes of patients along with other clinical measures. 
These developments are essential to further enhance the utility of auscultation at 
patients’ bedside.
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11Wheezing as a Respiratory Sound

Grigorios Chatziparasidis, Kostas N. Priftis, 
and Andrew Bush

The auscultation of breathing sounds dates back to the years of Hippocrates and was 
revolutionized after the invention of the stethoscope by Läennec in 1816. Wheezing 
was amongst the five different types of respiratory sounds described by Läennec. 
His original description was “the whistling of little birds”. Interestingly, whereas 
the roentgenogram when discovered verified the accuracy of the stethoscopic find-
ings in many cases, this was not the case for wheeze. Subsequently the value of 
wheezing as a clinical finding was confirmed by lung function studies, in particular 
spirometry. It was more a physics-based approach that allowed the understanding of 
how wheeze is produced and clinical meaning of the noise.

In this chapter, we present an overview of the wheezing as a respiratory sound in 
the light of lung acoustics, sound analysis, its pathogenesis and clinical importance.

11.1  Wheezing Defined

Wheezing is usually referred to as a musical sound. It is considered to be a high- 
pitched, continuous noise, often associated with a prolonged expiratory phase [1–3].

“Continuous” in the context of respiratory sound nomenclature means that a 
sound has a minimum duration of 250 ms [4]. As far as the respiratory phase is con-
cerned, wheezing is usually expiratory, but may also be inspiratory if airway 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_11&domain=pdf
mailto:kpriftis@otenet.gr
mailto:A.Bush@rbht.nhs.uk


208

obstruction is severe [5]. In 1977, the American Thoracic Society (ATS) [6] and the 
Tenth International Conference on Lung Sounds [7] added a new definition to the 
then nomenclature. According to this, “wheezes” are high-pitched continuous 
sounds, and low-pitched continuous sounds are to be called “rhonchi”. Other inves-
tigators have proposed that the term rhonchus should be abandoned and only the term 
wheeze to be used, further divided into high-pitched or low-pitched wheezes [6, 8].

Despite the efforts to clearly define wheezing over the years, the intra-observer 
agreement on lung sound terminology is still not good [9, 10].

11.2  Production of Wheeze

11.2.1  A Physics-Based Approach to Wheeze Production

To understand the generation of wheeze, one has to understand basic physiology. 
Centuries ago, Poiseuille determined the pressure drop of a constant viscosity fluid 
exhibiting laminar flow through a rigid pipe. Although his work was on moving 
liquids, the results can also be applied in the gaseous phase.

All moving fluids (liquids and gases) exhibit viscosity, which is a measure of the 
resistance of a fluid to flow. Knowledge of viscosity is a basic necessity for fluid 
flow analysis. Fluid friction describes a fluid’s internal resistance to movement. The 
greater the viscosity, the “thicker” the fluid and the more the fluid will resist 
movement.

When a fluid (e.g. air) flows past a stationary wall, the fluid closer to the wall does 
not move (Fig. 11.1). A velocity gradient exists, due to adhesive, cohesive and fric-
tional forces. The magnitude of this gradient is characteristic of the fluid. Viscosity is 
a proportionality constant relating an applied shear stress to the resulting shear 

y

High speed

u

Fluid
Low speed Velocity gradient, du

dy

Fig. 11.1 A fluid flows between two plates. A velocity gradient exists, due to adhesive, cohesive 
and frictional forces. The magnitude of this gradient is characteristic of the fluid (du = flow veloc-
ity difference between the layers; dy = instance between the layers)
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velocity. When a force is applied to a fluid, creating a shear stress, the fluid will 
undergo a certain displacement. The viscosity of the fluid is its resistance to this 
displacement.

In analysing the properties of moving fluids, it is necessary to determine the 
nature of flow of the fluid. This is generally split into three categories: laminar, tur-
bulent and mixed tubular-laminar flow [11].

11.2.1.1  Laminar Flow
Laminar flow consists of a regular flow pattern with constant flow velocity through-
out the fluid volume and is much easier to analyse than turbulent flow.

Laminar flow is often encountered in common hydraulic systems, such as where 
fluid flow is through an enclosed, rigid pipe; the fluid is Newtonian, namely, incom-
pressible, and has constant viscosity, and the Reynolds number is below the lower 
critical threshold value.

The Reynolds number is a dimensionless quantity that is used to help predict 
similar flow patterns in different fluid flow situations. Arnold Sommerfeld named it 
in 1908 after Osborne Reynolds (1842–1912), who popularized its use in 1883. The 
Reynolds number [12] is defined as

 Re /= r mVL  

where ρ is the density of the fluid (SI units, kg/m3), V is the characteristic velocity 
of the fluid with respect to the object (m/s), L is a characteristic linear dimension 
(m), and μ is the dynamic viscosity of the fluid (kg/m s) [11].

Laminar flow is characterized by the flow of a fluid in parallel layers, in which 
there is no disruption or interaction between the different layers and in which each 
layer flows at a different velocity along the same direction [13].

The variation in velocity between adjacent parallel layers is due to the viscosity 
of the fluid and resulting shear forces. Figure 11.2 gives a representation of the rela-
tive magnitudes of the velocity vectors of each of these layers for laminar fluid flow 
through a circular pipe, in a direction parallel to the pipe axis.

Considering laminar flow of a constant density, incompressible fluid travelling in 
a pipe, with a Reynolds number below the upper limit level for fully laminar flow, 
the pressure difference between two points along the pipe can be found from the 
volumetric flow rate, or vice versa. For such a system with a pipe radius of r, fluid 
viscosity η, distance between the two points along the pipe Δx = x2 − x1 and the 
volumetric flow rate Q of the fluid, the pressure difference between the two points 
along the pipe, Δp, is given by Poiseuille’s equation as shown below:

 D Dp Q x r= 8 4h p/  

This can be used to determine the pressure drop of a constant viscosity fluid 
exhibiting laminar flow through a rigid pipe.

This equation is valid for laminar flow of incompressible (Newtonian) fluids in 
an infinitely long tube only and may be used to determine a number of properties in 
the hydraulic system, if the others are known or can be measured. In practice, 
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Poiseuille’s equation holds for most systems involving laminar flow of a fluid, 
except at regions where features disrupting laminar flow, such as the ends of a pipe 
or bifurcations are present [14].

11.2.1.2  Turbulent Flow
Turbulent flow is characterized by irregular flow of a fluid in which there are both 
inconsistent flow patterns and velocity variations throughout the volume of the fluid 
in motion [11].

Analysis of turbulent flow can be very complex and often requires advanced math-
ematical analysis to simulate flow in systems on a near case-by-case basis. It occurs 
when the Reynolds number is above a certain critical threshold (numerically 2000).

11.2.1.3  Mixed Tubular-Laminar Flow
This is the type of flow that is mostly encountered in human airways. It is a combi-
nation of laminar and localized turbulent fluid movements referred as eddies. Eddies 
occur where the tube either narrows or branches or where there are irregularities in 
the tube surface. Its predominance in the bronchial tree is explained by the rapidity 
with which the airway tree bifurcates [13].

At the lower limit of this mixed turbulent-laminar flow Reynolds number region, 
there is another critical threshold value, below which only laminar flow is possible 
(see below).

11.2.1.4  Application of Poiseuille’s Equation to the Airflow Along 
the Tracheobronchial Tree

The production of a respiratory sound necessitates airflow along the airways; despite 
this fact, it is only turbulent airflow which is capable of producing sounds [15].

The mechanism of sound production in turbulent airflow involves the collision of 
the air molecules with each other and with the airway walls. This mechanism is in 
accordance with the Flutter theory initially described by Gavriely [16]. He concluded 
that the fluttering of both fluid and airway walls produces wheezes, and the flutter 

Fig. 11.2 Relative magnitudes of velocity vectors. Laminar fluid flow in a circular pipe at the 
same direction
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velocity depends on the mechanical and physical characteristics of the airway and 
the gas. The mechanism of flutter can be explained by Bernoulli’s principle, which 
states that when gas flows through a narrow tube at high velocity, it causes a fall in 
pressure within the airway. This low pressure causes the airway to vibrate.

Turbulence occurs when the Reynolds number exceeds 2000. So, when gas trav-
els through a large-diameter airway at a high velocity, and even more considering 
the irregular walls of bronchi and trachea, or in a system which branches rapidly, 
then turbulent flow occurs. This type of flow is completely disorganized and chaotic 
without a high axial flow velocity.

It is the gas density and not the viscosity that affects the flow properties. Based 
on this principle, mixing of oxygen with helium generates a lighter gas mixture, 
reducing turbulent airflow, and may convert turbulent flow to laminar.

The air layers are travelling parallel to the bronchial walls with the central layers 
moving faster than the peripheral, with little or no transverse flow, as Poiseuille’s 
equation implies.

According to this equation, Q = ΔP·n·r4/8ηl, where Q is the volume of flow rate, 
ΔP is the driving pressure, n is the viscosity, r the radius and l the length of the tube. 
Since Q is directly proportional to the driving pressure ΔP and the tube radius r, it 
is obvious that small airways (<2 mm) are not the site of wheeze production [17].

The clinical importance of the result of this equation is that since in the small 
airways the airflow is laminar (low Reynolds number), it is thus silent. Furthermore, 
the very low flow rates contribute to the absence of sound production as the total 
cross-sectional generational airway area is greatly increased.

11.2.2  An “Instrumental” Approach of Wheeze Production

As a general rule, wheeze is produced by the oscillation of opposing airway walls 
narrowed nearly to the point of closure [18, 19].

Airway oscillation leading to wheeze production requires sufficient airflow; thus, 
the absence of wheeze in an acute asthma patient represents an ominous sign. This of 
course is the mechanism underlying the “silent chest” in acute really severe asthma, 
where impending exhaustion means that very low flows are being generated.

The underlying mechanism of wheeze production involves a constant interaction 
between the gas moving through the airways and the airway wall. The wheeze is by 
definition a musical sound, and this has inevitably led to its comparison with wind 
musical instruments. The sound production in these instruments relates to the oscil-
lations of an air jet (flute) or to the vibration of a reed (clarinet). Furthermore, the 
pitch of the sound depends upon the length of the air column coupled to the sound 
source and upon the gas mixture density in the resonating column. In a toy trumpet, 
a vibrating reed produces the sound [18–20].

Forgacs used the toy trumpet to try to clarify the mechanism of wheeze produc-
tion. He demonstrated that the pitch of a toy trumpet sound is dependent upon the 
mass and the elasticity of the reed and independent of the attached horn. He further 
discovered that high-pitched musical sounds are only produced when the airway 
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calibre is narrowed to the point that the opposite walls are almost in contact. He 
assumed that it is the acceleration of the gas flow through the narrowed lumen which 
is responsible for the airway wall oscillation. Thus, three parameters affected the 
pitch of the wheeze: the flow velocity, the mass and the elasticity of the airway wall. 
The length and the calibre of the airway have no influence on the sound pitch [20]. 
So, he contradicted Läennec’s suggestion, demonstrating that high-pitched wheezes 
are not solely produced by peripheral airways and also those low-pitched wheezes 
not necessarily produced by the more central airways.

In 1980, Grotberg and Davis [21] proposed a new model of wheeze production, 
analysing mathematically the stability of the airflow as it moves through a collaps-
ible tube. They suggested that the origin of the wheeze production is the fluttering 
of the fluid and the airway walls together. When the airflow velocity reaches a criti-
cal level, called flutter velocity, the oscillation begins. This critical level depends on 
the physical and mechanical features not only of the tube but also of the gas travel-
ling through this tube.

By the late 1980s, this model was perfected by Grotberg and other researchers 
and is the basis of today’s understanding of wheeze production. The new model 
could predict both the critical flow velocity for the airway wall oscillations and also 
the oscillation frequency. Furthermore, the model made clear that wheeze is always 
accompanied by limitation of flow but that flow limitation is not necessarily accom-
panied by wheezing.

Gavriely and co-workers focused on time and frequency features of breath 
sounds in ten wheezing patients. The results of their study were in agreement with 
the Grotberg model [16, 17]. Though revolutionary, the above model could only 
explain expiratory wheezing, leaving the mechanism of inspiratory wheezes (often 
associated with more severe obstruction) unclarified.

The Grotberg model of flutter or flattened tube can cast light on the mechanism of 
wheeze production in diseases like asthma where there is a reduction in the airway 
calibre or pulmonary oedema where there is a reduction in pulmonary elastance. The 
model could also be applied in some chronic obstructive lung diseases characterized 
by a reduction in bronchial stiffness. In all these cases, there is a lower critical flutter 
velocity, and thus, oscillations of the airway walls will start more easily.

It is worth mentioning that even healthy subjects can produce wheezes during 
forced expiration [22–24]. These are caused by airflow limitation, but they may also 
be produced by eddy-induced wall oscillation without underlying airflow limitation. 
This mechanism fits perfectly in cases of exercise-induced laryngeal obstruction 
(EILO, also named “vocal cord dysfunction”), where the pathology of the wheeze 
lies in the larynx and not the bronchial tree.

11.2.3  A Modern Understanding of Wheezing Production

The respiratory system integrates two anatomically different parts: the conducting 
and the respiratory airways. Trachea, bronchi and bronchioles, the constituents of 
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the conducting airways, differ in architecture. Bronchioles lack the cartilaginous 
support which is present in the more central airways. As a result, the bronchiolar 
wall tends to collapse in response to changes in the pressure within the pleural cav-
ity (intrapleural pressure, Ppl) or the airway pressure.

During expiration, a pressure is generated in the alveoli (Palv) and transmitted 
along the airways. As a result of airflow resistance, there is a pressure drop as the 
air moves towards the mouth during expiration [25, 26]. This phenomenon is 
known as friction loss. When airway pressure drops to a level where it equals the 
intrapleural pressure during forced expiration, an equal pressure point (EPP) is 
reached [27]. If the EPP occurs in the distal airway (not supported by cartilages), 
the airway will collapse. In case of a healthy lung, the EPP will be reached in 
cartilaginous airways due to sufficient alveolar driving pressure and the gradual 
drop in pressure as the airway resistance is minimal [27]. In diseased lung, such 
as in cases of airway obstruction, resistance to airflow will be much greater and 
the pressure drop much steeper (Fig. 11.3). The EPP will be reached in the thin-
walled bronchioles, causing airway collapse and the typical depression in the 
flow-volume curve [26, 28].

Being familiar with the EPP theory, researchers attempted to approach the mech-
anism of wheeze production from a different angle. They used bronchoprovocation 
and the forced expiratory wheeze manoeuvre to analyse and better clarify this 
mechanism.

Palv

T

Ppl

Ppl

DP

Fig. 11.3 Schematic representation of the respiratory system, enclosed by the intrapleural cavity. 
Alveolar pressure (Palv) is generated as a result of elastic recoil due to wall tension (T) and intra-
pleural pressure (Ppl). Where the pressure drop (ΔP) over a certain distance from the alveoli equals 
recoil pressure, an equal pressure point will arise. Cartilaginous airways (on the right side) are 
barred
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11.2.3.1  Bronchoprovocation Tests and Wheeze Production
Since 1990, different groups of investigators started using the computerized lung sound 
analysis (LSA) to delineate the effects of bronchoconstriction on lung sounds [29, 30].

They all concluded that wheeze was detected by LSA at a much lower PC20 or 
PC15 (the provocation concentration of a bronchoconstrictive agent that produces a 
20% or 15%, respectively, fall in FEV1) than that producing symptoms (e.g. cough, 
subjective wheeze). By analysing the correlation between FEV1 drop from the base-
line and clinically detected wheezing, they found cases where even though the FEV1 
dropped by 55%, wheeze was not detected. This implies that FEV1 is dependent on 
the narrowing of many airways, though wheezing on the critical degree of narrow-
ing in a solitary bronchus. In this study, Spence and co-workers tried to establish a 
relation between the presence of wheeze and the development of symptoms. They 
found that airflow limitation during tidal breathing preceded the onset of wheezing, 
and more interestingly, wheezing may not occur at all even though flow limitation 
patterns were present. The importance of this finding in clinical practice is more 
than obvious as it disconnects wheezes from symptoms. The researchers put this 
down to the higher degree of abdominal muscle activation in the wheeze group dur-
ing the challenge protocol. They concluded that the increase in lung volume is asso-
ciated with increased abdominal muscle activity and hence a greater force available 
to deform the airway wall. This could explain the interconnection between abdomi-
nal muscle fatigue and silent chest in case of a life-threatening asthma attack [31].

Furthermore, LSA was found to be reliable in wheeze detection even in small 
children as it requires minimal cooperation rendering the investigation clinically 
suitable in young children. More interesting, they confirmed that airway narrowing 
caused an increase in lung sound frequency [32].

Based on this finding, Shreur et al. studied the frequency and intensity of lung 
sounds both in asthmatics and normal subjects. They induced the same degree of 
airway narrowing in both groups and found that the asthmatic group wheezed more. 
This could not be attributed to the airway narrowing alone since that was the same 
in two groups (at least as judged by spirometry) but also to the morphological 
changes of the airway walls in asthma. It seems that increased wall thickness 
enhances airflow limitation even at a similar change of FEV1 [33].

Is there any difference in the pathogenesis of inspiratory wheeze? Spence et al. 
[34] proposed that inspiratory wheezing happens when mid and maximal flow rate 
is reached. On the other hand, expiratory wheeze happens when flow limitation is 
reached.

11.2.3.2  Forced Expiration and Wheeze Production
Forced expiration is an easy to perform bedside procedure to detect airway narrow-
ing in both asthmatics and normals. It has been used to compare the properties of the 
airway between stable asthmatics and normal subjects. By recording the lung sounds 
produced during forced expiration wheeze, researchers came to the conclusion that 
lung sounds were lower in intensity and higher in pitch in stable asthmatics [35]. 
When treated with a bronchodilator, there was a greater decrease in forced expira-
tion wheeze in the asthmatic group [36].
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Korenbaum and colleagues [37] added more to our understanding of wheeze 
pathogenesis. They suggested that a forced expiration wheeze duration of more than 
1.8 s is a sensitive index of bronchial obstruction. Analysis of the forced expiration 
wheeze frequency at sequential time domains (time domain is the analysis of physi-
cal signals, with respect to time) led Korenbaum to the assumption that forced expi-
ration wheeze may be fitted with a model of vortex shedding in the bronchial tree 
[38]. In fluid dynamics, vortex shedding is an oscillating flow that takes place when 
a fluid such as air or water flows past a bluff (as opposed to streamlined) body at 
certain velocities, depending on the size and shape of the body. In this flow, vortices 
are created at the back of the body and detach periodically from either side of the 
body. The fluid flow past the object creates alternating low-pressure vortices on the 
downstream side of the object. The object will tend to move towards the low- 
pressure zone. When they used different mixed gases, they found that the vortices 
inside the trachea or large bronchi were the source of forced expiration wheeze [39].

All previously mentioned studies using forced expiration wheeze as a means of 
uncovering the mechanism of wheeze production assumed that flow limitation is a 
prerequisite for generation of the wheeze. They also suggested vortex shedding and 
airway wall oscillation as possible mechanisms [22, 40, 41].

These suggestions were further supported by the study of Gavriely et al. He used 
the predictions of five theories of wheeze production and compared them with the 
spectral shape, mode of appearance and frequency range of wheezes. He concluded 
that theories of fluid dynamic flutter and vortex-induced wall resonator better 
matched the experimental observations [16, 17, 42].

He also used a theoretical model simulation based on transmural pressure (Ptm) 
calculations in conjunction with airway opening for four different tube laws (nor-
mal, constricted, stiff and floppy), to clarify the mechanism of inspiratory wheeze 
production. He concluded that intrathoracic wheeze is produced by the same flutter/
flow limitation mechanisms as expiratory wheeze.

11.3  Acoustic Characteristics of Wheezes

Over the centuries, medical schools have trained doctors to largely rely on their audi-
tory skills for interpretation of the sounds acquired using the stethoscope. So, the accu-
racy of the diagnosis goes hand in hand with the doctor’s training and experience. 
Realisation of this fact immediately poses the question “What happens with the junior 
doctors?” Numerous attempts have been made to turn the “gap” between graduation 
from medical school and acquisition of experience in a manner that is safe for both 
doctors and patients. The roots of this effort can be found back in 1977 when Murphy 
and co-workers [43] managed to depict the acoustic characteristics of wheezing on a 
screen in the form of waves. By analysing them in the time and frequency domain 
using a computerized time-expanded waveform analysis, they represented wheezing as 
a continuous undulating sinusoidal deflection replacing the normal waveform of lung 
sounds. They used fast Fourier transform (FFT) to describe these sinusoidal deflections 
in the frequency domain by computing their power spectrum (Fig. 11.4) [16, 17, 44].
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The fast Fourier transform is a mathematical method for transforming a function 
of time into a function of frequency. Sometimes it is described as transforming from 
the time domain to the frequency domain. It is very useful for analysis of time- 
dependent phenomena. One important application is for the analysis of sound.

Subsequently, Gavriely and Pasterkamp used the same technique and showed 
that wheezing produce a well-defined small number of peaks in the power spectrum 
with highly variable frequencies. Since then, the advancement in computer applica-
tions has brought a new era in lung sound analysis focusing on assisting doctors in 
more accurate diagnosis. New methods of spectral analysis facilitate the identifica-
tion of the patterns of common normal and abnormal lung sounds. Power spectrum, 
spectrogram and time-expanded waveform analysis are the most popular tools 
amongst researchers for visual detection of these patterns.

The following sections will try to give a modern insight into the above- mentioned 
physical phenomena.

Pitch and duration are the main characteristics of wheezes. Their frequency lies 
between 400 and 1000 Hz. The power spectrum can depict the power distribution of 
a sound with respect to frequency [45].

Figure 11.4 represents the view of a signal in the time and frequency domain.
Spectrograms are a collective form of a sound power spectrum. They allow the 

visualization of the spectral information as depicted on an x–y axis system. The y-axis 
corresponds to frequency and the x-axis to time. This has two advantages; firstly, it 
provides information regarding the instant at which a frequency occurs. Secondly, it 
gives a colour representation of the sound amplitude which changes in colour depend-
ing on the intensity of the sound at a particular instant.

Figure 11.5 represents the spectrogram of normal breath sounds. It is character-
ized by a continuous magnitude decay from lower to higher frequencies, and higher 
spectral components lie in the region lower than 100 Hz [47].

Since wheezes are continuous high-pitched sounds with a frequency greater than 
100 Hz and a duration greater than 100 ms, they give a different printout, character-
ized by harmonics of higher pitch [47].

In practice, there may be a collection of lung sounds and distinguishing between 
them is easier with the time-expanded waveform analysis (TEWA). In this 

Time

Frequency

Fig. 11.4 View of a signal in the time and frequency domain (source: Wikipedia)
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technique, the resolution of an acoustic signal is increased so it becomes more 
detailed by zooming in on the time axis of the waveform. Normal lung sounds pres-
ent with an irregular shape without any repetitive pattern. In contrast, wheezes have 
a sinusoidal or more complex periodic waveform. Crackles have initially a sudden 
short deflection with secondary greater amplitude deflections.

11.4  Wheeze: From Lab to Clinical Application

11.4.1  Large Airway Obstruction and Wheezing

Theoretically, when a lesion affects the calibre of the intrathoracic trachea or main 
bronchi, the local airflow turns from laminar to turbulent at the point of the narrow-
ing, and the emerging wheezing sound may be well localized over this point. This 
type of wheeze is classified as monophonic [48].
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Fig. 11.5 (a) Spectrum of wheezing and healthy breathing sounds and (b) raw data and feature 
patterns for wheezy and healthy breathing sounds [46]
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Monophonic wheezing consists of a single musical note. In terms of the underlying 
pathology, the obstruction may be from a tumour, an inflammation, a mucus plugging 
or an endobronchial foreign body. If the obstruction is fixed, the resultant wheezing 
will be heard in both inspiration and expiration, whereas if the obstruction is dynamic, 
the wheezing may be either inspiratory or expiratory. Variable obstruction located in 
the extrathoracic region (trachea) leads to inspiratory monophonic wheeze; variable 
intrathoracic large airway obstruction leads to expiratory monophonic wheeze. A fur-
ther clue to the diagnosis is the intensity change with the change in posture, e.g. indi-
cating the presence of a partially obstructing tumour.

11.4.2  Small Airway Obstruction and Wheezing

Pathologies that cause small airway obstruction lead to the generation of high pleu-
ral pressure swings in an attempt to maintain normal airway flow. The pitch of the 
wheeze increases at the end of the expiration as the equal point pressure moves 
towards the periphery [18, 19].

This causes expiratory compression (inward collapse) of the large airways and 
generalized expiratory wheezing. This is particularly the case in infants and neo-
nates where the chest wall is more compliant and the large airways are relatively 
soft and thus very prone to collapse. Because the point of collapse is not fixed, the 
wheezing sounds consist of multiple musical notes that start and end at the same 
time. This type of wheeze is termed as polyphonic [48] and can be heard, for exam-
ple, in cases of asthma and bronchiolitis. Tracheobronchomalacia can produce an 
identical noise due to dynamic collapse of the malacic airways.

11.5  Wheeze: From Theory to Clinical Practice

11.5.1  What Do Parents Understand by Wheeze?

The term wheeze is widely used by parents during an office/emergency department 
consultation to describe a diversity of respiratory symptoms in their child. In a hos-
pital-based observational study [49, 50], children aged 4 months to 15 years were 
assessed in the ED. The aim of the study was to measure the agreement between 
parental report of wheeze and clinicians’ report of the noise. The range of agreement 
was found to be less than 50%. In detail, when a child presented to ED with alleged 
wheeze or asthma and the attending physician confirmed the presence of wheeze, 
39% of the accompanying parents used words other than wheeze during history tak-
ing (mainly difficulty in breathing and/or cough). Moreover, in 14% of cases, parents 
used the word wheeze to describe upper airway noises in wheeze-free children.

During the same study, clinicians focused on 160 parents attending the outpatient 
chest clinic due to wheeziness of their child.

Parents were asked: “What do you understand by wheeze, and how do you rec-
ognize wheeze in your child?” They answered with a variety of terms like squeak-
ing, rasp, hissing and whistle. More interesting, 25% of the parents did not consider 
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wheeze as a noise, and 49% used nonauditory cues. What does this study reveal? 
Nothing but the obvious. There are a significant proportion of parents that used 
wheezing with a very different meaning to that used by clinicians. This study gave 
rise to much controversy over the accuracy of a number of paediatric epidemiologi-
cal studies reporting on answers to the question “Has your child wheezed in the past 
12 months?” or “Has your child ever wheezed?” or “Has your child asthma symp-
toms?” It is difficult to believe such studies have any meaning whatever.

More sophisticated studies which involved other lung function tests (LFTs) such 
as sRaw [51] confirmed the gap between parent- and physician-reported wheeze 
with the latter being more accurate.

11.5.2  Do Parents Over-/Underestimate the Severity of Wheeze?

In 2004, Lowe and co-workers [51] conducted an observational study measuring the 
lung function of children with clinician-confirmed wheeze and unconfirmed parent- 
reported wheeze. The study was part of a large UK birth cohort (n = 1000) and 
focused on a subgroup of 454 children followed to the age of 3 years. Forty-one 
percent of these children had parent-reported wheeze, and 29% had their wheeze 
confirmed by a clinician. At the age of 3 years, the children had their specific airway 
resistance (sRaw) measured by plethysmography. sRaw was significantly higher in 
children with clinician-confirmed wheeze, compared with children who had never 
wheezed and those with parent-reported wheeze.

The use of video questionnaire (VQ) as a mean of better communication between 
parents and doctors has been evaluated over the previous decade. Saglani et al. used a 
VQ to present four clips (wheeze, stridor and two other upper respiratory noises) to 
the parents of preschool children with reported wheeze. The children underwent fibre-
optic bronchoscopy for clinical investigation of troublesome noisy breathing. The VQ 
helped parents who previously thought their child has wheeze to identify a noise other 
than wheeze. The noise generated from an upper airway abnormality [52].

In another study, five clinicians agreed on ten video clips of children with audible 
breathing. These responses were the “gold standard”. The clips were shown to par-
ents of children (a) with asthma/wheeze, (b) with other respiratory complaints and 
(c) without respiratory complaints. Parents were asked what they called the sounds, 
where they originated, and whether their own child made similar sounds. The 
authors concluded that with the use of VQ, parents locate sounds better than describ-
ing them. At least 30% of all parents use other words for wheeze, and 30% labelled 
other sounds as “wheeze”. This could have important clinical implications [50].

11.6  Wheeze in the Era of Modern Technology

Computerized respiratory sound analysis (CORSA) has brought a new approach to 
detection and analysis of normal and adventitious lung sounds in both children and 
adults with asthma-related wheeze [45, 53].

It has been also used to monitor their response to treatment [54–57].
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CORSA has the advantage of better compliance with objective definition criteria 
of lung sounds [53], along with a reduced interobserver variability [56–59].

It has also been used to quantify nocturnal wheeze with success [60, 61]. Bentur 
et al. investigated the usefulness of nocturnal wheeze monitoring and quantification 
for assessment of asthma activity in symptomatic school-aged children before and 
during treatment. They concluded that wheeze monitoring provides quantitative and 
most of all noninvasive information about the extent of nocturnal wheezing, has a 
good correlation with conventional indices of asthma activity and assists in assess-
ment of treatment efficacy [62].

For decades, physicians relied on lung function tests (LFTs) as a means to diag-
nose airway obstruction. This practice is only applicable in a research context in 
infants and neonates where more complicated techniques such as the raised volume 
rapid thoracoabdominal compression technique has to be applied. CORSA could 
overcome this obstacle as it can easily measure bronchial responsiveness [63] and 
monitor the progression of obstructive airway disease even from birth.

Until recently, there were no evidence-based studies to support the safe use of 
CORSA in daily practice in small infants. In 2016, Fischer et  al. [64] used the 
“Pulmo Track” CORSA device as a means for recording LFTs in infants recovering 
in the neonatal intensive care unit. They found good correlation between automati-
cally detected wheeze and increased resistance indices.

Their findings could change our approach to wheeze detection in uncooperative 
patients since CORSA is (a) more reliable than parental reported wheeze [65] and 
auscultation findings of experienced physicians [45, 56], (b) less time consuming 
and less costly than conventional infant LFTs, (c) does not require sedation [65–67] 
and can be performed outside a specialized LFT unit.

In this case, any concerns regarding the interference of ambient sounds with the 
CORSA recordings, successfully addressed by studies reporting of CORSA use in 
the noisy environment of a paediatric intensive care unit [56].

Computerized acoustic assessment of lung sounds has also been used for objec-
tively differentiating between wheeze and ruttles [68] and also to assess treatment 
efficacy of nebulized epinephrine and albuterol in RSV bronchiolitis [69].

Jacome et al. studied 13 adult patients with COPD and 14 with an acute exacer-
bation of COPD.  During the study, they used computerized respiratory sounds, 
crackles and wheezes for the diagnosis and monitoring of an acute exacerbation of 
COPD. The use of CORSA contributed to the objectiveness and accuracy of the 
clinical findings [70].

11.7  Summary

For centuries, medical professionals have tried to record, define, analyse and typify 
wheeze by all available means. They managed to expand their knowledge about sev-
eral aspects of the wheezing sound, and this has helped them to provide better treat-
ment. But there is more to achieve. Incorporation of modern technology into daily 
medical practice sounds really promising, and its implementation may simplify the 
accurate diagnosis of wheeze and lead to a faster symptom-oriented treatment.
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12.1  Introduction

The auscultation of the respiratory system is one of the oldest diagnostic techniques 
for bronchopulmonary ailments, going back to the time of Hippocrates who advo-
cated the method of applying the ear directly to the chest in order to detect the 
accumulation of fluid within the pleural space [1]. However, it was the invention of 
stethoscope in 1816 by Rene Theophile Laënnec that made this technique comfort-
able for patients and physicians; auscultation has since remained an important part 
of medical culture. Effective chest auscultation is a skill that depends greatly on the 
training and experience of physicians; when efficiently mastered, it allows physi-
cians to gain easily, quickly, and inexpensively a wealth of information on diagnos-
ing and observing different types of pulmonary diseases. Nevertheless, with the 
advance of technology and the now widely available imaging and laboratory proce-
dures that can detect lung diseases with an accuracy never dreamed before, the art 
of auscultation has started to fade and lose its primary importance and often is per-
formed “as a bedside ritual, in deference to tradition” [2]. To make things worse, 
there is an actual difficulty to describe in words a sensory experience and convey its 
essence in a way conceivable by others. Indeed, trained physicians tend to disagree 
over the use of basic descriptors such as coarse, low pitched, etc. when they listen 
to recorded respiratory sounds [3, 4]. These semantic ambiguities become more 
evident when more than one language is involved and remain a major obstacle in 
developing an effective communication language between health professionals. 
Fortunately, modern automated computerized methods of signal processing and 
analysis of lung sounds have provided us with valuable tools to standardize 
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terminology and improve our knowledge on the correlations between lung sounds’ 
physical characteristics and the underlying pathology.

In this review we will attempt to summarize what is known about crackles—
which constitute one of the most frequently encountered type of adventitious lung 
sounds—and discuss some of the controversies and misunderstandings surrounding 
this term. In addition, we will also discuss in less detail some of the other less com-
mon adventitious lung sounds.

12.2  Crackles

12.2.1  Definition and Auscultation of Crackles

Crackles are discrete, discontinuous, short-lived, explosive, and nonmusical adven-
titious lung sounds emitted from lung parenchyma during inspiration and some-
times during expiration, in the course of various pathological situations [2]. They 
are classified as fine or coarse depending on their frequency and duration. Fine 
crackles have high frequency and short duration, whereas coarse crackles have 
lower frequency and longer duration. The timing of crackles in the respiratory cycle 
is another important characteristic; crackles may appear in early, mid-, or end- 
inspiration or end-expiration [5]. Fine crackles are usually heard during mid-to-late 
inspiration and repeat in similar patterns over subsequent breaths, are more easily 
recognized in dependent lung regions, remain uninfluenced by coughing, but may 
alter with body position change [6, 7]. Fine crackles have a characteristic sound that 
is similar to the sound produced when two Velcro strips are gently separated. It has 
been suggested that the detection of Velcro-like crackles should be considered as a 
meaningful option for the early diagnosis of IPF [8–10]. Coarse crackles are usually 
found in early inspiration and occasionally in expiration; they have a “popping” 
quality and tend to be less reproducible from breath to breath [6, 7].

The term “crepitations” is widely used in English and some other European lan-
guages to describe crackling sounds, and the two terms are often used interchange-
ably. Originally, Laënnec had used the term crepitations to describe the sounds felt 
to resemble those created by agitating a container of moderately heated salt. Both 
crepitations and crackles refer to brief, nonmusical, discontinuous sounds. Potential 
confusion may arise when the qualifier “coarse” is added, since “crepitations,” at 
least in the English language, more typically refers to fine crackles, e.g., bone crepi-
tus in fractures [11].

In the past, crackles were commonly—but quite speculatively—believed to be 
caused by the moving and bubbling of intraluminal secretions. The repetitive nature 
of crackles in consecutive inspirations and their persistence after coughing contradict 
this theory [2, 5, 12]. Occasionally however, low-pitched, interrupted, quasi- musical 
sounds (rhonchi), generated by the movement of air through secretions with succes-
sive rupture of fluid menisci, can be confused with crackles [11]. The confusion has 
to be attributed to human’s ear imperfect ability to detect and discriminate between 
sounds with similar waveforms, especially if they are of low amplitude [13, 14].
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Crackle frequency ranges between 60 Hz and 2 kHz with the major contribution 
being from the range of 60 Hz–1.2 kHz [15]. Crackle’s pitch tends to progressively 
increase during inspiration and to progressively decrease during expiration [16]. It 
has to be mentioned that in frequencies below 1 kHz, and especially below 500 Hz, 
the sensitivity of the ear falls sharply [5].

By definition, continuous lung sounds last for 250 ms or more, whereas discontinu-
ous sounds last for 25 ms or less. Crackles are typically less than 20 ms in duration [7]. 
Human’s ear ability to detect crackles during auscultation depends on the relative 
loudness and the duration of the sound. In case of very short intervals interposed 
between two discrete sounds, there is difficulty in hearing them distinctively. The 
minimum time interval that should separate two sounds in order to be heard clearly is 
not constant but depends on the frequency composition and intensity of the two indi-
vidual sounds. Moreover, after a sound of high intensity, the hearing sense may get 
fatigued and fail to realize a second sound that follows shortly after the first one [5].

Stethoscope is an invaluable piece of medical equipment for listening and recog-
nizing lung sounds, but it has some disadvantages. Multiple brands are available, but 
their frequency responses vary greatly depending on the kind of stethoscope [17]. All 
types of stethoscopes considerably attenuate all sound frequencies in a nonuniform 
way (Piirila and Sovijarvi [5]). Attenuation is greater with higher- frequency sounds 
[18]. There is no clear evidence on which stethoscope is better, and selection mostly 
relies on price and popularity, though there is no clear correlation between higher pay 
and better performance [19]. Noise contamination is a pragmatic problem encoun-
tered by physicians when they auscultate patients in busy clinical settings. Lung 
sounds can be covered or heard corrupted by environmental sounds. Furthermore, 
when pediatric auscultation is considered, almost inevitable sources of noise, such as 
agitation, movement, and cry, add additional difficulty in correctly acquiring and 
interpreting auscultation findings [20].

12.2.2  Mechanism of Crackle Generation

Forgacs first proposed a legitimate theory on the genesis of crackles [2, 21]. 
According to his model, small airways collapsed by the lack of aeration during 
expiration and snap open during inspiration. This explosive sound arises from gas 
pressure gradient equalization following the sudden opening of the barrier that sep-
arates two compartments containing gas with highly different pressures. Opening is 
the result of the development of a critical pressure gradient at the two sides of the 
point of closure and/or by radial traction on the airway by the expanding lung. 
Pressure equalization results in a pressure wave that oscillates the gas column and 
produces the popping crackling sound. Forgacs likened the production of a crackle 
with the sound occurring when the cork is removed from a champagne bottle. 
Expiratory crackles are infrequent, and according to Forgacs’ theory, they represent 
the closing sounds of small airways. In short, each crackle represents an abrupt 
opening or closing of a single airway. Forgacs’ theory has received further support 
from the study of Nath and Capel, who showed that the individual crackles had a 
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recurrent pattern in consecutive respiratory cycles and occurred at similar inspired 
volumes and transpulmonary pressures during successive inspirations [12] .

Fredberg and Holford [22] proposed the mathematical model of stress-relaxation 
quadrupoles, which is also based on the idea of explosive opening of airways. 
According to their theory, whenever an airway’s state changes from close to open 
(and vice versa), its static elastic stress alters in order to approach a new static equi-
librium corresponding to the new state. The transition from one state to another 
results in vibration of airways’ walls. These alterations in airways are propagated 
via the elastic matrix of lung parenchyma and can be sensed at a distance with a 
stethoscope as crackles. Fredberg and Holford modeled the changes in elastic stress 
as point sources (quadrupoles) in an ideal medium (homogeneous, lossless, linearly 
elastic, nondispersive continuum of infinite extent). This new hypothesis focuses 
solely upon the dynamical events that occur in and near the airway wall and consid-
ers the vibration in the walls of small airways, and not the vibration of air column 
within the airways, as the source of crackles. This theory can account for the exis-
tence of crackles even in the presence of collateral channels that might prevent 
development of gas pressure differences across collapsed airways.

Each opening of the airways is followed by its closure during expiration. The 
transition from a patent to a close state is thought to be a more gradual process than 
the corresponding transition from close to open because of the presence of surfac-
tant. This lipoprotein complex lowers surface tension at the air-liquid interface 
reducing attractive forces between hydrogen bonds of water and thus greatly 
decreasing lung elastic recoil. Given the assumption of less rapid close, the quadru-
pole model by Fredberg and Holford predicts that the magnitude of the stress anom-
aly will be smaller upon closure and the corresponding crackle intensities 
proportionally smaller. Furthermore, the polarity of expiratory crackle waveforms 
ought to be reversed compared with inspiratory crackles. However, Vyshedskiy 
et al. [23] showed that airway closure is not a gradual process. In their study, both 
the temporal and spectral characteristics of expiratory crackles were similar to those 
of inspiratory crackles. Thus, the events responsible for crackle generation must be 
as fast in expiration as they are in inspiration. The study also showed that, as it had 
been predicted in the quadrupole model, the energy of expiratory crackles is sub-
stantially smaller than the energy of inspiratory crackles, and hence far fewer expi-
ratory crackles can be detected.

Another interesting theory on the formation of crackles has been based on the 
hypothesis of liquid bridge formation [24–26]. In some circumstances, when a 
quantity of liquid is interposed between two solid bodies or in a pipe, a minimized 
surface of liquid or membrane is created connecting and adding an attractive force 
between the two bodies or the walls of the pipe. Its formation is the result of the 
liquid’s surface tension acting on the nearby surfaces. Surfactant minimizes surface 
tension; however, in certain lung diseases, surfactant’s properties change allowing 
the formation of liquid bridges inside the small airways and the blocking of airflow 
to the alveoli. During a deep breath, the overexpansion of the lung may open these 
blocked airways by breaking the liquid bridges. The produced sound is perceived as 
crackles and is the result of acoustical release of the energy that had been stored in 
the surfaces of liquid bridges prior to their rupture. Correspondingly, the emission 
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of expiratory crackles results from the energy released in the form of acoustic waves 
during the formation of the liquid bridge [25].

12.2.3  Recording and Analysis of Crackling Sounds

Chest auscultation is an easy and inexpensive method for the evaluation of the respi-
ratory disorders. However, as it has already been mentioned, auscultation perfor-
mance is affected by a series of factors, and its interpretation is inherently subjective. 
Computerized lung sound analysis is a means of overcoming many of these issues 
and enhances our ability to understand the underlying pathology. It involves record-
ing, processing, analysis, and finally classification of lung sounds on the basis of 
specific signal characteristics. Scientific activity in this field has grown considerably 
in the last two decades, boosted by advancing technology.

Many different automated systems are nowadays available to identify adventi-
tious sounds [27–29] and describe their morphological features in the time [30, 31] 
and frequency [32, 33] domain. Unfortunately, most of these techniques are used 
only for research purposes. Experimental and clinical studies are warranted to deter-
mine their potential role in clinical practice [34]. What follows is not a thorough 
review of the numerous techniques used in lung sound processing but instead is 
aimed at explaining some of the common acoustical properties of crackles that have 
been extensively studied with lung sound analysis.

Visually, the timing of crackles in relation to the respiratory cycle is illustrated 
with a condensed time domain phonopneumogram. Phonopneumographic record-
ings serve as the basic method in the analysis of crackle sound timing; sound inten-
sity signal is displayed simultaneously with the airflow (or air volume) signal as a 
function of time. The crackling sounds can be seen as transient peaks in the sound 
signal. With this mode the amplitude, waveforms, temporal relation of crackles with 
respiratory cycle and airflow (or volume), number per breath cycle, and duration can 
all be accurately measured [35]. However, in order to extract detailed information of 
sound waveforms, a slower playback mode is used where sounds are processed at the 
desired time-based resolution. The latter technique is called time-expanded wave-
form analysis (TEWA) and is considered a key tool in characterizing waveforms of 
crackles. A resolution of 3000 mm/sec is usually recommended [35]. Usually, lung 
sounds are recorded with high-pass filters in order to attenuate low- frequency com-
ponents which are generated by muscles, large blood vessels, and the heart [5]. The 
characteristics of high-pass filtration have long been standardized [36].

The typical appearance of crackles in TEWA is a sudden short deflection followed 
by deflections of greater amplitude. Crackle amplitude is measured in arbitrary units. 
Measurable characteristics that are used as criteria in classifying crackles as coarse or 
fine are the duration of the initial deflection width (IDW), namely, the duration of the 
first deflection of the crackle and the two-cycle duration (2CD) which is defined as the 
time from the beginning of IDW up to the completion of two cycles. In each of these 
two parameters, low or large values correspond to the clinical concept of fine or coarse 
crackles, respectively. American Thoracic Society’s (ATS) classifying criteria are the 
mean durations of IDW and 2CD for fine crackles 0.7 and 5 ms and for coarse crackles 
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1.5 and 10 ms, respectively [37]. However, ATS did not provide in the published article 
a detailed description of the method(s) these recommendations were based on. 
Computerized respiratory sound analysis (CORSA) project, a European initiative 
toward standardization of recording, processing, and analysis of lung sounds, proposed 
its own recommendations for characterizing crackles on the grounds of a standardized 
technique [38]; authors used only the 2CD duration and defined fine crackles as those 
having 2CD <10 ms and coarse crackles those with 2CD >10 ms [39].

The initial deflection of a crackle was originally used to characterize its polarity, 
and the typical pattern for inspiratory and expiratory crackles is to have opposite 
polarities [33]. In a more recent study, polarity was determined by the highest wave 
deflection and defined as positive or negative if the highest peak was upward or down-
ward, respectively. Authors maintained that the definition of crackle polarity by the 
initial wave deflection was highly subjective because the latter is usually very small 
and sometimes not discernible from the noise floor [23]. In their study, crackles of 
both positive and negative polarity were observed during inspiration and expiration; 
however, in the vast majority of cases, there was predominantly negative polarity of 
inspiratory crackles and predominantly positive polarity of expiratory crackles [23].

Another way to visualize and study crackles is through spectrograms (or sono-
grams) where time is represented in x-axis and frequency in y-axis, and the intensity 
of signal is illustrated by a palette of colors. Many methods have been invented to 
automatically recognize crackles based on spectrogram analysis and extract math-
ematical information corresponding to specific features of the sounds [40].

There is considerable evidence that crackle rate remains stable and reproducible 
in a given examining session, but it decreases or increases in accordance with the 
improvement or deterioration of the disease. Therefore, serially measuring crackles 
could aid in following the course of illness [41]. Unfortunately, counting crackles 
with a stethoscope is associated with substantial inter- and intra-observer variability 
and cannot be used per se. In order to compensate for this limitation, there have 
been devised computer-based methods that can accurately count crackles and allow 
longitudinal monitoring of patients [41–43].

Many mathematical tools have been created to analyze lung sounds in general 
and crackles in particular. Methods, like Fourier transform, short-time Fourier trans-
form, artificial neural network, k-nearest neighbor algorithm, fuzzy logic, wavelet, 
etc. [27, 44–50], have all been adapted to the special needs of sound analysis. A lot 
of mathematical algorithms have been designed based on the above methods, for the 
automatic recognition of crackles. Despite these methods having a substantial con-
tribution in lung sound analysis, their understanding requires a robust mathematical 
background, and they will not be discussed further in this review.

12.2.4  Clinical Significance of Crackles in Lung Disorders

Clinical history and examination are still the cornerstones of clinical diagnosis, and 
lung auscultation is an integral part of this procedure. The ease and convenience of 
auscultation and the value of information it provides make it an indispensable 
everyday clinical tool. However, one should always bear in mind that failure to 
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detect crackles and poor agreement among observers is not unusual, especially 
when the auscultation is not performed under ideal conditions [3, 13, 51].

The characteristics of pulmonary crackles, such as timing, number, regional dis-
tribution, and especially the distinction between fine and coarse, can all be used in 
the diagnosis and follow-up of various types of pulmonary diseases such as pneu-
monia, bronchiectasis, COPD, fibrosing alveolitis, asbestosis, sarcoidosis, etc. [5, 
6]. In idiopathic pulmonary fibrosis, fine crackles appear first in the basal areas of 
the lungs and gradually extend to the upper zones, as the disease progresses. Fine 
crackles are also found in other interstitial disorders such as asbestosis, nonspecific 
interstitial pneumonitis, and interstitial fibrosis associated with collagen vascular 
disorders [6]. Sarcoidosis causes granulomatous lesions, most often in the upper 
zones of the lungs, but usually no auscultatory findings are present; fine crackles 
may appear only when the disease has progressed to the point of fibrosis, but even 
then they tend to be far fewer compared with other fibrotic disorders [5, 52]. In 
bronchiectasis crackles are coarse, appear early in inspiration, continue to mid- 
inspiration, and usually fade by the end of inspiration [53]. They have a relatively 
longer duration because the time required to open bronchiectatic segments is longer. 
In COPD, there are also rather coarse crackles, but they tend to occur earlier, and 
their crackling period is shorter compared to bronchiectasis [54].

Crackles are the most commonly found clinical sign in patients with clinically 
identified—and later radiographically confirmed—pneumonia [55]. In pneumonia, 
the characteristics of crackles may vary markedly and are associated with the stage 
of the disease. Some authors argue that crackles tend to change gradually from fine 
to coarse as the disease progresses from acute stage to resolution [5]. However, a 
computerized objective sound analysis showed that in the early phase of pneumo-
nia, crackles are coarse and mid-inspiratory, and as the disease improves, they pro-
gressively become shorter and end-inspiratory [56].

Acute bronchiolitis is an infectious disease of the lower respiratory tract that 
occurs primarily in young infants; it is the most common cause of hospitalization 
and acute respiratory failure at this age [57]. It is characterized by the presence of 
diffuse fine crackles (especially in the youngest children) and/or wheeze on auscul-
tation [58]. In the United Kingdom, crackles are regarded as the hallmark of bron-
chiolitis [59].

12.3  Other Lung Sounds

12.3.1  Squawks

Squawks (or squeaks) are short, late inspiratory, musical, wheeze-like sounds that 
were first described by Laënnec (“cry of a small bird”). Many years later Forgacs 
observed this auscultatory sign in patients with cryptogenic fibrosing alveolitis [60], 
and Earis et al. found squawks to be present in the majority of patients with different 
kinds of interstitial lung disorders [61]. However, squawks are not pathognomonic 
of these conditions, as they have also been documented in diseases with different 
pathologies such as bronchiectasis and pneumonia [62]. Usually, squawks occur 
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along with crackles and often are preceded with a crackle. Their duration ranges 
from 40 ms to 400 ms [14, 47]. Although the mechanism underlying production of 
squawks is not known, it is believed that they are produced by the oscillation of 
small airway walls and surrounding tissues in deflated lung zones, as the inspired air 
rushes in to open them [61] .

12.3.2  Rhonchi

Of all the terms used to describe adventitious lung sounds, and despite being widely 
used across European languages, rhonchi appear to be the most difficult and ambig-
uous term resulting in poor observer agreement [11, 51]. Rhonchi denote continu-
ous, low-pitched, snoring-type sounds with a rattling, rumbling, or bubbling quality 
[4, 37]. They may provide a more liquid acoustic perception compared with either 
wheezes or crackles, but they could also sound dry [47]. Rhonchi contain rapidly 
damping periodic waveforms with a duration of >100 ms and frequency of <300 Hz; 
however, the dominant frequency is below 200 Hz [14, 66]. Occasionally, they may 
sound similar to wheezes, and therefore may be difficult to distinguish from them. 
Rhonchi are often considered to be a variant of wheeze, and many physicians prefer 
to use the term low-pitched wheezes instead of rhonchi [6, 51]. The mechanism of 
rhonchi generation probably shares some common elements with that of wheeze, 
but the rhonchi, unlike the wheeze, may disappear after coughing, suggesting that 
secretions play a role. Simply defining rhonchus as a low-pitched wheeze does not 
take into account conspicuous differences in their waveforms, namely, the pure 
sinusoidal wave of a low-pitched wheeze in contrast to complex repetitive waves of 
similar tonal pitch but with rougher and snoring character of rhonchus [11].

12.3.3  Pleural Rub

The pleural friction rub is probably produced when the inflamed facing surfaces of the 
parietal and visceral pleurae rub against each other during breathing. It is a nonmusi-
cal, short, explosive sound, with a creaky or leathery quality. Typically, it is a biphasic 
sound, with the expiratory component mirroring the inspiratory [63]. It is a highly 
specific but moderately sensitive sign for the diagnosis of pleural effusion [64, 65]. It 
has been observed that this sound is more noticeable on auscultation of the basal 
regions than of the upper regions of the lung, probably because basal regions undergo 
greater expansion for a given change in transpulmonary pressure [6]. It has a wave-
form similar to that of crackles but with longer duration and lower frequency [6].

12.4  Concluding Remarks

Considerable research effort has been invested in the last years in the study of 
adventitious lung sounds. A substantial part of the progress made should be attrib-
uted to the advances of technology which provided researchers with a host of very 
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sophisticated methods for digital recording, processing, and analysis of lung sound 
signals. The waveform characteristics of crackles and other lung sounds can help 
distinguish one from the other and constitute a useful tool in the diagnosis and fol-
low- up of many pulmonary diseases. However, the use in current clinical practice of 
such computerized methods of lung sound analysis is not realistic. On the other 
hand, stethoscope is a handy medical instrument. However, its ease and simplicity 
of use and the wealth of information it provides make us overlook its technical 
shortcomings, as well as the limited abilities of human ear in sound perception. In 
general, we have not yet found the ideal means in terms of ease and accuracy to get 
the maximum of information from lung sounds. Maybe in the future, as the technol-
ogy evolves, we will be able to combine the ease of auscultation with advanced 
high-end digital features to enhance the acquisition of clinically useful information 
to maximum.
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K. Douros et al.

http://www.ers-education.org/e-learning/reference-database-of-respiratory-sounds
http://www.ers-education.org/e-learning/reference-database-of-respiratory-sounds
http://www.rale.ca


237© Springer International Publishing AG, part of Springer Nature 2018
K. N. Priftis et al. (eds.), Breath Sounds, https://doi.org/10.1007/978-3-319-71824-8_13

N. Barker · H. Elphick (*) 
Department of Paediatric Respiratory Medicine, Sheffield Children’s Hospital, Sheffield, UK
e-mail: Heather.Elphick@sch.nhs.uk

13Respiratory Sounds: Laryngeal Origin 
Sounds

Nicola Barker and Heather Elphick

13.1  Normal Laryngeal Sounds

Laryngeal sounds are primarily generated by turbulent airflow in upper airways, 
including the pharynx, glottis and trachea. The anatomy of the laryngeal area can be 
subdivided into the supraglottic, glottic and subglottic regions (Fig. 13.1).

Turbulent flow and jet formation cause pressure fluctuations within the airway 
lumen. Sound pressure waves within the airway gas and airway wall motion cause 
vibrations that reach the neck surface and are heard as laryngeal sounds [1]. A 
linear relationship between tracheal sound and flow has been demonstrated [2, 3], 
and models for calculation of flow based on sound data have been proposed [4]. 
Normal laryngeal sounds are characterised as harsh, loud, high-pitched sounds 
heard over the trachea or lateral neck [5]. The sounds can be generated through 
both phases of the respiratory cycle. The sound originating from the laryngeal and 
tracheal areas is broad spectrum, covering a frequency range from less than 
100 Hz to 1500 Hz, and can reach up to 4000 Hz [6, 7], compared with the fre-
quency of lung sounds which rarely exceed 2500 Hz. A sharp drop in power above 
a frequency of approximately 800 Hz (the cut-off frequency) has been described 
[8]. Pasterkamp and Sanchez analysed tracheal sounds at standardised airflows in 
children and adults and found a close relationship between the cut-off frequency 
and body height. Children with shorter tracheal lengths had higher cut-off fre-
quencies than adults [9]. The spectral shape of tracheal sounds is highly variable 
between subjects but quite reproducible within the same person, reflecting the 
strong influence of individual airway anatomy [10].
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Measurements of tracheal sounds provide valuable and in some cases unique 
information about respiratory health. Apnoea monitoring by simple acoustical 
detection of tracheal sounds is an obvious application and has been successfully 
applied in adults and children [11]. Tracheal sound microphones have become 
incorporated into commercial apnoea monitoring devices. Pasterkamp measured 
normal tracheal sounds at standardised airflow in awake patients with obstructive 
sleep apnoea (OSA) and in snorers without OSA. Pharyngeal dynamics appeared to 
be different in the patients with OSA who showed a significantly greater increase of 
tracheal sound intensity in the supine position reflecting presumed structural and 
functional abnormalities in OSA.

Abnormal sounds heard over the neck and trachea can indicate pathologies asso-
ciated with upper airway obstruction (UAO) in children. Extrathoracic UAO pro-
duces an inspiratory stridor, whereas intrathoracic UAO is associated with biphasic 
or expiratory wheezing sounds. In some cases the anatomical origin of the sound 
can be identified from the sound, providing diagnostic information. Figure 13.1 pro-
vides a reference for identification of pathological causes of the different laryngeal 
sounds.

Vocal
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Esophagus

Glottis

Subglottis

Supraglottis

Epiglottis

Mouth

Nasal cavity
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Fig. 13.1 Anatomy of the 
larynx
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13.2  Pathological Laryngeal Sounds

13.2.1  Stridor

13.2.1.1  Acoustic Properties of Stridor
The term stridor is derived from the Latin verb stridere, meaning to creak or make 
a harsh grating noise. The sound results from turbulent airflow passing through a 
narrowed segment of the airway at the level of the supraglottis, glottis, subglottis 
or trachea [12]. Its presence suggests significant obstruction of the large airway. 
Stridor should not to be confused with stertor, which is a lower-pitched, snoring-
type sound generated at the level of the nasopharynx, oropharynx and, occasion-
ally, supraglottis.

Stridor is a high-pitched, continuous, musical sound that can be heard near the 
patient without a stethoscope [13]. Terms have been used to compare it to known 
noises, for example, “like a little pig”, “whistle of snake” and “foghorn” [14, 15]. 
Using a stethoscope, unlike wheeze, it is louder over the neck than chest wall. The 
stridor usually occurs during inspiration, indicating extrathoracic supraglottic lesions 
such as laryngomalacia or a vocal cord lesion, although can be heard during expira-
tion when the underlying cause is an intrathoracic tracheobronchial lesion, for exam-
ple, tracheomalacia, bronchomalacia and extrinsic compression of the airway. If the 
obstruction is fixed, for example, tracheal stenosis, the stridor may be biphasic, 
appearing in both phases of respiration [13, 16].

The sinusoidal waveform and spectrum patterns characteristic of stridor are simi-
lar to those of a wheeze. Stridor is usually characterised by a prominent peak at about 
1000 Hz in its frequency spectrum. The frequency of the peak and the number of 
peaks or harmonics in the spectrum are highly variable and depend on the underlying 
disease, the site of obstruction, the airflow and the volume as well as the elasticity of 
the obstruction and the surrounding tissues. A fixed obstruction will generate a con-
stant pitch, and a dynamic obstruction such as with laryngomalacia will modulate the 
pitch in frequency. Its tonal characteristics may be harsh, musical or breathy; how-
ever, when combined with the phase of respiration, volume, duration, rate of onset 
and associated symptoms, the tonal characteristics of the sound may be used as an 
indication of the location and size of the airway obstruction.

Zwartenkot et  al. attempted to use sounds recorded with a high-quality digital 
recorder to diagnose the location of the underlying pathology in 19 infants in whom a 
diagnosis was confirmed by endoscopy. The sounds were presented to 38 experienced 
healthcare professionals. The participants were requested to score the sounds as pha-
ryngeal, supraglottic, glottic, subglottic or tracheal. Even though the two most com-
mon diagnoses, laryngomalacia and tracheomalacia, were localised more correctly, 
the general performance was not significantly higher than random [17]. Studies of the 
cry of infants with infectious or congenital disorders of the larynx including infectious 
laryngitis, laryngomalacia, paresis of the recurrent nerve and subglottic stricture have 
revealed no clear parameters except for the presence of inspiratory stridor [18].

13 Respiratory Sounds: Laryngeal Origin Sounds
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Fig. 13.2 (a) Waveform pattern from infant with soft stridor. The characteristic sinusoidal pattern 
of wheeze is also present in stridor but takes place during inspiration. The green line is the sound 
pattern; the blue or paler line is the corresponding flow trace. (b) Power spectrum with individual 
the same 100 ms interval as 21a, after fast Fourier transformation. The brighter line represents the 
respiratory noise; the lower line is the background noise. (c) Waveform pattern during harsh stri-
dor. The sinusoidal characteristic is more marked. The green line is the sound pattern; the blue line 
is the corresponding flow trace. (d) Corresponding power spectrum. The brighter line represents 
the respiratory noise; the lower line is the background noise

The use of flow, acoustic and structural airway models to study the relationship 
between the acoustic characteristics of stridor and localisation of the obstructive 
lesion has the potential to reduce the need to invasive procedures such as laryngos-
copy for diagnosis of obstructive airway lesions [19]. The relationship is complex 
however, and normative data would be needed in order to understand the significance 
of changes in acoustic parameters that would indicate any specific pathology [20].

Figure 13.2 shows an acoustic recording of an infant with a diagnosis of subglot-
tic stenosis. The sound recording and analysis were performed using the R.A.L.E. 
(respiration acoustics laboratory environment), developed by PixSoft Inc. [21]. 
This infant was born at 28 weeks gestation with intrauterine growth retardation and 
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was recorded at the age of 1 year, post-gestation. The recording took place over the 
trachea for a duration of 1 min, and a stridor was audible throughout, the character 
of which varied according to the activity of the infant. At rest a baseline soft stridor 
was present (Fig. 13.2a, b); when the infant became excited, the stridor was coarser 
(Fig. 13.2c, d).

13.2.1.2  Causes of Stridor
Stridor is a symptom, not a diagnosis or a disease, and further investigation is 
needed in order to identify the underlying cause. Stridor may be inspiratory (most 
common), expiratory or biphasic, depending on its timing in the respiratory cycle, 
and the three forms each suggest different causes, as follows:

• Inspiratory stridor suggests a laryngeal obstruction.
• Expiratory stridor implies tracheobronchial obstruction.
• Biphasic stridor suggests a subglottic or glottic anomaly.
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Fig. 13.2 (continued)
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Common causes of stridor are airway oedema, aspiration and airway infections. For 
clinical purposes, the causes of stridor may be divided into acute and chronic causes.

13.2.1.3  Acute Stridor
Laryngotracheobronchitis, commonly known as croup, is the most common cause 
of acute stridor in children aged 6 months to 2 years. The patient has a barking 
cough that is worse at night and may have low-grade fever. Pasterkamp and Sanchez 
[22] observed that tracheal sound levels reflected the degree of inspiratory flow 
obstruction in a child with subglottic narrowing secondary to infectious laryngotra-
cheitis who presented with noisy breathing. Acoustic measurements of the boy’s 
tracheal sounds at standardised airflows correlated well with the clinical course and 
with spirometric assessments indicating the potential value of respiratory sound 
characterisation in patients with upper airway obstruction.

Other infectious causes can cause obstruction at different anatomical levels. 
Bacterial tracheitis is relatively uncommon and mainly affects children younger 
than 3 years. It is a secondary infection (most commonly due to Staphylococcus 
aureus) that follows a viral process (commonly croup or influenza). Retropharyngeal 
abscess is a complication of bacterial pharyngitis that is observed in children 
younger than 6 years. The patient presents with abrupt onset of high fevers, diffi-
culty swallowing, refusal to feed, sore throat, hyperextension of the neck and respi-
ratory distress. Peritonsillar abscess is an infection in the potential space between 
the superior constrictor muscles and the tonsil. It is common in adolescents and 
preadolescents. The patient develops severe throat pain, trismus and trouble with 
swallowing or speaking. Epiglottitis is a medical emergency that occurs most com-
monly in children aged 2–7 years. Clinically, the patient experiences an abrupt onset 
of high-grade fever, sore throat, dysphagia and drooling. The introduction of the Hib 
vaccine in 1989 has almost eliminated this diagnosis, but it is still a cause of death 
if treated inappropriately.

Aspiration of foreign body is common in children aged 1–2 years. Often, foreign 
bodies are food (e.g. nuts) or a small toy that is inhaled. A history of coughing and 
choking that precedes development of respiratory symptoms may be present. 
Allergic reaction (i.e. anaphylaxis) occurs within 30 min of an adverse exposure. 
Hoarseness and inspiratory stridor may be accompanied by symptoms (e.g. dyspha-
gia, nasal congestion, itching eyes, sneezing and wheezing) that indicate the involve-
ment of other organs.

13.2.1.4  Chronic Stridor
Laryngomalacia is the most common cause of inspiratory stridor in the neonatal 
period and early infancy [23]. Stridor in this condition may be exacerbated by cry-
ing or feeding. Placing the patient in a prone position with the head up alleviates the 
stridor; a supine position exacerbates the stridor. Long-time average spectral (LTAS) 
characteristics of crying episodes in babies with laryngomalacia differ from normal 
with a longer overall duration of the crying episode, proportionately fewer expira-
tory phonations and more inspiratory phonations compared to normal infants [24]. 
Laryngomalacia is usually benign and self-limiting and improves as the child 
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reaches age 1 year [25]. In cases where significant obstruction or lack of weight gain 
is present, surgical correction or supraglottoplasty may be considered. 
Tracheomalacia is caused either by a defect on the cartilage, resulting in loss of the 
rigidity necessary to keep the tracheal lumen patent, or by an extrinsic compression 
of the trachea. If present in the proximal (extrathoracic) trachea, tracheomalacia can 
be associated with inspiratory stridor. If it is present in the distal (intrathoracic) 
trachea, it is associated more with expiratory or biphasic noise.

Vocal cord paralysis is probably the second most common cause of stridor in 
infants. Unilateral vocal cord paralysis can be either congenital or secondary to 
birth or surgical trauma (e.g. from cardiothoracic procedures). Patients with a uni-
lateral vocal cord paralysis present with a weak cry and biphasic stridor that is 
louder when awake and improves when lying with the affected side down. Bilateral 
vocal cord paralysis is a more serious entity. Patients usually present with aphonia 
and a high-pitched biphasic stridor that may progress to severe respiratory distress. 
This condition is often associated with CNS abnormalities, such as Arnold-Chiari 
malformation or increased intracranial pressure. In some cases, the airway obstruc-
tion is severe enough to require tracheostomy [26].

Congenital stenoses of the airway include tracheal and subglottic stenosis. 
Patients with significant tracheal stenosis demonstrate an increase in the peak spec-
tral power at 1 kHz, and there is also an increase in the mean spectral power from 
600 to 1300 Hz, compared to control subjects [27]. Subglottic stenosis occurs when 
an incomplete canalization of the subglottis and cricoid rings causes a narrowing of 
the subglottic lumen. Acquired stenosis is most commonly caused by prolonged 
intubation. Patients with subglottic stenosis can present with inspiratory or biphasic 
stridor. Symptoms can be evident at any time during the first few years of life. If 
symptoms are not present in the neonatal period, this condition may be misdiag-
nosed as asthma. Common extrinsic causes of stenosis include vascular rings, pul-
monary artery slings and double aortic arch that encircles the trachea and oesophagus. 
Pulmonary artery slings are also associated with complete tracheal rings. Patients 
usually present during the first year of life with noisy breathing, intercostal retrac-
tions and a prolonged expiratory phase.

Other congenital laryngeal malformations include webs, cysts and haemangio-
mas. Webs are caused by an incomplete recanalization of the laryngeal lumen dur-
ing embryogenesis. Most are in the glottic area. Infants with laryngeal webs have a 
weak cry and biphasic stridor. Surgical intervention is recommended in the setting 
of significant obstruction. Shah et al. described unique acoustic and aerodynamic 
voice features of a 5-year-old girl with chronic dysphonia and high-pitched voice 
since birth. Endoscopic division of an anterior glottic web was performed with sig-
nificant improvement in vocal quality and quality of life [28]. Laryngeal cysts are a 
less frequent cause of stridor. They are usually found in the supraglottic region in 
the epiglottic folds. Patients may present with stridor, hoarse voice or aphonia. 
Cysts may cause obstruction of the airway lumen if they are very large. Laryngeal 
haemangiomas are rare, and around 50% are accompanied by cutaneous haeman-
giomas in the head and neck. Typically, haemangiomas present in the first 
3–6 months of life during the proliferative phase and regress by age 12–18 months. 
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Patients usually present with inspiratory or biphasic stridor that may worsen as the 
haemangioma enlarges. Treatment options consist of oral steroids, intralesional ste-
roids, laser therapy and surgical resection. Oral propranolol has proved to be an 
effective medical treatment in the appropriate population [29, 30]. Vocal nodules are 
acquired and may cause stridor and changes in voice quality. In a group of 26 age- 
and size-matched male children, 13 with vocal nodules and 13 without vocal nod-
ules, the fundamental frequencies, obtained from narrow-band sonograms that were 
magnified to expand the spectrum from 0 to 1300 Hz, were significantly higher in 
the group with vocal nodules than the normal group [31]. The acoustic properties 
before and after treatment significantly change such that the parameters following 
treatment approach normal values, suggesting that the evaluation of acoustic param-
eters may be useful in monitoring response to surgical treatment [32].

13.2.1.5  Vocal Cord Dysfunction
Paradoxical vocal cord dysfunction (pVCD) is a condition which occurs in both 
children and adults. It presents as disproportionate shortness of breath along with 
other symptoms such as stridor and throat tightness [33, 34] and is characterised by 
incorrect vocal cord adduction, primarily during inspiration [35].

Paradoxical vocal cord dysfunction (pVCD) forms one element of a group of 
conditions increasingly referred to as inducible laryngeal obstruction (ILO), where 
ILO is defined as a transient obstruction of the larynx associated with breathlessness 
in the presence of a definite “inducer” or triggering factor [36]. The most common 
form of trigger, particularly in young people, is exercise, but other examples include 
perfumes, smoke and various chemicals [37]. The primary traits observed in ILO 
are (1) the “attack-like” or varying nature of condition, (2) the upper airway location 
of the airflow limitation and (3) the primary symptom being breathing problems 
[36]. Other conditions encompassed by ILO include exercise-induced laryngomala-
cia and exercise-induced paradoxical arytenoid motion (EPAM) [38–44], but pVCD 
is the more heavily researched to date.

pVCD is also one of a number of conditions where diagnosis is difficult due to 
similar clinical presentations to other conditions, for example, asthma [45]. The 
underlying mechanism of these conditions is very different; asthma classically pres-
ents with an expiratory wheeze, whereas pVCD presents with inspiratory stridor. As 
the acoustic properties of these sounds are distinguishable, acoustic analysis offers 
a means of differential diagnosis. This is however complicated by the concurrent 
presentation of these conditions in some cases. In a cohort of 370 elite athletes, 
Rundell and Spiering demonstrated that, whilst 5% of this group presented with 
inspiratory stridor indicative of pVCD, 53% of those with stridor also demonstrated 
exercise-induced bronchospasm [46]. The different acoustic profiles (with distinct 
patterns displayed in different parts of the breathing cycle) should however mean 
that both the pVCD- and asthma-related sounds remain identifiable. The situation 
may be further complicated however by the potential presence of structural causes 
of symptoms including unilateral cord palsy and subglottic stenosis [47].

Preliminary pilot data comparing children with and without nasendoscopically 
proven pVCD demonstrated that at least 67% of participants with pVCD presented 
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with abnormal respiratory sounds compared to 24% of the healthy control group 
during exercise [48]. This pilot data indicates that acoustic analysis offers a poten-
tially viable, non-invasive alternative to the diagnosis of pVCD.

 Conclusion

Laryngeal sounds reflect turbulence of air in the upper airway and are harsher 
and higher in pitch than normal lung sounds. Stridor is characterised by a high-
pitched musical sound and reflects underlying pathology in the airway. Inspiratory 
stridor indicates an obstruction in the extrathoracic airway, and obstruction in the 
intrathoracic airway results in an expiratory or biphasic sound.

Acute and chronic stridor indicates a range of underlying pathologies, some 
of which have been characterised further using digital sound analysis. Many 
studies are descriptive rather than quantitative, and there is little specific research 
that uses prospective and formal outcome measures before and after interven-
tions. Acoustic analysis may have useful applications in treatment monitoring, 
surgical planning, voice quality analysis after laryngeal reconstruction, speech 
development, voice training, therapy and rehabilitation, and these potential 
applications require further evaluation.

The gold standard diagnostic tool for upper airway lesions in children is upper 
airway endoscopy, often requiring general anaesthesia. Paradoxical vocal cord 
dysfunction is a form of inducible laryngeal obstruction which can co-exist with 
asthma and is currently diagnosed using laryngoscopy during exercise. The use of 
acoustic analysis to study the relationship between the acoustic characteristics of 
stridor and localisation of the obstructive lesion has the potential to reduce the 
need for invasive procedures; however normative data are needed in order to 
understand the significance of changes in acoustic parameters that would indicate 
any specific pathology.
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14Sleep Evaluation Using Audio Signal 
Processing

Yaniv Zigel, Ariel Tarasiuk, and Eliran Dafna

14.1  Introduction

Millions of people worldwide experience sleep disorders, and unrecognized or 
ignored sleep problems can lead to poor health, accidents, and even death [1–10]. 
Early diagnosis and treatment can improve quality of life and health [10, 11]. 
However, due to the high cost of diagnostic technology and diagnostic procedures 
and the need for highly qualified personnel, many people are left undiagnosed and 
untreated [9, 12]. Moreover, despite the consistently increasing number of sleep 
studies worldwide each year [9, 10], many people are unaware of their sleep disor-
ders and treatment. Polysomnography (PSG) is the gold standard sleep diagnostic 
study that requires a full-night laboratory stay [13]. PSG employs numerous collec-
tions of surface electrodes, each measuring physiologic parameters of sleep, includ-
ing electroencephalography (EEG), electrooculography (EOG), electromyography 
(EMG), electrocardiography (ECG), and respiratory activity [13–16]. Time series 
data are aggregated, processed, and visually examined epoch-by-epoch (at 30  s 
resolution) by qualified personnel in order to evaluate sleep stages, respiratory 
activity during sleep, and other parameters. This study is labor intense and very 
costly [17].

Currently, the biomedical engineering field of sleep disorders evaluation is on 
a “fast track” toward home-based testing [17–28]. In recent years, extensive 
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efforts have been devoted to seeking alternative simple cost-effective technolo-
gies for objective home-based testing to increase accessibility to sleep disorders 
diagnosis. These new technologies are based on reduced channels and sensors 
and often involve algorithms that simplify diagnostic procedures and increase 
accessibility [17, 20, 23, 28–32]. Body-contact-based sensor technology may 
lead to poor data acquisition and often disturbs sleep; therefore, recently, new 
non-contact approaches were suggested for simple respiratory and sleep evalua-
tion [19, 21, 33–37].

One of the approaches is audio analysis; the basic idea is that respiratory activity, 
which contains information regarding sleep stages and sleep breathing disorders, 
generates breathing (and snoring) sounds that can be acquired by a sensitive non- 
contact microphone and a digital audio recording device. The advantage of audio is 
the simplicity and safety of acquisition; a non-contact microphone will not disturb 
sleep.

There are several common sleep disorders that can be reliably analyzed using 
audio signals without the need of contact microphones, such as snoring, obstruc-
tive sleep apnea (OSA), and insomnia. Snoring is the resulting sound due to 
obstructed air movement during breathing while sleeping [38]. Snore sounds 
vary significantly; in some cases the snore sound may be soft, but in others it can 
be very loud [36]. It was concluded that to a large extent, snoring is “in the ear of 
the beholder” [38]. Snoring is a symptom of OSA. OSA is a prevalent disease in 
which upper airways are collapsed during sleep [6]. OSA causes breath cessa-
tion, frequent arousals, and can lead to sleepiness, accidents, cardiovascular mor-
bidity, and even death. Generally, insomnia is having trouble sleeping; it is a 
sleep disorder in which there is an inability to fall asleep or to stay asleep as long 
as desired [13].

Currently, an audio signal is usually analyzed only for snoring intensity [dB] 
using a sound level meter during PSG study [39] or without a sound level meter in 
at-home testing [40]. This snoring intensity analysis is usually performed together 
with the analysis of respiratory activity to determine OSA severity. It has been 
assumed that greater loudness is correlated with OSA severity. Recently, we have 
shown that this is not very accurate [41], since sound level meters acquire all the 
sound signals in the room including movements.

We have shown that with higher sampling frequency and suitable signal process-
ing algorithms, additional sleep information can be extracted from audio signals 
during sleep [21, 35, 36, 42–45] and even during wakefulness [46–49].

In this chapter, several audio-based signal processing algorithms for sleep evalu-
ation are reviewed. These algorithms, developed in the Biomedical Signal Processing 
Lab. of Ben-Gurion University of the Negev in collaboration with the Sleep-Wake 
Disorder Unit, Soroka University Medical Center, evaluate snoring and breathing, 
sleep-wake stages, sleep quality parameters (such as total sleep time), and obstruc-
tive sleep apnea.

Our findings show that sleep can be evaluated by analysis of audio signals, using 
non-contact sensors such as microphones.
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14.2  Sleep Evaluation Using Audio Signals

14.2.1  Breathing and Snoring Sound Detection

Breathing sounds during sleep vary significantly between soft and very loud; the 
definition of snore is unclear and is more “in the ear of the beholder” [38]. In the 
absence of a conclusive definition, the snoring is sometimes defined [41] as rela-
tively loud breathing sounds (>50 dB) during sleep.

Figure 14.1 shows an example of snoring pattern during 30 s (epoch) of sleep. A 
study was performed on whole-night audio signals collected from subjects who 
were referred to sleep diagnosis [36]. In this work [36], we defined all audible inhale 
sounds during sleep as snores. We demonstrated that breathing sounds can be 
acquired and detected using a non-contact microphone.

The breathing and snoring sound detection can be an important step before esti-
mating breathing and snoring statistics [41, 43] and OSA severity [42, 44, 45]. It can 
also be an important step before determining sleep-wake states and estimating 
sleep-wake parameters from audio signals [21, 22, 35].
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Fig. 14.1 Example of snoring pattern during 30 s epoch. (a) Air flow, (b) audio signal, (c) energy 
signal, (d) spectrogram. Dashed vertical lines highlight one inspiratory event. Note that snore 
events are predominantly apparent during the inspiratory phase of the respiratory cycle. Data was 
collected from a 57-year-old man (BMI  =  31, AHI  =  16, during sleep stage 2) [36]
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14.2.1.1  Method
A breathing sound (snore) detection algorithm (system) was developed; this system 
can emphasize sound events (suspected snore events) from the background noise using 
an adaptive noise reduction algorithm and distinguish snore and non-snore events (such 
as movement of bed linen, cars, and barking dogs) [36]. For system design, snore and 
non-snore events were manually labeled and used to train an AdaBoost model fed by 
acoustic features from time and spectral domains. Using a feature selection algorithm 
on the design dataset, the best features were selected and used in the validation (testing) 
phase as well. After system design, the system was blindly tested using an additional 
audio dataset. Each sound event was processed and assigned a snore likelihood score 
(SLS); the higher the score, the greater its probability to be a snore event.

14.2.1.2  Experimental Setup and Results
A study was performed on whole-night audio signals collected from 67 subjects who 
were referred to sleep diagnosis in the Sleep-Wake Disorder Unit. A total detection 
rate of >98% was achieved on detection of snore vs. non-snore (noise) [36].

Recently, in a pilot study, we developed and validated an inspiratory (inhale) and 
expiratory (exhale) sounds detection system [50]. Random forests classifier (3-class) was 
trained and tested using inspiratory/expiratory/noise events, acquired from 84 subjects in 
sleep laboratory and at-home environments. More than 560,000 events were analyzed, 
including a variety of recording devices and different environments. The system’s overall 
accuracy rates were 91.2% and 83.6% in in-laboratory and at- home environments, 
respectively, when classifying between inspiratory, expiratory, and noise classes.

Figure 14.2 shows how breathing pattern can be determined from audio signal using 
a non-contact microphone. Even in the case of a very quiet (faint) breathing sound 
signal (Fig. 14.2e), an emphasized signal of interest can be calculated (Fig. 14.2f). 
Using a 3-class breathing classifier, breathing pattern can be estimated (Fig. 14.2g) that 
is similar to the respiratory inductance plethysmography (RIP) signal (Fig. 14.2h).

In a recent study [41], breathing/snoring sounds were examined to see whether 
breathing properties are different between gender, sleep stages, and obstructive 
sleep apnea severity. In this study, we showed that snoring intensity was similar in 
both genders in all sleep stages and independent of OSA severity.

14.2.2  Extracting Sleep-Wake States from Breathing Sounds

The most commonly used technology to detect sleep and wake states in home-based 
testing is actigraphy [51]. In this approach movement is considered a wake state, and 
lack of movement implies a sleep state [24, 25, 52]. This is true most of the time, but 
fails when the subject is awake but lying still or has movement disorders while sleep-
ing [6, 24]. This technology was validated versus PSG using in-laboratory data col-
lection and showed an agreement (accuracy) ranging between 80% and 86% [24, 53, 
54]. Currently, most sleep diagnosis technologies are based on body-contact-sensors 
that often affect natural sleep and may bias medical interpretation [24].

We provided evidence [21, 22] that sleep-wake states can be estimated using 
non-contact microphones. The idea is that during sleep, there is a considerable 
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Fig. 14.2 Breathing activity detection from audio signal. Subject: male, age 61, BMI = 28, AHI 
17, was recorded using an ambient microphone placed 1 m above the subject’s head. Left and right 
columns present 30 s of loud and faint breathing, respectively. (a and e) The recorded audio signal. 
(b and f) The corresponding audio signal after enhancement (noise reduction). Colors represent 
segments after 3-class breathing sound detection: inspiration (red), expiration (blue), and non-
breathing/noise (green). (c and g) Estimated breathing activity score. (d and h) Breathing activity 
measured by PSG’s respiratory inductance plethysmography (RIP). Please notice that the left col-
umn presents loud breathing of about 70 dB (each) and the right column presents faint breathing 
of about 35 dB. For convenience, panels e and f are zoomed ×10 relative to a and b since the 
breathing signal’s amplitude is relatively low and almost hidden within the background noise

increase of upper airway resistance [20, 55–58]; this elevated resistance is reflected 
by amplification of air-pressure oscillations in the upper airways during breathing. 
These air-pressure oscillations are perceived as typical breathing sounds during 
sleep [38]. In contrast, during wakefulness, there is an increase in activity of the 
upper airway dilating muscles [59, 60] and hence decreased upper airway resistance 
and airway oscillations. Our study [21, 22] was the first to illustrate that sleep can 
be reliably estimated using non-contact technology that can model sleep-wake 
breathing characteristics from audio signals.
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14.2.2.1  Method
We formulated several acoustic features of sleep-wake breathing characteristics that 
were proven to be very beneficial: (1) breathing pattern features (such as breathing 
cycle period and cycle intensity) and (2) snore likelihood score (SLS) features.

Breathing pattern features evaluate the rhythmic pattern of the respiratory action. 
When sleeping, the respiratory action is more periodic. The idea of SLS features is 
that when someone is snoring, he is probably sleeping.

The breathing pattern features were calculated using the autocorrelation function. 
However, since the audio signal may contain noises in different frequencies, the auto-
correlation was calculated selectively from the part of the spectrum in order to empha-
size the periodicity of the interval. For this, a spectrogram, X(k,n), was calculated for 
each signal interval (Fig. 14.3b), where k is the frequency component index and n is 
the time frame index. In order to find repeating breathing patterns, we kept the most 
periodic information in the spectrogram using the autocorrelation function. Therefore, 
the autocorrelation is calculated separately for each frequency component:
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where t is the time frame-lag index and N represents the total number of frames in 
the interval.

The frequency components were sorted according to the first peak amplitude 
value as criterion J(k) (see Fig. 14.3c):
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interval is represented with a single function of emphasized autocorrelation.

 

R t
K

R k t
k J k

K

( ) = ( )
Î ( ){ }
å1

50

,
 

Then, the breathing pattern features can be extracted: for example, breathing cycle 
intensity is calculated as the autocorrelation value of the first peak, and cycle period is 
the time lag of the first peak. Figure 14.3 shows an example of sleep vs. wake.

The snores features are based on SLS parameter. SLS [21] is assigned to every 
detectable energetic audio event; the more positive this score is, the greater its prob-
ability to be a snore event. In a sleep interval of 30 s (epoch), the percentage of high 
positive values is much higher than in a wake interval of the same duration. We 
formulated two sets of SLS features: (1) MaxSLS, which is the maximum SLS in the 
epoch, and (2) snoring index, which is the estimation of number of snores 
(SLS > Threshold) per hour, calculated over an epoch interval.

Using the extracted features, sleep-wake likelihood (SWL) curve was estimated for 
each subject at 30 s epoch resolution. AdaBoost classifier was used as a time- series 
model in which each feature was fed along with two previous epochs. Figure 14.4 
shows a typical example of an SWL curve estimated from whole-night audio record-
ing of a subject from the validation design set. Higher values of SWL indicate 
increased likelihood toward wake state. Note the similarity between the hypnogram 
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Fig. 14.3 An example of a 24 s interval of audio signal collected from 65-year-old female, 
BMI 36, AHI 12. Left column illustrates data collected during sleep; right column illustrates 
data collected during wake. (a) Audio signal following noise suppression. (b) The correspond-
ing spectrogram (frequency components) of the audio signal in (a). (c) The sorted frequency 
components according to periodicity measure. (d) The enhanced autocorrelation of the interval 
calculated from the lower half of the sorted frequency components (c), visualized by the verti-
cal solid line [22]
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(Fig. 14.4b) and the proposed acoustic-based SWL curve (Fig. 14.4c). It should be 
emphasized that there is a considerable increase in SWL values as soon as wake initi-
ates, and it declines immediately during sleep onset.

Once an estimation of the sleep-wake pattern across the entire sleep period is 
achieved, a clinical report can be generated. We decided to measure five common 
sleep parameters including TST, total sleep time; SL, sleep latency; SE, sleep effi-
ciency; WASO, wake after sleep onset; and AwI, awakening index [22].

14.2.2.2  Experimental Setup and Results
In this study, 150 adult subjects were recorded in the Sleep-Wake Disorder Unit, 
Soroka University Medical Center, Israel. A condenser microphone (Rode, NTG-1) 
with a 20–20,000 Hz frequency response was placed about 1 m above the subject’s 
head. The microphone was linked to an Edirol R-4 pro-audio recording device. The 
acquired signal was digitized at a sampling frequency of 44.1 kHz with 16 bit reso-
lution. Since most of the breathing sound signal spectral information is below 
8 kHz, the signal was down-sampled to 16 kHz to reduce computation time. The 
database contained the whole-night sound recordings of these subjects.
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Fig. 14.4 Example of sleep-wake likelihood (SWL) score curve [22]. (a) Audio signal of whole-
night recording. (b) Hypnogram. (c) The estimated whole- night SWL score curve. SWL was cal-
culated using the eight acoustic features fed into the AdaBoost classifier. Higher values of SWL 
indicate increased likelihood toward wake state. When focusing on sleep and wake phases, note the 
similarity between the hypnogram (b) and the SWL (c). The horizontal dashed line represents the 
corresponding individual decision threshold over time; for more details, see main body. Data was 
collected from 52-year-old male, BMI 31
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We found very good agreement of sleep parameters between the proposed audio- 
based method and the PSG [22]. The disagreement between PSG and our method 
(epoch-by-epoch comparison) was 3.9  ±  5.4% for SL, 11.4  ±  9.1% for TST, and 
8.2 ± 8.3% for WASO. The total accuracy was 83.3% in detection of sleep-wake epochs.

We evaluated the audio-based sleep-wake classification according to anthropo-
metric parameters of these subjects and the signal quality [22]. The classification 
performances were calculated using Cohen’s kappa score [61], which is a more 
adequate measurement when inequality in class abundance is present (more sleep 
epochs than wake epochs). In this evaluation, we found insignificant correlation 
between system performance and anthropometric parameters (AHI, BMI, age, and 
gender); however, it seems that system performance is influenced by the signal qual-
ity (SNR), suggesting the importance of signal enhancement.

14.2.3  Macro-Sleep Stages (MSS) Classification

Recently, we introduced a novel concept to estimate macro-sleep stages [wake/rapid 
eye movement (REM)/non-REM (NREM)] from breathing sounds using non- 
contact microphone and audio analysis [35]. The basic physiological idea behind 
this concept is that transitions from sleep to wake and vice versa strongly affect 
control of ventilation and upper airway patency [20, 62, 63]. There are also changes 
in breathing patterns between REM and NREM sleep. REM sleep respiration is 
typically characterized by an increased frequency and reduced regularity. Tidal vol-
ume is reduced further in comparison with that of NREM sleep, resulting in the 
lowest level of normal ventilation [62].

14.2.3.1  Method
The main concept is to extract breathing and body movement sounds from the whole-
night audio signal and then to estimate the macro-sleep stages due to breathing sound 
properties and movement. Therefore, the first step was signal enhancement based on a 
spectral subtraction approach [36]. This step is crucial since it reduces the background 
noise, which is subject-independent, and emphasizes the transient events that were 
recorded during sleep such as quiet breaths and body movements. The second step is 
breathing sound detection (see Sect. 14.2.1). The third step is feature extraction—the 
features were designed to discriminate between the three classes of MSS: Wake, REM, 
and NREM, and were categorized into two types: breathing characteristics and noise 
characteristics. The fourth step is MSS classification—this step involves estimation of 
the MSS using information from both acoustic features (regarding breathing and body 
movements) and information regarding the “natural” sleep pattern, i.e., taking into 
account the temporal relations between adjacent epochs. We constructed a classifier that 
is composed of time- variant hidden Markov model and an artificial neural network [35].

Once an estimation of the MSS across the entire sleep period is achieved, a handy 
clinical report can be generated. We decided to measure seven sleep parameters 
including TST, SL, SE, WASO, AwI (see Sect. 14.2.2), RL—REM latency, and 
RP—REM percentage [2]. These sleep parameters are commonly used in sleep 
medicine and are suitable for most sleep-disordered diagnosis [13].
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14.2.3.2  Experimental Setup and Results
This study was performed on a database that consists of 213 patients who were 
referred to a routine polysomnography study. Thirty-five of these patients were 
simultaneously recorded with an ambient microphone that was attached to the ceil-
ing and hung about 1 m above the patient’s head. We used the hypnogram data from 
the PSG to train the time-dependent hidden Markov model (HMM) to better capture 
a natural sleep pattern and trained the ANN from the patients with both hypnogram 
and audio records. For each subject, we compared epoch-by-epoch MSS between 
the audio-based approach and the PSG annotated sleep stages. The comparison was 
measured using simple agreement (detection rate) and using Cohen’s kappa, which 
also takes into account the inequality of states’ proportions. We also tested the per-
formance of the ANN alone and the contribution of the time-series model (HMM). 
For the ANN model, the agreement was 0.63 ± 0.10 and Cohen’s kappa 0.32 ± 0.12. 
After applying the HMM, the performance was increased to 0.75  ±  0.09 and 
0.42 ± 0.17, respectively [35].

For the clinical report, we compared the 7 sleep parameters mentioned above 
(TST, SL, SE, WASO, AwI, RL, and RP) between our approach and the PSG, using 
20 patients who had audio recordings and were used in our validation dataset. Our 
comparison involved two-tailed paired t-test among each sleep parameter. TST, SL, 
SE, WASO, and RP comparison showed insignificant differences with p values of 
0.26 for TST, 0.70 for SL, 0.62 for SE, 0.69 for WASO, and 0.09 for RP, showing 
that our approach is giving a similar result that cannot be ruled out. The sleep 
parameters AwI and RL showed a greater difference with p values of <0.01, 0.04, 
respectively. We hypothesized that the estimated AwI was lower in our approach due 
to the HMM states’ “prolonging” properties. This might be addressed with a proper 
post-algorithm that searches awakening episodes among the sleep stages. In addi-
tion, REM latency (RL) can be significantly different once the first REM episode is 
undetected.

Figure 14.5 shows a typical example of MSS estimation on a 62-year-old male. 
The upper panel of Fig.  14.5 presents the estimated probabilities for each MSS 
across the night (the MSS of a given epoch is summed to (1). The middle panel of 
Fig.  14.5 presents the most probable MSS sequence across the night using the 
HMM, i.e., using the temporal relations between adjacent epochs. The lower panel 
of Fig. 14.5 shows the referenced hypnogram according to the gold standard PSG 
annotation. One can notice the similarities between the middle and lower panels of 
Fig. 14.5.

14.2.4  Obstructive Sleep Apnea Detection

In another endeavor, we developed a system that detects OSA and estimates OSA 
severity (AHI estimation) in subjects using whole-night audio signals (during sleep) 
and speech signals (during wakefulness).
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14.2.4.1  OSA Detection During Sleep
A strong association between upper airway patency and breathing sounds was dem-
onstrated, enabling the detection of respiratory abnormalities during sleep [42, 44, 
45, 64].

Method
The OSA detection and estimation system exploits the output of the breathing (and 
snoring) detection system in order to calculate breathing-related features; it also 
exploits the output of the sleep-wake state estimation system in order to calculate the 
relevant features only from sleep states and to estimate the AHI for each subject.

The system consists of two major phases—design phase for system training and 
validation phase for system evaluation. Once the snores are detected, an analysis of 
all snore events across the night is performed; various acoustic features are extracted. 
The OSA severity estimation (AHIEST) is performed according to a fitting (regres-
sion) model.

In an early system [42], five features were developed and extracted per subject; 
these features express the acoustic properties of the snores and emphasize the dif-
ferences between apneic snorers and simple snorers. The features were mel- 
cepstability, a measure of the entire night spectrum’s stability; running variance, 
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Fig. 14.5 Typical example of MSS estimation. Upper panel presents the three classes’ MSS 
scores (probabilities) estimated by the ANN classifier (scores are summed to one). Center panel 
presents the HMM’s most probable MSS sequence given the ANN scores, i.e., ANN + HMM. Lower 
panel presents the PSG annotation. W, Wake; R, REM; N, NREM.  Subject: Male, age  =  62, 
BMI = 26, AHI = 16. This example exhibits an accuracy rate of 89% and Cohen’s kappa of 0.76
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quantifies the inter-snore energy variability across the night; apneic phase ratio, 
represents the relative duration when the upper airways are collapsed; inter-event 
silence, counts the silence between two sound events; and pitch density, a measure 
of the stability of the tissue’s vibration frequency.

In a later system [44], many different features were examined; these features 
were calculated using time or spectral domains. The time domain features can be 
further categorized into (a) periodicity features, (b) duration and sample scattering 
features, and (c) energy features. The spectral domain features can be further catego-
rized into (a) spectral parameterization, (b) bio-characteristic frequencies, and (c) 
dynamic frequencies features. Based on these time-dependent (breathing event- based) 
features, a single (global) score was calculated for each feature using statistical mea-
surements (probability distribution properties) such as min, max, variance, skewness, 
and kurtosis. To reduce features’ dimensionality, a feature selection (genetic algo-
rithm) was applied, and the chosen features were fed into a Gaussian mixture regres-
sion model in order to predict AHI.

Results
Figure 14.6 [44] shows the AHI estimation results of 155 subjects (women and men) 
referred to in-laboratory polysomnography (PSG) study. The performances of the 
proposed system were evaluated with Pearson correlation of ρ = 0.89 (for the testing 
set; 75 out of 155), AHI error of 7.35 events/h, and diagnostic agreement of 77.3%. 
These results show encouraging performances and a reliable non-contact alternative 
method for OSA severity estimation.

In a later study [45], we developed an algorithm to detect apnea and hypopnea 
events at their exact time locations during sleep. The algorithm enabled distinguish-
ing between regular breathing sound events and A/H events using a binary random 
forest classifier. In this study, OSA severity was also estimated from 93 subjects (out 
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of 186) in at-home conditions. Total accuracy rate of 86.3% was achieved in A/H 
event detection. Correlation of ρ = 0.87 (ρ = 0.74), diagnostic agreement of 76% 
(81.7%), and average absolute difference AHI error of 7.4 (7.8) (events/hour) were 
achieved in in-laboratory (at-home) conditions, respectively.

14.2.4.2  OSA Detection During Wakefulness
OSA detection in awake subjects is very challenging. Recently, the ability to assess 
OSA during wakefulness was explored, using tracheal breath sounds analysis [65, 
66] and speech signal processing [46–49, 67].

The idea behind OSA estimation using speech signals is that the acoustic param-
eters of speech are affected by the physiological and anatomical properties of the 
vocal tract and soft tissue characteristics [47, 48]. In the upper airway, there are 
changes in muscle properties and neural drive in patients with OSA. These changes 
lead to upper airway remodeling that affect its function during sleep [68] and speech 
during wakefulness. Several studies explored the association between speech and 
OSA [69]. In a series of studies, we developed several systems for the detection of 
OSA and estimation of AHI using speech signals acquired from subjects (men and 
women) reading a 1- to 2 min protocol (in Hebrew).

Methods
We developed a system that distinguishes between OSA and non-OSA (healthy) sub-
jects using their speech signal [48]. One hundred acoustic features that were consid-
ered to be affected by the specific OSA physiology were extracted and analyzed. Two 
different feature sets were suggested, one represented mostly the short- time dynamics 
(short-term features) and the other represented the stationary configuration (long-term 
features). Feature selection was performed on each feature set to pinpoint the most 
discriminative features. The selected features indicated a difference in perception, 
structure, and nasalization between healthy and OSA speakers. Two GMM-based 
systems were evaluated—one for each feature set, and finally, the two systems were 
fused.

In a later study, the severity of OSA (AHI) was also estimated using speech sig-
nals [46, 47, 49].

Experimental Setup and Results
In the first study [48], we explored acoustic speech features of 93 subjects who were 
recorded using a text-dependent speech protocol and a digital audio recorder 
(ZOOM H4) immediately prior to polysomnography study. Following analysis of 
the study, subjects were divided into OSA (n = 67) and non-OSA (n = 26) groups. 
A classification error rate was estimated using the leave-one-out (LOO) method. 
Specificity and sensitivity of 83% and 79% were achieved for the male and 86% and 
84% for the female OSA patients, respectively.

In the later studies, AHI was estimated using the speech signals of additional 
subjects. A diagnostic agreement of 67.3% between the speech-estimated AHI and 
the PSG-determined AHI and an absolute error rate of 10.8 events/h were achieved 
in a population of 198 subjects [46].
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14.3  Discussion and Future Work

We reviewed several audio-based systems for sleep evaluation that were developed 
in the Biomedical Signal Processing Research Laboratory, Ben-Gurion University 
of the Negev, in collaboration with the Sleep-Wake Disorder Unit, Soroka University 
Medical Center. These systems evaluate snoring and breathing, sleep-wake stages 
and sleep quality parameters, macro-sleep stages, and obstructive sleep apnea using 
non-contact microphones.

These systems were validated on hundreds of subjects routinely referred to sleep 
evaluation including a wide range of age, BMI, and AHI distribution and both gen-
ders. Most of the subjects underwent PSG evaluation in the sleep laboratory, and 
some of the subjects underwent a reduced-channel sleep evaluation at home. Further 
studies are needed to confirm our findings in the general population.

The main idea beyond this audio-based approach is that central control of venti-
lation and upper airway patency are strongly affected by sleep and wake activity 
[20, 62]. During sleep, there is a considerable increase of upper airway resistance 
[20, 57, 58, 70] due to decreased activity of the pharyngeal dilator muscles [59, 60]. 
This elevated resistance is reflected by amplification of air-pressure oscillations in 
the upper airways during breathing. These air-pressure oscillations are perceived as 
typical breathing sounds during sleep. In contrast, during wakefulness, there is an 
increase in activity of the upper airway dilating muscles, hence decreased upper 
airway resistance [60] and airway oscillations [22].

We used a non-contact microphone to record breathing and snoring sounds since 
this approach enables more natural sleep that is not affected by equipment. Some 
other studies used a contact microphone that was taped to the nasion [38] or to the 
trachea [19, 71] or used a microphone embedded in a face mask [72].

Analyzing respiratory sounds across sleep time using a non-contact microphone 
is challenging since it was essential to improve SNR in order to also expose the rela-
tively quiet breathing sounds that are of interest. To achieve this, we used an adap-
tive spectral subtraction technique that subtracted the estimated adjacent background 
noise. The spectral subtraction technique improved SNR with some effect on respi-
ratory spectral content and with a minimal effect on sound intensity.

It is generally accepted that snoring and AHI are very dependent on the body 
position [73]. Further studies are needed to explore the effect of body position on 
breathing and snoring sound characteristics, as well as to explore the effect of bed 
partner sounds on the different sleep evaluation algorithms and to find ways to 
reduce these effects.

The recent increase in the use of smartphones with different onboard sensors has 
led to the proliferation of different sleep screening applications running on the 
phones [74] including audio-based applications. However, as far as we know, no 
existing sensor-based sleep-related application for smartphones has yet been scien-
tifically validated. Since non-contact microphones are safe and convenient, and 
available in every smartphone, tablet, or personal computer, we assume that in the 
future, the accessibility to audio-based sleep evaluation applications will increase. 
The research on non-contact audio-based respiratory evaluation has the potential to 
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advance new scientific-technological directions involving other types of respiratory 
sounds, such as the monitoring of inhaler use [75–77] and coughs [78].

Finally, many people have unrecognized and undiagnosed sleep disorders; early 
diagnosis and treatment improve health and quality of life. An audio-based method can 
be integrated with an existing technology (such as reduced channel PSG or accelerom-
eter-based movement monitoring) for the evaluation of sleep, breathing, and follow-up 
after interventions (surgical or drugs). This concept will simplify data acquisition and 
will potentially increase accessibility to valid home-based diagnostic testing.
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15Cough Sounds

Saikiran Gopalakaje, Tony Sahama, and Anne B. Chang

15.1  Introduction

15.1.1  Cough: An Important Symptom

Cough is the most symptom of an airway disease. Thus, when chronic and/or asso-
ciated with other respiratory symptoms, its presence often signifies an underlying 
lung disease. In a multicentre Australian study involving 346 children newly referred 
for chronic cough, only 13.9% of children did not have an underlying respiratory 
illness [1, 2]. Thus, understanding and careful evaluation of people with chronic 
cough are important. Delayed diagnosis (e.g. foreign body) may cause chronic 
respiratory morbidity [3]; early diagnosis of chronic diseases leading to appropriate 
management and subsequent resolution of cough and improved QoL [1] is impor-
tant. Further, various aspects of the cough sound are as it is used in guidelines and 
research studies [4–6]. While clinical evaluation is important, it is outside the realms 
of this chapter, and readers are referred to exciting chronic cough guidelines.
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15.1.2  Cough: The Burden

In countries where data is available, cough is the most common symptom that 
results in new medical consultations [7]. In the USA, approximately 29.5 million 
doctor visits per year are for cough [8], and $6.8 billion dollars are spent a year [7]. 
In Australia acute bronchitis/bronchiolitis is consistently the most common new 
problem encountered by general practitioners, ranging from annual rate of 2.2 to 3.2 
per 100 encounters (1999–2009 data) [9]. The burden of cough is also reflected in 
the number of consultations (per child) sought for cough in children. A uni-centre 
Australian study described that the number of medical consultations for their cough-
ing illness in the last 12 months was high: >80% of children had ≥5 doctor visits, 
and 53% had >10 [10]. This high consultation rate was later confirmed in a multi-
centre Australian study [1].

Although some medical practitioners consider chronic cough as a trivial symptom, 
cough is associated with significant morbidity in both children and their parents [1, 
11]. In addition to the above, the burden of cough is also reflected in impaired quality 
of life (QoL). In a multicentre study on 346 children using a generic paediatric health-
related QoL tool (PedsQL®), the mean normalized PedsQL® score of 74.7 was in the 
realm of children with other chronic illnesses (cardiac,  79.4; diabetes,  76.6; obe-
sity, 75; gastrointestinal conditions, 72.4) but better than children with cancer (68.5) 
and end-stage renal disease (69.6) [1]. Further, the presence of cough (particularly 
when chronic) may be reflective of an underlying serious disorder [1, 12].

Thus, cough is important not only because of the commonality of the clinical 
problem of cough but also cough is an important symptom in clinical medicine. This 
chapter focuses on the sounds of cough as a symptom and some basic pathophysi-
ological correlates, but not clinical management.

15.1.3  What Is a Cough

An overall review of the mechanisms of cough is beyond the scope of this article. 
However, to understand the sound of cough as a symptom, a basic understanding of 
the physiology of cough is required and briefly outlined below.

Physiologically cough has three phases: inspiratory, compressive and expira-
tory [13]. The inspiratory phase consists of inhaling a variable amount of air 
which serves to lengthen the expiratory muscles, optimizing the length-tension 
relationship. The compressive phase consists of a very brief (200 ms) closure of 
the glottis to maintain lung volume as intrathoracic pressure builds (up to 
300  mmHg in adults) due to isometric contraction of the expiratory muscles 
against a closed glottis. The expiratory phase starts with opening of the glottis, 
releasing a brief (30–50 ms) supramaximal expiratory flow [14] (up to 12 L/s in 
adults, also termed the ‘cough spike’) followed by lower (3–4 L/s) expiratory 
flows lasting a further 200–500 ms [13]. Dynamic compression of the airways 
occurs during the expiratory phase, and the high-velocity expulsion of gas (air) 
sweeps airway debris along. Airway debris and secretions are also swept 
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proximally by ciliary activity. Cough also enhances mucociliary clearance in 
both healthy individuals and those with lung disease [15].

Cough can be voluntarily initiated or suppressed except when it is part of the 
laryngeal expiratory reflex when the larynx is mechanically stimulated by foreign 
materials. Physiologists describe two basic types of cough: laryngeal cough (a true 
reflex, also known as ‘expiratory reflex’) and tracheobronchial cough. Laryngeal 
cough thus protects the airways from airway aspiration. Tracheobronchial cough is 
initiated distal to the larynx and can be volitional. It is primarily stimulated by che-
moreceptors in the lower airways and can also be mechanically stimulated [16]. The 
primary function of tracheobronchial cough is airway clearance and maintenance of 
the mucociliary apparatus. It has been argued that differentiating the types of cough 
and what constitutes as a cough is important [17]. However clinicians remain cer-
tain what cough is in the clinical setting.

The knowledge of cough neurophysiology has significantly advanced in recent 
years although much of the work is based on animal models and may have limited 
applicability to humans as significant interspecies differences exist [18]. Readers 
are referred to recent reviews of cough mechanisms and cough receptors [19–21] 
for in-depth aspects of cough-related neurophysiology. As a gross oversimplifica-
tion, the cough pathway can be compartmentalized to the afferent arm (from cough 
stimulus to the respiratory centre), and efferent arms (from the respiratory centre 
to the respiratory muscles, larynx and pelvic muscles) of the cough pathway are 
likely to be influenced by a bidirectional feedback loop, but this has not yet been 
clearly established. Receptors involved in cough are terminations of vagal afferents 
in airway mucosa and submucosa [18, 22]. These afferent receptors have different 
sensitivities to different stimuli and are unequally distributed in the airways; gener-
ally the larynx and proximal large airways are more mechanosensitive and less 
chemosensitive than peripheral large airways. The existence of distinct cough 
receptors, widely assumed to be present and first proposed by Widdicombe [23], is 
now proven [22, 24]. Generation of action potentials (depolarization of the termi-
nal membrane) from these receptors are subclassified into two: ionotropic recep-
tors (cause generator potentials by acting on ligand-gated ion channels) and 
metabotropic receptors (act indirectly on ligand-gated ion channels via G-protein-
coupled receptors) [18, 25]. These include the transient receptor potential cation 
channel subfamily V member 1 (TRPV1), transient receptor potential cation chan-
nel subfamily A member 1 (TRPA1) and G-protein-coupled opioid-like receptor-1 
(NOP1) receptors [26].

These cough and airway receptors mediated through the vagus nerve, jugular and 
nodose ganglions extend to the nucleus tractus solitarius (NTS), which is the first 
central nervous system (CNS) synaptic contact of these afferent fibres [27]. Second- 
order neurons from the NTS have polysynaptic connections with the central cough 
generator which is also the respiratory pattern generator [27, 28]. NTS is postulated 
to be the site of greatest modulatory influence and plasticity. The mechanisms 
underpinning chronic cough have been likened to that of chronic pain [16], and 
increased neurogenic markers have been described in children with increased cough 
receptor sensitivity (CRS) [29]. The intrathoracic pressure and effects of it 
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generated by cough may also perpetuate the chronic cough cycle as suggested by a 
recent animal study that showed pressure effects enhance cough sensitivity [30].

A particularly important finding is the presence of small amounts of secretions in 
children with dry cough which may have implications in the management of sup-
purative lung disease; a dry cough may represent early disease process where only 
a small amount of mucus is present.

15.1.4  Normal Cough Sound

How are cough sounds generated? The sound of a cough is due to vibration of larger 
airways and laryngeal structures during turbulent flow in expiration [31, 32]. Thus 
physiologically, all components involved in the generation of the sound would 
affect the acoustic characteristics.

15.1.5  Physiological Influences

15.1.5.1  Age
There is direct and indirect evidence that age influences physiological domains that 
influence the clinical manifestation of conditions where cough is a dominant feature 
[33, 34]. These physiological domains can be simplified to (1) cough-specific physi-
ology, (2) general respiratory physiology, (3) other direct systems such as the 
immune system that influence the respiratory system and (4) other general physiolo-
gies. Much of this data is available elsewhere [33]. Examples of cough-specific 
physiological differences include age- and sex-related variation in cough sensitivity 
[34]. In children, sex does not influence cough sensitivity, whereas in post-pubertal 
adolescents and adults, females have significantly increased sensitivity [34]. The 
cough reflex is weak in premature infants and develops with maturity. Exactly when 
the cough reflex is fully matured is unknown, but it is likely around 5 years of age, 
which is the cutoff age for risk of accidental nut inhalation, and thus parents are 
advised not to give nuts to their children prior to age of 5 years. Also, adults easily 
expectorate when airway secretions are present, whereas children do not even when 
secretions are abundant. Thus classical adult terms like productive cough cannot be 
applied to young children [35].

Examples of general respiratory physiology include differences in calibre of 
large and small airways and percentage of time spent in random eye movement 
(REM) sleep, which influences cough frequency [36]. Smaller airway calibre (which 
influences airflow exponentially as opposed to linearly) and lack of collateral venti-
lation in immature lungs influence likelihood of presence of wheeze and atelectasis 
in respiratory conditions where chronic cough is also common such as chronic sup-
purative lung disease and right middle lobe syndrome [35].

Specific for the sounds of cough, as the sound is dependent on flow, age-related 
issues that influence flow are volume (from where the cough starts), and the size of 
the airways also influences flow. The normal cough in children has different 
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acoustic properties to adults as further described below, and this is not surprising as 
the same is clearly discernible from voices.

15.1.5.2  Sex
A person’s sex influences their cough characteristics. While sex does not influence 
objective cough counts or subjective cough scores in children [37], adult data 
showed that sex significantly influenced objective cough scores [38]. In adults with 
chronic cough, objective cough counts and CRS were higher in females than males 
[38, 39]. In young or pre to early pubertal children, sex does not influence CRS [40, 
41].

As sex also influences lung volumes and airway calibre, as reflected in spirom-
etry reference ranges, [42] and cough characteristics are dependent on lung volume 
and airway calibre, invariably, sex influences the acoustics of cough in normal 
people.

15.1.6  Pathological Influences

The generation of cough sounds and some factors that influence cough sounds have 
been examined in the laboratory [31, 43]. Using cough sound analysis (spectrogram 
and time-expanded waveform), productive and nonproductive cough can be differ-
entiated in the laboratory [43]. Unsurprisingly, the dimension of cough quality is 
used in management and diagnostic guidelines [4–6]. Thus, an understanding on the 
different constructs used to classify cough sounds is important.

15.1.7  Types of Cough Sounds

In addition to the construct based on cough duration (acute, subacute, chronic), the 
other constructs of cough include quality (wet/productive or dry, brassy, honking), 
timing (predominant nocturnal), character (paroxysmal, staccato) and strength or 
loudness (weak or strong/soft-feeble or loud). Here we focus on the sound charac-
teristics rather than on the timing which relates to some clinical pathology.

Cough quality, specifically dry versus wet [44] or productive cough, is often 
used in epidemiological [45–47] and clinical research [40, 48]. Clinically, physi-
cians also often differentiate between dry and wet cough [6, 49, 50]. In adults, 
productive cough is usually obvious, but children however often swallow their spu-
tum, and hence a ‘wet cough’ is used interchangeably with ‘productive cough’ to 
describe cough quality in young children who are unable to expectorate [49, 51]. It 
is known that nocturnal cough is unreliably reported in both children [52] and 
adults [53].

15.1.7.1  Mucus
There is little doubt that the presence of secretions in the airways influences the 
cough quality. In addition to the volume of the secretions, the rheological properties 
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of airway mucus also influence cough sound [32]. However, this has been studied 
mainly in relation to central airways, and it is not known how airway secretions in 
the more peripheral airways influence the sound of cough. It is not known which 
generation of the airways is involved when the human ear identifies a wet cough, 
and currently there are no validated human models that allow measurement of 
increased airway mucus. Mucus hypersecretory states in human diseases can occur 
from a variety of mechanisms which include hypersecretion of stored mucin, 
hypertrophy or hyperplasia of goblet cells and/or increased synthesis from overex-
pression of mucin genes [54]. In disease states, it is not known which mechanism 
or site of production is the most important, but in smokers with chronic bronchitis, 
a common cause of productive cough in adults, the larger bronchi (bronchi of 
diameter >4 mm, i.e. segmental bronchi and above) [55], are the site of greatest 
inflammation [54].

In humans, it is not known how much mucus is required and where it has to be 
located for the human ear to detect presence of a moist cough. It is likely that mucus 
in the large airways is required for detectable difference in cough quality as the 
sound of cough is generated from vibration of larger airways and laryngeal struc-
tures during turbulent flow in expiration [31, 32]. Laminar airflow, which occurs in 
smaller airways, is inaudible [56]. In an animal model, Korpas and colleagues 
showed that a certain amount of mucus is required to alter cough sound; 0.5 mL of 
mucus instilled into the trachea of cats altered cough sound; too little mucin had no 
effect on cough quality, while too much mucin impaired breathing [57].

15.1.7.2  Lower Airway Abnormalities
Tracheomalacia and bronchomalacia can be due to intrinsic (foreign body and other 
endobronchial obstructions) or extrinsic airway lesions [58]. In tracheomalacia, 
expiratory stridor may be present concurrently. If there is malacia of the extratho-
racic trachea, inspiratory stridor may be present. The cough in children with tra-
cheomalacia is often described as barking or brassy [59]. The quality of the cough 
related to tracheomalacia is thought to be related to the juxtaposition of the anterior 
and posterior walls of the trachea, resulting in recurrent vibrations and irritation of 
the airway [60].

One study involving 106 children (62 boys, 44 girls; median age = 2.6 years 
(IQR 5.7)) objectively evaluated cough quality in relation to airway abnormality 
[59]. When the clinicians detected the presence of a brassy cough, tracheomalacia 
was usually present at bronchoscopy performed several hours after the cough 
recording [59]. The intra- and interobserver clinician agreement for brassy cough 
was both good, kappa of 0.79 (95% CI 0.73–0.86), but the sensitivity of brassy 
cough (compared to tracheomalacia determined by the good standard, i.e. bronchos-
copy) was poor at 0.57. The specificity of brassy cough for tracheomalacia was 
good at 0.81, respectively [59]. A second study [61] examined the predictive value 
of a clinically expected diagnosis of airway malacia prior to bronchoscopy. Of the 
324 outpatients, airway malacia was found in 126 patients (115 cases of primary 
airway malacia) [61]. Prior to bronchoscopy, paediatric pulmonologists expected a 
malacia, based on history, physical examination and/or lung function in 82 patients 
of whom 61 actually had malacia (positive predictive value, 74%). In 65 of 126 

S. Gopalakaje et al.



273

patients, airway malacia was not suspected prior to bronchoscopy (false-negative 
rate of 52%). They recorded the clinical features in 96 children with primary airway 
malacia and without a concurrent medical condition. Cough was present in 80 out 
of 96 (83%) patients. The character and timing of the cough were described as 
night-time cough in 40 (42%), productive cough in 58 (60%), exercise-induced 
cough in 34 (35%) and barking, seal-like cough in 41 (43%).

A prospective study examined the relationship between malacia lesions and their 
respiratory illness profiles in 116 children (malacia n  =  81 and control subjects 
n = 35) [62]. The median age of the group was 2.1 years (age range, 0.2–17.3 years). 
The adjusted relative risk of illness frequency was 2.1 (95% confidence interval [CI], 
1.3–3.4) and of significant cough was 7.2 (95% CI, 1.01–27.22) for the malacia 
group. Significant coughing and cough disrupting daily activities were both more 
likely in the malacia group than in the control group. When compared to control 
subjects, the severity of illness was 66% higher at the initial presentation of illness, 
while a significant cough score was four times more likely, and a cough that dis-
rupted or stopped daily activities during the first 2 weeks of illness was seven times 
more likely [62].

15.1.7.3  Muscle Strength
A cough is considered effective when it is able to displace and result in expulsion of 
secretions from the bronchial tree. This requires sufficient expiratory muscle 
strength to generate increased intrathoracic pressure leading to dynamic compres-
sion of the airways and reduction of their cross-sectional area [63]. Several studies 
have documented the correlation between expiratory muscle strength and cough 
[63, 64]. Adults with a MEP (maximal expiratory pressure) value of 60 cmH2O or 
more are able to generate transients of peak flow during coughing and thus may be 
considered as having an effective cough [63].

Respiratory muscle strength correlates to cough capacity in patients with respira-
tory muscle weakness [65]. In a study, pulmonary function tests including forced 
vital capacity (FVC) and respiratory muscle strength (maximal expiratory pressure, 
MEP; maximal inspiratory pressure, MIP) were performed in 45 patients with amy-
otrophic lateral sclerosis (ALS), 43 with cervical spinal cord injury (SCI) and 42 
with Duchenne muscular dystrophy (DMD) [65]. In the SCI group, MIP was more 
closely correlated with Peak Cough Flow (PCF), but MEP was more closely corre-
lated with PCF in the ALS and DMD groups [65]. This is explained by the relative 
weakness of different respiratory muscle groups. In patients with Duchenne muscu-
lar dystrophy (DMD) and in high cervical spinal cord injury (SCI), diaphragmatic 
function is relatively well preserved despite generalized muscle dysfunction, and 
patients with amyotrophic lateral sclerosis (ALS) experience profound diaphragm 
weakness, early in the disease process.

If the lung volume attained before expiratory muscle contraction is insufficient, 
due to inspiratory muscle weakness, cough capacity decreases in spite of functional 
expiratory muscles. This can lead to atelectasis and loss of elasticity and compli-
ance of the lung and chest wall. This may exacerbate cough weakness by restricting 
dynamic airway compression [65]. While there are no studies, the strength of cough 
alters the sound of cough when there is marked muscle weakness.
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15.1.8  Cough Quality in Diseases

As described above, cough quality is used in clinical medicine. Here we focus on 
clinical correlates and the validity of the character, where data is available. In some 
conditions, cough is characteristic such as with pertussis, but in most, the cough 
reflects the pathophysiological process. As cough occurs in almost all airway dis-
eases and other respiratory illnesses, it is beyond the scope of the chapter to describe 
all conditions. Here we limit this section to conditions were the quality of cough is 
altered.

15.1.9  Endobronchial Secretions: Wet/Dry Cough

Many airway diseases are associated with increased lower airway secretions such as 
protracted bacterial bronchitis, bronchiectasis and recurrent small volume aspira-
tion lung disease [59]. When these children are clinically assessed and endobron-
chial secretions are present, their cough quality of wet/dry cough generally relates 
to the amount of bronchoscopic secretions determined using a standardized scoring 
system (BS grades) [59]. The study briefly mentioned above involving 106 children 
used digital recording of cough onto a high-quality recorder (for that era) using 
music compact disc quality format (44.1 kHz, 16 bit) on the morning of their bron-
choscopy [59]. These stored cough sounds were later replayed (using headphones 
30–10,000 Hz) and assessed by another clinician blinded to the bronchoscopy and 
what the first clinician scored [59]. The children without a known underlying respi-
ratory diagnosis had a bronchoscopy undertaken 0.5–3 h after the digital recording 
[59]. Parents also independently reported what their child’s cough was like (wet or 
dry; when it was mixed, the default was wet). Kappa (K) statistics was used for 
agreement, and inter-rater and intra-rater agreement examined on digitally recorded 
cough [59]. A receiver operating characteristic (ROC) curve was used to determine 
if cough quality related to the amount of airway secretions present at bronchoscopy 
[59]. The study found that when the cough was assessed as wet, secretions were 
always present, when the cough was dry secretions if present, were usually minimal 
or mild [59]. When compared to bronchoscopic findings, the study showed that a 
wet cough is always associated with BS grades of 3 or more [59]. Parent’s assess-
ment of cough quality (wet/dry) agreed with clinicians’ (K = 0.75, 95% CI 0.58–
0.93) [60]. When compared to bronchoscopy (bronchoscopic secretion grade 4), 
clinicians’ cough assessment had the highest sensitivity (0.75) and specificity (0.79) 
and was marginally better than parent(s) [59]. The area under the ROC curve was 
0.85 (95% CI 0.77–0.92). Intra-observer (K = 1.0) and inter-clinician agreement for 
wet/dry cough (K = 0.88, 95% CI 0.82–0.94) was very good [59]. Weighted K for 
inter-rater agreement for bronchoscopic secretion grades was 0.95 (95% CI 0.87–1) 
[59]. However, dry cough is less valid as the presence of dry cough does not neces-
sarily indicate the absence of secretions. However, BS grades are less in dry cough 
as shown in the ROC curve [59].
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Accuracy and reliability of symptoms are important in clinical and research set-
tings. The above results are in contrast to other common respiratory sounds. For 
example, Cane and colleagues [66, 67] found that parental reports of wheeze and 
stridor are often not accurately reported in a clinic setting. Hay and colleagues 
showed that interobserver agreement for clinical signs of fever, tachypnoea and 
chest signs was poor to fair (kappa of 0.12–0.39) in the primary care setting, but 
these signs are known to have good agreement in secondary care settings [68]. This 
is not surprising as cough is common and a distinct sound for the untrained ear in 
contrast to sounds like stridor.

However, wet/dry cough has really only been validated in young children, and a 
study on older children is required given the possibility of the influence of airway 
size relative to the amount of secretions in the generation of a wet sounding cough 
(as mentioned in section above). Clinically and anecdotally, an adolescent with a 
productive cough may have a dry cough when requested to cough. Further, the qual-
ity of wet/dry or productive/nonproductive cough is non-diagnostic of a clinical 
entity as it only reflects the presence of excessive airway secretions. Nevertheless, 
in terms of children with chronic dry cough, a preliminary study reported that dry 
cough was significantly more likely to naturally resolve than wet cough [69]. Further 
follow-up cohort studies with strict clinical diagnostic categories would be useful.

15.1.9.1  Respiratory Infections

Viral Tracheobronchitis
Acute respiratory infection (ARI) caused by viruses is a transient and self-limited 
condition. Transient-enhanced cough sensitivity has been shown in children with 
influenza infection. The length of cough in ARI most likely depends on the patient 
and environment factors [58]. ARI is typically nonproductive at the beginning and 
quite annoying; later it becomes productive of mucus or mucopurulent sputum before 
it begins to subside. Often it is an isolated cough (otherwise well) with no other sig-
nificant signs and symptoms. The most common cause for prolonged acute cough in 
children is postviral or postinfectious cough. This begins with symptoms related to 
the common cold and persists. This is seen in 10% of normal children who are still 
coughing with a simple head cold after 2–3 weeks. If the child is otherwise normal 
and the cough is resolving, no further investigations would be indicated. It has a high 
rate of spontaneous resolution without any therapeutic intervention [70].

Pneumonia
In pneumonia, there is increased stimulation of peripheral cough receptors and an 
increase in secretions. While there are reports that the cough sound relating to pneu-
monia is diagnostic, the biological plausibility is weak; clinicians are well aware that 
the cough quality of pneumonia is dependent on the time progression of the pneu-
monic illness. An initial dry cough is usually followed by varying sputum production 
causing wet cough dependent on the cause. There will be associated systemic symp-
toms of infection.
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In lung abscess there can be sudden onset or increase in amount of purulent, 
often foul-smelling sputum. In chronic infections like tuberculosis, there is chronic, 
usually productive, cough, and there can be associated haemoptysis. However 
depending on the pulmonary pathology, tuberculosis can also present with chronic 
dry cough particularly if there are enlarged lymph nodes compressing airway or 
involving pleura [71].

Pertussis
Cough in pertussis is typically described as paroxysmal spasmodic cough with or 
without an inspiratory ‘whoop’ and vomiting [72]. In a study that examined the 
presence of common symptoms and signs of pertussis in identified cases, paroxys-
mal cough had a sensitivity of 86% and specificity of 26%, post-tussive whoop had 
a sensitivity of 50% and specificity of 73% and post-tussive vomit had a sensitivity 
of 70% and specificity of 61% [73]. The authors also reported that pertussis 
accounted for 32% of prolonged acute cough, and this was seen even when the clas-
sical pertussis symptoms are not present [73]. Another hospital-based study exam-
ined the characteristics of 57 infants suspected of having pertussis [74]. They 
described that [74] ‘cough followed by inspiratory stridor and cough accompanied 
by cyanosis were significant predictors of pertussis (positive predictive values of 
100% and 84%, respectively). Leukocyte count >20,000 cells/mm3 and lymphocyte 
count >10,000 cells/mm3 showed predictive values of 92% and 85%, respectively. 
However, these variables showed low negative predictive values for the diagnosis of 
pertussis (40%, 60%, 52% and 64%, respectively)’. A study on school-aged chil-
dren with persistent cough for longer than 2 weeks (5–16 years of age) described 
that 37% of them had serological evidence of a recent pertussis infection with 
median of 112 days (range: 38–191 days) of coughing. All children had complete 
resolution of the cough [75].

Thus, while pertussis infection is associated with a characteristic cough, this is 
unsurprisingly not 100% precise and somewhat dependent on the age of the child 
and presence of immunity status [76]. For example, in adults with pertussis, a 
whoop is rarely present [76]. Further, a cough may be absent in babies with pertus-
sis, and instead the illness is manifested as apnoea [77].

Chlamydia
The quality of cough in chlamydia infections is often described as staccato-like 
cough. This is seen in infancy. In a series of 115 cases, the authors noted chlamydia 
infection led to a gradual onset of respiratory tract symptoms [78]. The infant is 
often afebrile and a staccato cough is present [72, 78].

15.1.9.2  Asthma
While people with asthma often cough, not everyone with asthma coughs, and most 
children with a cough without other symptoms do not have asthma [16]. In children, 
clinicians sometimes describe a ‘tight asthma cough’ during acute asthma. However, 
this has not been validated. In general, cough associated with asthma without a 
coexistent respiratory infection is usually dry [4].
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15.1.9.3  Non-respiratory Causes of Cough
Chronic cough has been reported as a side effect of ACE inhibitors (2–16.7%), 
inhaled ICS and as a complication of chronic vagus nerve stimulation. Chronic cough 
associated with ear canal stimulation from wax impaction and cholesteatoma due to 
the presence of auricular branch of the vagus nerve has been reported [79]. The 
cough in these circumstances is usually dry.

15.1.9.4  Habitual and Psychogenic Cough
Habitual cough can be a symptom of a ‘vocal tic’. This is a dry repetitive cough and 
disappears with sleep. Habit cough is seen in younger children with the mean age 
range from 4 to 15 years. This can be transient or chronic [58, 72]. Psychogenic 
cough is usually seen in an older child/adolescent. The quality of cough is bizarre 
disruptive honking cough with child exhibiting ‘la belle indifference’. Cough goes 
away with concentration or sleep. Bizarre honking coughs usually serve a purpose 
with some secondary gain [72].

In a recent review [80] of the use of habit cough and psychogenic cough for these 
disorders, an expert panel suggested that:

 1. In adults or children with chronic cough, the presence or absence of night-time 
cough or cough with a barking or honking character should not be used to diag-
nose or exclude psychogenic or habit cough.

 2. In adults and children with chronic cough that has remained medically unex-
plained after a comprehensive evaluation based upon the most current evidence- 
based management guideline, the diagnosis of tic cough should be made when 
the patient manifests the core clinical features of tics that include suppressibility, 
distractibility, suggestibility, variability and the presence of a premonitory sensa-
tion whether the cough is single or one of many tics.

 3. In adults and children with chronic cough, substituting the diagnostic term tic cough 
for habit cough should be made consistent with the DSM-5 classification of diseases 
and because the definition and features of a tic capture the habitual nature of cough.

 4. In adults and children, substituting the diagnostic term somatic cough disorder 
for psychogenic cough should be made consistent with the DSM-5 classification 
of diseases.

15.1.10  Measuring Cough Sounds

The cough sounds can be measured by its intensity (the respiratory muscle strength), 
frequency (number of coughs per hour—the cough patterns) of cough occurrence 
and quality (dry, moist, productive, brassy, hoarse, wheezy and barking). Cough can 
also be classified by the severity (e.g. associated urge that impacts quality of life). 
While the intensity and frequency of the cough are subjected to quantitative but 
subjective analysis, the severity of the cough is objective, qualitative and specific to 
the episode. The practical complexity of measuring the severity of the cough ranges 
from patient to patient and varies among the diagnosis.
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A number of validated tools have been developed to measure the severity of 
cough. Various aspects of cough including symptom severity, frequency, intensity 
and impact on quality of life can be measured using these tools (Table 15.1). For this 
chapter we focus on cough sounds and will not discuss the other methods of assess-
ing cough as an outcome (e.g. QoL, cough sensitivity, etc.). Cough sound analysis 
has also been used in veterinary medicine {ref.}.

15.1.11  Cough Recorders

Currently, cough frequency assessment is considered the gold standard for the 
objective assessment of cough frequency [81]. However, the analysis of cough fre-
quency has proven problematic. Because cough is episodic, data collection over 
many hours is required, along with real-time aural analysis [82]. Various methods 
have been used to capture cough (Table 15.2).

The earliest systems consisted of tape recorders, and the recorded cough sounds 
were counted manually. The manual cough counting was time-consuming and the 
patients were restricted to a single room [82]. To optimally classify a sound event as 
cough or non-cough, the feature vectors of coughs from different subjects should 

Table 15.1 Cough measurement tools (adapted from [81])

Assessment focus Assessment tool Limitations
Symptom based Visual analogue scale (VAS) Less comprehensive compared 

to HRQOL tools in assessing 
different components of health 
status

Cough severity score (CSS)
Cough severity diary (CSD)

Questionnaire-based
health-related quality of 
life (HRQOL)

Leicester Cough Questionnaire 
(LCQ)

Largely subjective measures

Chronic Cough Impact 
Questionnaire (CCIQ)
Cough-Specific Quality of Life 
Questionnaire (CQLQ)
Paediatric Cough Quality of 
Life Questionnaire (PC-QLQ)

Objective 
measures

Cough 
reflex 
sensitivity

Capsaicin, citric acid, fog, 
tartaric acid

Techniques not standardized, 
hence difficult to compare 
between centres

Cough 
monitors

Older devices
  Hull Automated Cough 

Monitor
  LifeShirt
  PulmoTrack

Poor discrimination between 
cough sound and sound from 
environment
Not suitable for field trials

Newer devices
  Leicester cough monitor 

(LCM)
  VitaloJAK

Some manual input still needed 
to complete cough frequency 
counting
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have similar values, whereas non-cough events should give dissimilar feature vec-
tors. The measuring system should not depend on the sound amplitude because the 
cough loudness is not the same for different people, and it makes the relative dis-
tance of the microphone less important [85]. These principles are similar to those 
used in speech recognition [85].

Initial products developed include Hull Automated Cough Monitor, LifeShirt 
and PulmoTrack [85–87]. The discrimination of cough sounds from speech and 
other noise was suboptimal with these earlier devices. Two newer cough monitoring 
systems are more widely in use in clinical research [88, 89]: the Leicester cough 
monitor (LCM) and the VitaloJAK [81]. A group from the UK published [85] their 
study on 33 smoking subjects, 20 male and 13 female aged between 20 and 54 with 
a chronic troublesome cough studied in the hour after rising using a programme for 
the analysis of digital audio recordings. The Hull Automatic Cough Counter 
(HACC) uses digital signal processing (DSP) to calculate characteristic spectral 
coefficients of sound events, which are then classified into cough and non-cough 
events by the use of a probabilistic neural network (PNN). Parameters such as the 
total number of coughs and cough frequency as a function of time can be calculated 
from the results of the audio processing. In their study with this automated system 
HACC, the average sensitivity was calculated to be 0.80 with a range of 0.55–1.00, 
while the specificity was 0.96 with a range of 0.92–0.98. Using HACC it was pos-
sible to identify coughs in an hour long recording in an average time of 1 min 35 s, 
a reduction of 97.5% in counting time [85]. Reproducibility of repeated HACC 
analysis was 100%. The average percentage of false positives compared to true 
positives was calculated to be 20%. False positives were caused by similar sounds 
such as laughter, loud bangs and other subjects coughing [85].

The VitaloJAK consists of two microphones (contact and free-field) and an MP3 
recorder [90]. The counting has to be done manually but on a condensed version of 
24-h recording into 1.5-h-long version [90]. Thus human factor plays a role in its 
accuracy which increases with experience of the user and makes this system more 
time-consuming compared to fully automated system like Leicester cough monitor 
(LCM) [90]. In contrast, the LCM comprises of a free-field microphone and an MP3 
recorder [91]. It has automated specifically designed software for cough detection. 

Table 15.2 Signals and sensor types for monitoring cough (adapted from [83, 84])

Signal Sensor
Sound detection based Free-field microphone

Air-coupled microphone
Contact microphone

Movement detection based Electromyography
Accelerometer
Induction plethysmography
Optoelectronic plethysmography
Impedance plethysmography
Piezo transducer based
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This system also requires minor refinement by an operator (5 min per 24-h record-
ing). The sensitivity and specificity for cough detection are very good [91, 92].

One study examined the accuracy of a sound-based cough monitor for detect-
ing and discriminating patient cough from environmental cough [93]. In a hospi-
tal ward, they obtained sound recordings from five patients; each has 15-min 
recordings using the Leicester Cough Monitor (LCM), a sound-based cough 
monitor (‘semi-automated counts’). There were 65 patient coughs and 78 envi-
ronmental coughs (manual counts). Absolute agreement for patient cough count 
between all three measurement methods (LCM automated, live and manual 
sound counts) was high, with intra-class correlation coefficient of 0.94 [95% 
confidence intervals (CI): 0.74, 0.99]. The proportion of exact agreements for 
patient cough between LCM and manual count was 0.92, and kappa was 0.84 
(95% CI: 0.75, 0.93). The LCM showed sensitivity of 0.94 (95% CI: 0.84, 0.98), 
specificity of 0.91 (95% CI: 0.82, 0.96), positive predictive value of 0.90 (95% 
CI: 0.79, 0.95) and negative predictive value of 0.95 (95% CI: 0.86, 0.98) for 
detecting patient coughs [93].

15.2  Future Directions for Cough Recorders

Cough recorders assessing multidimensional data such as cough intensity, fre-
quency, coughing patterns over time and sound quality would help in holistically 
assessing the impact of cough as a symptom for the patient [83]. There is no gold 
standard to compare in currently available cough recorders. Simple, portable and 
ambulatory monitors would help monitor cough in real-life situations [83].

15.2.1  Other Methods of Cough Sound Analyses

In addition to cough frequency, cough sounds can be analysed using a variety of 
methods. Most cough sound recorders are based on the acoustic sound analysis prin-
ciples and aim to capture quasi-periodic waveforms and harmonic frequencies. These 
can produce signatures in higher-order spectrums (e.g. bispectral or trispectral). In 
some instances when using conventional techniques, these higher-order spectral sig-
natures can be segregated. Depending on the cough sound quality recorded, conven-
tional analytical techniques would not be appropriate and largely inefficient.

The validity and practicability of several cough sound analysis protocols in scien-
tific literature are worth exploring. To start with, modern voice recognition software 
has been used to distinguish pertussis cough from other coughs [94], contributing to 
the robust classifier that assists in tracing possible pertussis cases. When the chronic 
condition of the cough is reported, it is a different challenge to assess the cough for 
asthma and/or pneumonia. It is rather complex when this condition is among adults 
and children and is not conservative. Assessing chronic cough in children is not 
straightforward and requires different protocols to assessing adult coughs [95].

While cough sound analysis research is advancing, it is apparent that different 
computer science and engineering techniques are required to analyse cough sound 
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qualities to distinguish the types of cough. For instance, finite element analyses and 
higher-order spectral (bispectral or trispectral) analyses are promising endeavours 
to tackle the cough sound quality analysis challenge.

15.2.1.1  Apps for Cough
In recent years, the clinical uses of app-based identification of cough sounds and 
identifying the likely diagnosis have emerged [96–99]. A study [100] on an auto-
mated objective classification model to categorize cough sounds into wet and dry 
class used first-, second- and third-order statistical features (e.g. formant frequen-
cies, mel-cepstrum, non-Gaussianity, bispectrum, etc.) of the cough sounds. Model 
was trained and tested on a comprehensive database of 536 coughs from 78 subjects 
(41 male, 37 female) with age range of 1 month to 15 years. The subjects included 
in the study had a range of respiratory illnesses such as asthma, pneumonia, bron-
chitis and rhinopharyngitis. The data was collected in Indonesia. The inclusion cri-
teria were patients with symptoms of chest infection: at least two of cough, sputum, 
increased breathlessness and temperature >37.5. In those with advanced disease 
where recovery was not expected, droplet precautions and NIV requirement were 
excluded. According to the authors [100], their model had a high negative predictive 
value (NPV = 93%), when scorer consensus data is used as the ground truth. This 
means that if the model classifies a cough as non-wet (dry), it is most likely that the 
two expert scorers would independently reach the same conclusion. However, the 
positive predictive value of the method compared to human scorers was lower 
(PPV = 55%). Thus, a sizable fraction of coughs classified by the model as wet ends 
up being consensus-classified as dry by human scorers. As no clinical correlation 
was undertaken, the significance of the above results is unknown.

In a study published in 2015 [99], the authors detailed a novel technique of cough 
recording system. Their cough recording system consisted of a low-noise micro-
phone having a cardioid beam pattern (Model NT3, RODE®, Sydney, Australia), 
followed by a preamplifier and an A/D converter (model: Mobile Pre-USB, 
M-Audio®, CA, USA) [99]. The output of the MobilePre USB was connected to the 
USB port of a laptop computer [99]. The nominal distance from the microphones to 
the mouth of subjects was 50 cm [99]. The actual distance could vary from 40 to 
100  cm due to the subject movement [99]. The sampling rate was Fs  =  44.1 
ksamples/s and 16-bit resolution to obtain the best sound quality [99]. The inclusion 
criteria used in the recruitment were patients with at least two of the following 
symptoms: cough, sputum, breathlessness and temperature higher than 37.5  °C 
[99]. The duration of recording for each subject was between 4 and 6 h in 24 paedi-
atric subjects aged 3–71 months having respiratory diseases such as pneumonia, 
bronchiolitis and nasopharyngitis [99]. The study showed sensitivity and specificity 
of >90% [99]. They concluded that the cough segmentation method proposed in 
their paper achieved accuracy, sensitivity and specificity of 97.3%, 92.8% and 
97.5%, respectively [99]. They also recorded Kappa agreement between the auto-
mated method and the human observer which was 0.65 [99].

There is current ongoing research on ‘Analysis of cough and breathing sounds 
obtained from clinical sites using iPhones and other recording devices’ and 
‘ResApp Research Project: Phase 2’. ResApp Company explains their approach to 
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development of cough apps. They have a machine learning approach to develop 
highly accurate algorithms which diagnose disease from cough and respiratory 
sounds. Machine learning is an artificial intelligence technique that constructs algo-
rithms with the ability to learn from data. Signatures that characterize the respira-
tory tract are extracted from cough and breathing sounds. Then matching of 
signatures in a large database of sound recordings with known clinical diagnoses is 
performed. The machine learning tools then find the optimum combination of these 
signatures to create an accurate diagnostic test or severity measure (called classifi-
cation). The company developing these apps also described the ability to diagnose 
pneumonia from cough sounds as mentioned above.

Further, the complexities of having overlapping or unclear diagnosis have not been 
considered in the above. For instance, the cough sounds associated with asthma and 
pneumonia are confounded with the disease conditions in children. Several research 
publications that involve distinguishing asthmatic cough sounds have been reported 
[97, 101–105]. Most cough sounds are described as having two phases—expulsive (or 
burst) and steady-state phases. Asthmatic cough sounds have a quasi- periodic expul-
sive phase (resulting in a wheezing sound), and the dominant frequency is in the range 
of 300—600  Hz [101]. Such quasi-periodic waveforms have phase relationships 
between fundamental and other harmonic frequencies, which can produce signatures 
in higher-order spectral (bispectral or trispectral) domains [106–117]. The estimation 
and analysis of higher-order spectral features are challenging. The waveform enve-
lopes and frequency content differ between asthmatic and non-asthmatic coughs in 
subtle ways that we expect to robustly capture sounds with bispectral features. 
Features can be extracted in many ways; however there is currently a lack of interna-
tional experts who can extract time-varying bispectral features [116, 117]. The poten-
tial of these features in the analysis of cough sounds has not yet been fully investigated 
although [105] the use of two other bispectrum features has been reported along with 
wavelet and time-frequency features for cough sound analysis.

For cough apps, it is vital that the smartphone apps in this juncture are designed 
with a comprehensive understanding of users and the outcomes anticipated. Thorough 
consideration of the design (the user interface), the screen that will be used to interact 
with the users, the amount of information the user should input and the amount of 
information the user will notice and acquire are required. These approaches are 
developed to meet the user expectations and decision-makers’ efficient attention and, 
finally, reach an effective and accurate outcome where possible with minimal risk. 
The sixth generation of computer applications is close to human cognitive capabili-
ties, hence collecting data from apps must be conducted sensitively, with a faster 
reaction time than fifth- and fourth-generation computer applications.

15.3  Summary

Cough being an important symptom in terms of health-care utilization yields itself to 
investigation in multiple facets. This ranges from defining various aspects of cough 
such as duration, quality and type to high-tech fields of studying biomechanical 

S. Gopalakaje et al.



283

properties of sounds generated in airways during the act of coughing enabling auto-
mated disease identification.

Irrespective of technological advances, children with cough require a systematic 
evaluation and approach. A complete review of cough is beyond the scope of this 
chapter, and readers are referred elsewhere for an evidenced-based approach and 
guidelines [72, 118, 119].
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16Future Prospects for Respiratory Sound 
Research

Alda Marques and Cristina Jácome

16.1  Introduction

Respiratory sounds, first presented by René Laennec in his book in 1819, following his 
invention of the stethoscope in 1816 [1], are still valuable indicators of respiratory health. 
Although other measures have become available to diagnose and monitor respiratory 
diseases (e.g., spirometry and medical imaging techniques), the information derived from 
respiratory sounds is both different and complementary to these measures. Respiratory 
sounds acquired through auscultation are nearly universally available [2, 3], inexpensive, 
noninvasive, comfortable (no need to tolerate a face mask or seal around a mouthpiece), 
and cost-effective, can be repeated as often as necessary, and require minimal patient 
cooperation [4] and health professionals’ training. Nevertheless, the subjectivity of aus-
cultation is widely recognized, which has led to a new era of developments in computer-
ized techniques for the acquisition and analysis of respiratory sounds. These techniques 
consist of recording patients’ respiratory sounds with an electronic device and classify-
ing/analyzing them based on specific signal characteristics [5–7]. Respiratory sounds are 
promising, simple measures that are sensitive to changes in the respiratory system of 
healthy people [8–10], in the presence of a respiratory condition [11–14], in different 
phases of the same respiratory condition [15], or in response to respiratory therapy [16].
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16.2  What Has Been Hindering Its Wide Application?

In the year 2000, the European Community funded a Biomed 1 Concerted Action 
project entitled Computerized Respiratory Sound Analysis—CORSA—where the 
investigations on respiratory sounds were summarized [17]. This action published 
recommendations for standardized data acquisition, procedures, and signal process-
ing techniques. However, these recommendations were not successfully transferred 
into clinical and research practice, as the different scientific areas (i.e., medicine, 
physics, informatics, and engineering) and industries continued to work indepen-
dently. To date, high-quality scientific research on respiratory sounds has been con-
ducted in three main areas: (1) development of equipment to acquire respiratory 
sounds data [18, 19], (2) development of algorithms to analyze respiratory sounds 
[20–24], and (3) understanding the mechanisms behind the generation of respira-
tory sounds and their clinical meaning in healthy people and in people with a respi-
ratory condition [16, 25–29]. Nevertheless, experts within these areas have 
historically not communicated effectively, and therefore, despite decades of 
research, the scattered nature of the research produced has meant that there is still 
no accepted standard on the acquisition, analysis, and clinical interpretation of 
respiratory sounds. This lack of effective communication led to a significant amount 
of research being produced, even after the release of CORSA, with different meth-
odologies and nomenclatures, making comparisons among studies very difficult and 
hindering knowledge advance on respiratory sounds.

More specifically, the wide application of respiratory sounds has been limited 
by the:

 1. Uncertainties on respiratory sounds origin, mechanisms, acoustic characteris-
tics, and clinical meaning

 2. Difficulties acquiring high-quality data at the bedside with minimal setup
 3. Paucity of algorithms providing real-time analysis and simple reports
 4. Lack of consensus on the terminology used worldwide to describe respiratory 

sounds
 5. Challenges with integrating respiratory sounds into electronic health records 

systems
 6. Lack of consensus on respiratory sounds acquisition, analysis, and interpretation 

considering the new advances of research
 7. Scarce investment in training students and health professionals on respiratory 

sounds

16.3  Future Prospects for Respiratory Sound Research

The future prospects for respiratory sound research should focus on overcoming 
these identified barriers, which we here proposed to be organized in three main 
areas: (1) basic and clinical research, (2) equipment, and (3) knowledge translation 
(Fig. 15.1).
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The future prospects for each of these three areas are discussed next, aiming at 
encouraging research within this field and enhancing the routine use of respiratory 
sounds.

16.3.1  Basic and Clinical Research

Although many advances on respiratory sound research, namely, their origin, 
mechanics, acoustic characteristic, and clinical meaning, have been achieved [9, 27, 
30–38], much remains unknown and needs validation or further expansion. For 
example, there is still debate regarding the sounds of contentious classification: (1) 
rhonchus and low-pitched wheezes; (2) origin and mechanisms of squawk [4, 34] 
and wheezes, beyond the “fluttering” mechanism [27]; (3) normal respiratory sounds 
at different ages; and (4) sounds of extra-thoracic origin (e.g., stridor and grunting).

It is clear that the present era, which is based on technology, offers immense 
potential for acquiring, storing, analyzing, and transferring respiratory sounds, but 

Basic and clinical research
· Mechanisms
· Characteristics
· Clinical meaning
· Clinical applications

Knowledge translation
· Systematic reviews
· Consensus 
· Training
· Repository

Equipment
· Digital stethoscopes
· Mobile solutions
· Machine-learning algorithms
· Decision support systems 

Fig. 15.1 Areas identified for respiratory sounds future research
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the basic acoustic characteristics of many respiratory conditions remain to be 
established: What are the differences among them (obstructive, restrictive, infec-
tious respiratory conditions)? How do they vary considering age, gender, body 
position, airflow, and environmental noise? How do they respond to different thera-
pies among others? It is therefore inconclusive how the new technology and respi-
ratory sounds can contribute for the routine diagnosis and management of 
respiratory conditions in different populations and settings. Thus, basic science, as 
well as the application of basic research in clinical settings, needs to be conducted 
to further enhance our understanding on respiratory sounds, their clinical meaning, 
and potential applications.

It is known that frequencies and intensities of respiratory sounds, even in healthy 
people, vary between different chest locations [39] and strongly correlate with air-
flow [40] and that low frequencies are mainly due to sound wave propagation 
through the parenchyma, while higher frequency sounds are mainly propagated 
through airways [41]. Additionally, frequency and intensity of respiratory sounds 
have been found to be sensitive even to small changes (changes as little as 10% in 
forced expiratory volume in 1 s—FEV1) [42–44]. An equipment capable of detect-
ing and displaying this information quickly and in a user-friendly manner would 
provide noninvasive valuable information about the regional ventilation and airflow 
obstruction within the lung and trachea. Such information is currently not possible 
to obtain with any other simple measures and would be much informative to moni-
tor sleep apnea [45]. However, further clinical research is needed.

Adventitious respiratory sounds have also shown to be promising to contribute 
for the diagnosis [11] and monitoring [16] of several respiratory conditions, but 
the old-dated studies based on relatively low-quality data reported have limited 
conclusions. Nevertheless, it seems established that wheezes (i.e., percentage of 
the respiratory cycle occupied by wheezes) provide crucial information on the 
degree of airflow obstruction in adults [43, 46] and children [47–51], being par-
ticularly important in children as pulmonary function tests are difficult or impos-
sible to perform. The presence of crackles has also been considered an early sign 
and associated with several respiratory conditions. Characteristics of crackles, 
such as type (i.e., coarse or fine), frequency, duration, and number per respiratory 
phase and cycle, have been also considered as differentiator parameters across 
conditions and in (non)response to therapy [13, 52–58]. Therefore, given the 
promise value of adventitious respiratory sounds for the assessment of respiratory 
health status, further research should also focus on the analysis of the main param-
eters of crackles and wheezes, in healthy people [10] and in people with respira-
tory conditions [11, 16].

Another area that needs to be further explored is the potential of respiratory 
sounds as outcome measures in respiratory conditions. This may include investigat-
ing the effect of therapeutic interventions (e.g., invasive and noninvasive ventila-
tion, bronchodilator, bronchoprovocation challenge test, exercise training, 
respiratory physiotherapy, and pulmonary rehabilitation) on respiratory sounds. In 
addition, it is important to define the parameters of respiratory sounds with higher 
sensitivity to change.
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16.3.2  Equipment

Much equipment for respiratory sounds acquisition exists [7, 19, 59–64]. However, 
none has ever fully meet health professionals’ standards for clinical implementa-
tion. Developing, testing, and using new, highly portable, user-friendly, with mini-
mal setup, and low-cost equipment (hardware and software) for respiratory sounds 
acquisition and analysis are essential to have a simple and quick way to obtain rich 
information about a person’s respiratory health. Such equipment would be easily 
used in diverse populations (even in noncooperative patients, such as infants, those 
with impaired cognitive function, or ventilated patients), and in diverse environ-
ments (e.g., bedside or tele-monitoring patients). This is currently available for 
other biomedical signals, such as blood pressure or peripheral oxygen saturation.

16.3.2.1  Acquisition of Respiratory Sounds
The challenge is to have a sensor and/or several sensors with minimal mass, wide 
bandwidth as possible, be relatively insensitive to environmental noise, and com-
bine processing power, storage, analysis programs [38], and audiovisual displays in 
real time in a hand-held user-friendly device. To answer these needs, technological 
developments and research in two target areas are crucial: digital stethoscopes and 
mobile solutions.

Advances in digital stethoscopes have been the main focus of universities and 
companies in the last decade, which currently allows acquiring high-quality respira-
tory sounds. However, the relatively high cost of these devices has limited its use 
both in developing and developed countries [65]. In the next years, more efforts 
should be made to produce smaller, lighter, and low-cost digital stethoscopes, main-
taining the achieved quality of the recordings. This would facilitate the widespread 
use of respiratory sounds.

Mobile solutions, such as mobile apps, also have the potential to increase the use 
of respiratory sounds by delivering ubiquitous, dynamic, and user-centered solu-
tions. Smartphones are now common in most parts of the world [66] and have the 
advantages of being personal, portable, connected, increasingly low cost, and com-
putationally powerful. It is believed that the development of mobile solutions would 
facilitate the use of respiratory sounds by students and health professionals. In addi-
tion, it would be an important step to increase the use of respiratory sounds for 
self- monitoring purposes by patients and caregivers. Some encouraging first steps 
have already happened, as is the example of the Lung Sound Recorder app (https://
p lay.google .com/s to re /apps /de ta i l s? id=com.mobi le technologylab.
lungsoundrecorder&hl=en) or the CliniCloud app (https://clinicloud.com/en/app), 
however, much more is needed.

In addition, equipment and systems to acquire and analyze respiratory sounds in 
real time should connect respiratory sounds information to other clinical data, 
namely, with electronic health records systems. Even though we live in the era of 
telecommunications and mobile solutions, such products are not yet available. It is 
therefore clear that much has to be done before we can have a system “off-the-shelf” 
to be used in routine clinical practice.
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16.3.2.2  Analysis of Respiratory Sounds
The automated recognition and rejection of artefacts, as well as identification of 
normal and adventitious respiratory sounds and noise cancellation, need to be 
refined. Significant work has been developed [67], and several algorithms have been 
proposed to detect normal respiratory sounds [68, 69], crackles [24, 70–73], 
wheezes [20, 74–78], and respiratory cycles [5, 79–82], to perform active noise 
cancellation in high-noise environments [83, 84], and to separate adventitious respi-
ratory sounds [73, 85, 86] and/or heart sounds [87, 88] from normal respiratory 
sounds. However, none has been widely accepted. Moreover, there is also a need to 
have algorithms adjusted to the parameters that influence respiratory sounds, such 
as gender, age, body size, body position, place where the sound is being auscultated, 
airflow, and presence or absence of a respiratory condition. Machine-learning algo-
rithm, which possesses artificial intelligence that learns from past experiences, 
allowing the tools to function more accurately, is believed to be one of the best 
strategies to deal with respiratory sounds’ characteristics, and it is where research 
has been currently focusing. A recent systematic review showed that the use of 
machine-learning techniques for respiratory sounds analysis is still preliminary, 
with the artificial neural networks and k-nearest neighbor algorithms being the most 
used [89]. This work also recommended that future research should focus on more 
advanced machine-learning algorithms and also hybrid machine-learning tech-
niques for respiratory sounds analysis [89]. Therefore, accelerating the develop-
ment of machine-learning algorithms is another area where much research is needed 
to commercialize respiratory sounds for use in a clinical environment.

16.3.2.3  Integration of Respiratory Sounds in Decision Support 
Systems

Respiratory sounds have diagnostic and monitoring potential not only for health 
professionals but also for community health workers, first-line care providers, and 
patients themselves.

If user-friendly and low-cost equipment become available, what is then essential 
is to integrate respiratory sounds information, using audiovisual techniques, in elec-
tronic health records, where other clinical information should be already compiled. 
This would allow the development of robust clinical decision support systems and 
would have potential to positively impact on healthcare delivery. The centralization 
of the information will also reshape the healthcare provided by allowing bedside or 
remote assessment in different populations and settings, transmission to specialists 
for second opinions, and activation of decision support algorithms.

Recordings could be performed by any person, and reports could be automatically 
generated, providing clinical guidance, even in lay language. This would empower 
not just health professionals but also patients and the whole community to manage 
their own health and disease. The vision is that every citizen, irrespective of profes-
sional background or literacy (e.g., health professionals, community health workers, 
patients, caregivers, citizens), would benefit from the integration of respiratory 
sounds with other clinical data in real time to help in the estimation of respiratory 
health status in the short and intermediate term. In the long term, predictive computer 
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models integrated in decision-making systems could process clinical data (including 
respiratory sounds) in real time to predict how the patient’s health would evolve in 
the near future. Such predictions could then be used in wearables to empower 
patients, carers, and citizens for self-management of health and well-being.

It is known that self-management and prompt treatment of respiratory exacerba-
tions in patients with asthma, COPD, and other respiratory conditions reduce the 
use of health resources (e.g., hospitalizations, pharmacologic therapies), saving 
healthcare costs [90, 91]. By enabling access to this comprehensive information in 
telecommunications and mobile apps, empowerment to manage health and disease 
will be given not only to health professionals but also to community health workers, 
first-line providers, caregivers, and patients themselves. This may result in more 
cost-effective healthcare systems by enabling the management of respiratory dis-
eases outside healthcare services and improving outcomes, and/or by encouraging 
healthy citizens to remain healthy.

Approaches that provide patients with active information suppliers have already 
demonstrated their viability in preventing and following up heart diseases. These 
systems integrate displays in personal health records and electronic health records, 
resulting in higher adherence to clinical guidelines [92]. A good example of these 
systems is the MobiGuide, which is a telemedicine system based on computerized 
clinical guidelines and adapted to a mobile environment. MobiGuide provides per-
sonalized medical decision support for patients with chronic illnesses, such as car-
diac arrhythmias, diabetes, and high blood pressure (http://www.mobiguide-project.
eu/). There are also promising results in respiratory sounds: tele-monitoring respira-
tory sounds for predicting acute exacerbations of COPD [93], tracheal sounds for 
distinguishing people with and without asthma [94], and phonopneumogram for the 
analysis of respiratory sounds based on smartphones [95]. Therefore, much research 
is needed to ultimately empower people and decrease the burden of respiratory dis-
eases worldwide.

16.3.3  Knowledge Translation

The value of respiratory sounds does not depend only on evidence-based research 
and technological advances but also on making different stakeholders (i.e., health 
professionals, researchers, patients, and caregivers) communicate using the same 
terms and follow the same methodologies and principles of interpretation that 
new advances of science propose. This falls into the concept of knowledge 
translation.

Knowledge translation is a relatively new concept that has been highly recom-
mended to facilitate the transfer of high-quality research evidence into clinical prac-
tice and community [96, 97]. Different terms have been found in the literature to 
define knowledge translation, e.g., knowledge transfer, knowledge exchange, 
research utilization, implementation, dissemination, and diffusion [98, 99]. 
According to Rubio et  al., knowledge translation is when research findings are 
moved from the researcher’s bench to the patient’s bedside and community [100]. It 
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develops in two stages: stage 1, transfers knowledge from basic research to clinical 
research, and stage 2, transfers findings from clinical studies or clinical trials to 
practice settings and communities, where the findings improve health [100]. The 
primary aim of knowledge translation is to address the gap between evidence-based 
research and its implementation by stakeholders (i.e., researchers and knowledge 
users—health professionals, decision-makers, and patients) with the intention of 
efficiently improving healthcare system and health outcomes [101].

Knowledge translation has been successfully applied in several areas of health 
research, such as mental health [102, 103] and cancer [104], with short- and long- 
term benefits. The benefits observed in different healthcare areas have been receiv-
ing increasing interest from national and international respiratory societies [105], 
mainly due to recognition that the traditional approaches used to move research into 
practice (i.e., approaches based on education, such as continuing professional devel-
opment, did not lead to optimal care [97]).

Respiratory sounds need an urgent basic unit of knowledge translation. This unit 
may develop up-to-date systematic reviews or other syntheses of research findings 
to identify the key messages for different target audiences. Then, these messages 
have to be fashioned in language, and knowledge translation products that are easily 
assimilated by different audiences [97].

In the light of the new scientific advances, the terminology, acquisition, analysis, 
and interpretation of respiratory sounds need consensus and knowledge transfer to 
different audiences. A recent European Respiratory Society Task Force was con-
ducted, and several recommendations to standardize respiratory sounds nomencla-
ture at international and national levels have been published [106]. This initiative 
started to address a need identified a long time ago [107]. However, it is known that 
historically the adoption of new terminology has been slow and not uniform [106]. 
Thus, it is imperative to conduct research on strategies to disseminate these recom-
mendations, based, for example, on the knowledge transfer strategies previously 
proposed [97], and to assess the impact of their use in clinical practice. Some exam-
ples could include:

• Using audio-visual recordings of respiratory sounds, with the recommended ter-
minology, for training auscultation skills and examining students and for advance 
training of health professionals

• Using audio-visual recordings of respiratory sounds in educational materials, 
meetings, and outreach activities

• Adding audio-visual recordings of respiratory sounds as a measure in studies 
that collect other respiratory measures, namely, pulmonary function and struc-
tural and functional medical imaging studies, which may lead to better apprecia-
tion of the strengths and limitations of respiratory sounds

Significant advances since the last standardization of computerized respiratory 
sound analysis [36] have been achieved. Almost two decades have passed, and it 
is now the time to develop new standards for acquiring, analyzing, and 
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interpreting respiratory sounds by critically evaluating the current knowledge on 
respiratory sounds profile, acquisition, and analysis procedures. A Delphi survey 
with  different stakeholders (e.g., researchers, health professionals, engineers, 
patients, industry) followed by a consensus meeting could also be conducted in 
the near future. This new consensus would be fundamental to boost respiratory 
sounds used in different contexts and populations and would start the knowledge 
transfer on respiratory sounds to different audiences, reducing the evidence- 
practice and policy gaps.

It would also be of great value to have a publicly available repository of large 
datasets of respiratory sounds, based on high-quality recordings and annotated by 
several experts (e.g., respiratory phases and adventitious respiratory sounds). This 
repository could then be used as gold standard to train students and health profes-
sionals on respiratory sounds and to develop, train, and validate algorithms. 
Additionally, it would also be a simple and standardized way to share information 
and could then be used by different stakeholders to develop and consolidate knowl-
edge and disseminate respiratory sounds. A good starting point that could be further 
expanded is the “Reference Database of Respiratory Sounds” in the e-learning 
resources of the European Respiratory Society (http://www.ers-education.org/e-
learning/reference-database-of-respiratory-sounds.aspx).

 Conclusion

Future prospects for respiratory sound research holds some exciting challenges 
that can be summed into:

• Developing basic and clinical research on respiratory sounds
• Developing a hand-held, user-friendly, and low-cost equipment to collect and 

automatically analyze respiratory sounds frequency, intensity, and presence 
and characteristic of adventitious respiratory sounds

• Integrating the information acquired with equipment developed into elec-
tronic health information databases to be used as part of decision support 
systems

• Establishing a knowledge translation package composed by several strategies, 
namely, systematic reviews and consensus for the terminology; acquisition, 
analysis, and interpretation of respiratory sounds based on new research; and 
integrating several stakeholders

Together all these advances will take respiratory sounds from bench to routine 
clinical practice and ultimately contribute for decreasing the burden with respira-
tory diseases.
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17In Pursuit of a Unified Nomenclature 
of Respiratory Sounds

Kostas N. Priftis, Maria Antoniadi, and Hans Pasterkamp

17.1  Introduction

Audible noises associated with breathing are a common clinical sign. They may be 
of particular usefulness in clinical diagnosis. However, patients as well as caregivers 
use a variety of rather descriptive terms to report respiratory sounds, and this can 
often be misleading [1–3]. Physicians may also use confusing terminology when 
they try to convey various respiratory noises to colleagues [1, 2, 4–7]. Consequently, 
doctors’ documentation and interpretation of their patients’ respiratory sounds may 
differ, relying largely upon the wording they or their discussants use.

Correct interpretation of respiratory sounds that are reported by parents and care-
givers, or even by health care professionals, depends on common medical and lay 
language terminology in various countries and regions [3, 5, 8, 9]. In each language, 
medical terminology has its own evolutionary dynamics according to the verbal 
richness, the depth, and the degree of dependence on other dominant languages. 
Even within the same language, regional dialects may create special difficulties in 
the understanding of certain terms [10–12].

This chapter will provide an overview of the survey undertaken in the context of 
the European Respiratory Society (ERS) Task Force on Respiratory Sounds (2012–
2014) [13], investigating the current nomenclature in the languages of European 
countries.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_17&domain=pdf
mailto:kpriftis@otenet.gr
mailto:hans.pasterkamp@umr.umanitoba.ca
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17.2  Terms Confusion

Laennec recognized early on that breath sounds were easier to distinguish than 
describe [14, 15]. The difficulty in description resulted in a variety of terms used for 
the same sound by different doctors and to different sounds described by the same 
term. This confusion may be even more pronounced when the same sound is 
described in different languages, e.g., in Sir John Forbes’ famous translation of 
Laennec’s terms “rale” and “rhonchus” as having different meanings rather than the 
same meaning as was originally intended [15, 16].

This situation is captured in the imaginary dialogue between Dr. Laennec and Dr. 
Forbes 140 years later, published in The Lancet in 1957 [17].

You mean adventitious sounds, said Forbes. I was very pleased with my translation of bruits 
étrangers by adventitious sounds. But what about the word râles? It really is very desirable 
that some name might be found for the phenomenon which would prove generally accept-
able to English physicians. In my first edition, I translated râle by the nearest synonym of 
rattle but hardly anyone would adopt it. In my next edition I put, rattle or rhonchus. In my 
fourth edition I put just rhonchus as a translation, and really prefer this, as did C.  J. 
B. Williams. As a matter of fact, most people use the original French term râle in this coun-
try, but there are several objections to its use.

In 1985, at the tenth meeting of the International Lung Sounds Association, an ad 
hoc committee recognized that written or oral descriptions of what is heard with a 
stethoscope on auscultation of the lungs continued to be an “acoustic Tower of 
Babel” [18]. This was considered to be due primarily to the difficulty of physical 
qualification of auscultatory findings and consequently to the difficulties arising 
when terms of uncertain meaning are translated from one language to another. At 
this meeting the committee agreed on a classification that included fine and coarse 
crackles, wheezes, and rhonchi. This terminology was described in terms of acous-
tic properties without assuming any generating mechanism or location and has since 
been widely cited. In addition, matching terms were presented in French, German, 
Japanese, Portuguese, and Spanish [18, 19].

Although other classification attempts are well known in the literature, they did 
not aim at matching terms in other languages [17–22]. The European Respiratory 
Society (ERS) Task Force on Breath Sounds (2012–2014), in an effort to unify the 
nomenclature for respiratory sounds at national and international levels, investi-
gated the current terminology in the languages of most European countries.

17.3  The European Survey

17.3.1  Methodology

17.3.1.1  National Collaborators and Languages
Collaborators in the survey of lung sound nomenclature in European countries had 
either volunteered at ERS Assembly meetings to participate in this project or were 
identified from the ERS directory as national representatives and/or ERS members. 

K. N. Priftis et al.
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In the recruitment of collaborators, priority was given to those who had author- 
related publications or otherwise expressed an interest in the area of lung sounds. 
The aim was to achieve national representation in both pediatric and adult respira-
tory medicine from each European country. The number of participants from each 
country at the original design was decided considering the size of the country and 
the number of official languages spoken.

The criterion for a European country to be included in the survey was the total 
population and the collaborators availability [22]. For practical reasons, only those 
with more than 1,000,000 inhabitants were considered [23]. The goal was to obtain 
at least two replies from each country.

17.3.1.2  Questionnaire
An invitation to participate in the survey was sent by email. National collaborators 
then received a link to an online questionnaire. To improve the response rate of 
completing, a total of three reminders were sent over the course of 2 months.

Collaborators were asked general questions regarding the difficulties in translat-
ing terms from the English breath sound nomenclature to their national language, 
terms in their language, which are different than the exact translations of the English 
equivalent, and their opinion in any need for an international nomenclature unifica-
tion (Table 17.1).

In addition to these, there were questions about the translation of specific terms. 
The English nomenclature in the questionnaire was based on a recent review by 
Bohadana et al. [24] (Chap. 5).

The national collaborators were not asked for suggestions regarding terms to be 
used in their language but rather about the current use “in your language.”

All the officially recognized European languages spoken in these countries were 
included [23], as European were considered not only current members of the 
European Union but the geographically determined countries. Dialects, as a particu-
lar form of language which is peculiar to a specific region or social group, were not 
considered.

17.3.2  Results

A total of 66 completed surveys (64 from countries other than the UK) were received 
from a total of 99 invitees. The response rate was 76% to the first mailing and 53%, 
31% and 27% to the next iterations. The completed questionnaires represented 34 
countries and 29 languages (Table 17.2).

In five languages responses were in non-Latin alphabets (Bulgarian, Greek, 
Macedonian, Russian, and Ukrainian). Google Translate and ushuaia.pl, as online 
transliteration tools for both of Latin- and non-Latin-alphabet languages were used.

The term “normal lung sounds” was used in 24 out of 29 languages, while the 
term “vesicular sounds” was used in 19 out of 29. “Murmur” was mentioned in 6 out 
of 29 languages to describe normal (basic) sounds.

Impressively, the term “stridor” was used literally the same in all but one lan-
guage (Greek), while the term “wheeze” was listed in six.

17 In Pursuit of a Unified Nomenclature of Respiratory Sounds
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Table 17.2 Countries and national collaborators from each participated in the survey

Country Language National collaborator(s)
Albania Albanian Hasan Hafisi
Austria German Horst Olschewski
Belgium Dutch, French Glenn Leemans, Christiane DeBoeck, Giuseppe Liistro, Guy 

Postiaux
Bulgaria Bulgarian Daniela Petrova, Stoyanova Guergana Petrova
Croatia Croatian Marko Jakopovic, Banac Srdan
Cyprus Greek, 

Turkish
Tonia Adamide, Panayiotis Yiallouros

Czech Rep Czech Frantisek Salajka, Petr Pohunek
Denmark Danish Anders Lokke
Estonia Estonian Mall-Anne Riikjarv
Finland Finnish Matti Korppi
France French Emmanuel Andres, Bruno Crestani, Michael Fayon, Sylvain 

Blanchon
FYROM Macedonian Kamelija Busljetic, Emilija Vlashkie
Germany German Christophe Lange, Monika Gappa
Greece Greek Micheal Anthracopoulos, Petros Bakakos
Hungary Hungarian Ildiko Horvath, Bánfi Andrea
Ireland English Desmond Cox
Italy Italian Stefano Aliberti, Antonio Foresi, Diego Peroni, Fabio Midulla
Latvia Latvian Renate Snipe, Dace Gardovska
Lithuania Lithuanian Arunas Valiulis
Netherlands Dutch Peter Merkus, Luuk Willems
Norway Norwegian Espen Carslen, Kai-Håkon Carlsen
Poland Polish Joanna Domagala-Kulawik
Portugal Portuguese Antonio Bugalho, Ines Azevedo
Romania Romanian Diana Ionita, Mihai Craiu
Russia Russian Rustem Fassakhov, Elena Kondratyeva
Serbia Serbian Miodrag Vukcevic, Predrag Minic
Slovakia Slovakian Brezina Martin
Slovenia Slovenian Rozman Ales, Uros Krivec
Spain Spanish Julio Ancochea, Cesar Picado, Manuel Sánchez-Solís, Antonio 

Martinez-Gimeno
Sweden Swedish Gunilla Hedlin, Göran Wennergren
Switzerland German Juerg Barben, Daiana Stolz
Turkey Turkish Füsun Yildiz, Bülent Karadag
UK, Wales English Ian Ketchell, Iolo Doull
Ukraine Ukrainian Alexander Mazulov, Tetyana Pertseva

“Rhonchus” was used in the same or very similar form in 17 languages, while 4 
used “rales” and 2 out of 29 used “crackles.”

The term “crepitations” were reported in 16 out of 29 languages to describe fine 
crackles. One report from France mentioned the interchangeable use of “rale” and 
“rhonchus.”

For the term “pleural friction rub,” about all of the language either adopted the 
roots of the words or use the corresponding ones in the given language.

17 In Pursuit of a Unified Nomenclature of Respiratory Sounds
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For only 10 out of 34 languages collaborators mentioned a term corresponding 
to “squawk,” while 49 out of 64 responses stated that no such term exists in their 
language.

In general, 25 of collaborators considered that they were facing problems in trans-
lating the breath sounds terms in their own language. Sixty out of 64 (94%) agreed 
that there is a need for a unified international nomenclature on respiratory sounds.

There was no country with a complete agreement on all terms by the respective 
collaborators. In six there was agreement in at least one term. Interestingly, the dif-
ference was wider between adult and pediatric respondents, although the cases were 
too few to analyze.

17.4  Discussion

The initiative to unify the most common respiratory sounds nomenclature in the 
languages of European countries in the context of the ERS Task Force was pre-
sented. It was ascertained that many languages have their own terminology, while 
other have adopted the English terms verbatim or the corresponding translations. 
Furthermore, differing descriptions between collaborators from the same countries 
were frequently observed. The clarity of the meaning of terms varies. There are 
some that are used almost uniformly in the same sense, while some others used 
distinctly differently in different languages.

The most clear observation regarding the studied terms was for the term “stri-
dor,” since all of the collaborators indicated as the corresponding one in their own 
language the very same word, properly adopted, apart from Greeks. Nevertheless, 
even in Greek, the proposed terms were either exclusively used for stridor (“sig-
mos”) or the one used for wheeze (“sirigmos”) with the descriptive adjective “inspi-
ratory” (“ispnefstikos”). By contrast, the term with the most confusing and 
contradictory usage in about all languages was the term “rhonchus.” This finding 
has already extensively discussed in the recent literature [7, 11]. In half of the coun-
ties, collaborators reported the same (adapted) word as a translation of “rhonchus,” 
whereas in a few, it was apparently used for other sounds as well. Interestingly, both 
of the abovementioned terms come from Latin. The word “stridor” originates from 
the Latin stridere, stridēre (shrill or harsh sound) of imitative origin [25]. The word 
“rhonchus” comes through Latin from the Greek ῥόγχος (rhónkhos), variant of 
rhenkos, rhenkhos, from ῥέγχειν, ῥέγκειν (rhenkein, to snore, snort) of imitative 
origin again [26, 27]. Nevertheless, the former term has been adopted unequivocally 
and almost uniformly (Norway and Finland may use “inspiratory wheezing” in their 
respective languages), whereas use of the latter remains confused. Obviously, it is 
not the term per se, but its use over the last two centuries.

Terms referred to noncontinuous respiratory sounds mostly used the word “crep-
itations” adapted to the corresponding language. No one outside of native English 
speakers used “crackles”; a few used the word “rales” and interestingly two the 
descriptive “Velcro rale” which has occasionally been reported for fine crackles as 
the sound heard when separating the joined strips of Velcro closures [28].
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The main strength of this survey is the coverage of close to 1.5 billion first- language 
speakers. This is the largest sample of lung sound terms currently in use in Western 
languages through a structured approach with reference to English terminology.

However, there are also some limitations. Only a small number of specialists 
reported for each country. The aim of two responders and equal pediatric/adult rep-
resentation from each country was not achieved in all cases. Also, there were some 
unresolved discrepancies, no ranking of multiple options, and no independent reverse 
translation.

In short, the nonuniform use of terms describing adventitious lung sounds, espe-
cially the noncontinuous and low-pitched continuous ones, is common and wide-
spread in European languages. It appears that more formal research and educational 
initiatives are needed.
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18Epilogue

Mark L. Everard, Kostas N. Priftis, 
and Leontios J. Hadjileontiadis

It is argued that the coming two decades will see a fundamental revolution in ‘medi-
cine’ and health that will completely transform the field and how health care is 
viewed [1, 2]. In a world in which many predict that health care and ‘wellness’ will 
be transformed by the power of the smartphones, computerisation and the ever more 
rapid advances in sequencing technologies, what is the future of the humble, low- 
tech conventional stethoscope? In considering this question, it should be remem-
bered that the revolution in European health care that was taking place around the 
late eighteenth and early nineteenth centuries was just as dramatic as that that is 
apparently underway in the first half of the twenty-first century. Laennec was a key 
player in this revolution in which the physician evolved from a professional operat-
ing largely on beliefs based on pseudo-‘philosophical’ ideas with no scientific basis 
to one that has a belief in trying to apply sound scientific insights (the sensible 
physician knowing that much of what he believes is scientifically sound may prove 
to be false as knowledge progress over time). Laennec’s insights, largely derived 
from his expertise in morbid anatomy, generated new knowledge and help embed 
the notion that, in order to develop effective therapy, we needed to try and under-
stand the disease process based on scientific rigor rather than abstract speculation. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71824-8_18&domain=pdf
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He was one of the pioneers of that era who developed the concept that all contem-
porary ‘knowledge’ needs to be challenged and revised where it is found wanting.

In developing the stethoscope, he launched the concept that information regarding 
the nature of an individual’s ill health may be inferred from interpretation of data 
generated with tools that augmented the clinicians’ five senses. In the respiratory 
field, it was the first of a number of technologies that have been developed in the 
intervening two centuries that includes X-rays, bronchoscopy, spirometry, CT scan-
ning and PET scanning. With effort, the radiation exposure from a CT scan can be 
reduced to less than that of an AP+ lateral chest X-ray (Murray C, personal commu-
nication) providing infinitely greater information with no additional radiation, yet 
there is no expectation of the immediate demise of the CXR. It remains by far the 
most widely used adjunct to clinical assessment, and despite predictions of its immi-
nent demise that have been repeated over the decades, sales of stethoscopes continue 
to rise [3]. Much of the rise in sales of conventional stethoscopes is occurring in 
developing countries, while sales of electronic stethoscopes for bedside and tele-
health use continue to grow in developed countries [3, 4]. In the veterinary world, a 
very large pharmaceutical company has recently made a considerable invested in a 
‘stethoscope’ and automated analysis system that would directly inform farmers 
when to consider treating cattle being monitored, indicating that such systems will 
continue given the economic impact they may have [5].

The symbolic power of the stethoscope should not be underestimated even in this 
high-tech era. In a recent study in which members of the public were shown photo-
graphs of a man in which one or more items associated with doctors, such as the 
stethoscopes, otoscope, theatre scrubs and tendon hammer, the individual in the 
photographs containing a stethoscope scored consistently higher as appearing to 
manifest each of the following attributes—honest, trustworthy, genuine, ethical and 
moral [6]. This boost in the effectiveness of consultations in itself would justify the 
small investment in a stethoscope.

However, it is as a practical, valuable, adjunct to the clinical assessment that will 
see the stethoscope remaining the first medical device a medical student will invest 
in (other than their smartphone). The problem with any piece of technology is that 
when used effectively and appropriately, it can enhance our lives and effectiveness 
but if misused, because of lack of effective training and a failure to appreciate its 
strengths and weaknesses, its application may be deleterious. Most doctors, hope-
fully, understand that a ‘silent chest’ is of great concern in someone with a significant 
exacerbation of asthma; yet, few seem to appreciate that the lack of ‘added’ or adven-
titial sounds does not exclude significant pathology, as, for example, in those with a 
persistent bacterial bronchitis who typically have a clear chest but a wet cough when 
asked to cough. Similarly, most medical students appear to be taught that additional 
respiratory sounds are either crackles or wheeze. Hence, if an added sound is not 
clearly a crackle, then it must be a wheeze or a ‘transmitted sound’ (a curious term 
given that all sounds are transmitted from somewhere, but, in this context, the clini-
cian is assuming, often erroneously, that it is apparently transmitted from the upper 
airways).
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The preceding chapters highlight the ongoing challenges in trying to describe the 
sound reaching our ears via this apparently simple device and communicate this in 
a meaningful manner to another. The suggestion that automated analysis will help 
clear this confusion is yet to be confirmed despite decades of work.

Two hundred years ago, Laennec described five sounds that he repeatedly heard 
when listening to patients with pulmonary disease and through his obsessional 
attention to details developed an in-depth understanding of the likely implication. 
While not perfect, his work still stands as probably the most logical and least con-
fusing approach to nomenclature being developed at a time when there were no 
other tools available. Since then, the development of a variety of imaging modalities 
and techniques for assessing ‘lung function’ has greatly enhanced our ability to 
characterise the nature of pulmonary disease, but none to date has replaced the need 
for a good history and careful examination. It remains to be seen whether the latest 
‘medical revolution’ utilising the power of systems biology approaches to integrate 
data including that generated by the new ‘omnics’ technologies, such as phenomics, 
epigenetics and microbiome sequencing, will, eventually, replace the need for the 
central role of the doctor-patient discussion and examination, thus, eventually see-
ing the stethoscope relegated to the museum. In fact, medicine is moving back to the 
patient’s narration of his/her disease, a narration given by various types of gadgets 
and new communication means, even via “medical selfies”! Not only will these 
gadgets mean medical staff will need to touch patients less, they will also put a mass 
of data about a person’s body into his/her own hands. This clearly raises the ques-
tion: “What does this do to the professional - does the doctor become a coach, a 
servant or an adviser - what will the new role be?” Doctor, eventually, must go back 
to the bedside; to be an interpreter of symptoms—so she/he can learn every possible 
aspect of what the patient is feeling and experiencing. From this perspective, there 
is no immediate prospect that the stethoscope will disappear during our professional 
lifetime!
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