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Foreword  
Immediately after I finished my medical training at the University Hospital in Monterrey, Mexico I 

decided to join a project where I worked a whole year as a general practitioner in a remote area near the 

border between Mexico and Guatemala. No phone, no internet and the nearest hospital eight hours by 

road (when it was even open). There had never been a clinic before in this little town and the resources 

were scarce.  Most of the medicine I learned in the university hospital, was of no use there, since  we 

had no access to practically any diagnostic tools. But I knew well my semiology, I had my hands and I 

had my stethoscope. I got surprisingly far with these tools. 

However, when I was in need to make more subtle clinical differences with the stethoscope I noticed 

that in my thick book of internal medicine there was not very good information about how much I could 

or should trust my findings. Most evidence presented was related to the newest diagnostic techniques, 

something that the patients I served would probably never have access to. I thought it would have been 

usefull to have better evidence on the tools I had available. It is probably the case that only a small 

amount of the total population in our planet has access to “state of the art” medical attention. Research 

and good evidence is also needed for the doctors treating people with more modest resources. This is 

why I found this project so interesting and decided to apply for the PhD position.   

The “modest medicine” is not only a problem of developing countries. Resources are finite everywhere 

and even in the most affluent countries (like the case of Scandinavia) it is not a realistic scenario to use 

all the available technology for every single case. People in Norway know this very well and have 

decided to operate its health system by the principle of “Lowest Effective Level of Care” (LEON by its 

initials in Norwegian) and made the primary care physicians the corner stone of it. Norway has today 

one of the most effective health care systems in the world. If we want to achieve more efficient 

healthcare systems we need to make the best of the resources that already are in place. Making research 

of “old” and widely available diagnostic tools is just as important as investing in new ones.  

I hope this work can contribute at least a little with good quality evidence for a diagnostic tool that is 

cheap, easy to use and is available virtually everywhere you can find a doctor.  
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English Summary 

The stethoscope is a well-known diagnostic tool and a symbol of medicine itself. Despite its large 

popularity, the current evidence to justify its use is not very strong.  The aim of this work is to describe 

the prevalence of adventitious lung sounds (wheezes and crackles) in a general population. In addition, 

we explored how different sources of variation such as inter-observer agreement and different breathing 

modes affected the prevalence of lung sounds and the reliability of its classification.   

Therefore, we obtained lung sound recordings from 4033 participants in the 7th survey of the Tromsø 

at six locations in the thorax. In addition, the participants performed a spirometry and completed 

questionnaires regarding symptoms and self-reported disease. We observed a crude prevalence of 

adventitious lung sounds in 28% of the participants; 18 % had wheezes, 13% had crackles. We observed 

that age, female sex, self-reported asthma, and current smoking predicted the occurrence of expiratory 

wheezes. In the case of inspiratory crackles, significant predictors were age, current smoking, 

rheumatoid arthritis mMRC ≥2, low oxygen saturation and FEV1 Z-score.  Age was the strongest 

predictor of crackles. Neither the presence of wheezes nor crackles were associated with the presence 

of airway infections in the week before the examination.  

We also explored the interobserver agreement of seven groups of 28 doctors from different countries 

classifying 120 lung sound recordings. The probability of agreement for crackles varied between 65% 

and 87% in the different groups of observers. Congers kappa ranged from 0.20 to 0.58 and four of seven 

groups reached a k ≥0.49. For wheezes, we observed a probability of agreement between 69% and 100% 

and kappa values from 0.09 to 0.97. Four out of seven groups reached a k≥0.62.   

It was in our interest to explore if the use of spectrograms could improve the classification of lung 

sounds. We conducted a study where we asked 23 medical students to classify the same lung sounds 

with and without spectrograms. Fleiss kappa values for the multirater agreement were k=0.51 and 

k=0.56 (p=.63) for wheezes without and with spectrogram, respectively. For crackles, we observed 

k=0.22 and k=0.40 (p=<0.01) in the same order. Compared to an expert panel’s classification, 13 out of 

23 students had a positive change in kappa when classifying wheezes (one with p<.05), and 16 out of 
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23 (two with p<.05) when classifying crackles. All the statistically significant changes were in the 

direction of improved kappa values (0.52 - 0.75).  

In addition, we tested the possibility for variation in the prevalence of adventitious lung sounds in a 

subsample of 116 participants in the Tromsø Study breathing at spontaneous airflow velocity vs 

standardized airflow velocity at 1.5 L/s. We found that expiratory wheezes were present in 18 (16%) 

participants at spontaneous breathing and in 23 (20%) at standardized breathing. Inspiratory crackles 

were present in 19 participants at spontaneous breathing (16%) and in 18 (16%) at standardized 

breathing. The prevalence was not significantly different between the two methods. However, only nine 

participants in the case of wheezes, and five participants in the case of crackles were detected by both 

methods.  The agreement of the two methods was k= 0.32 for expiratory wheezes and k=0.13 for 

inspiratory crackles.  
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Norsk sammendrag 

Stetoskopet er et utbredt diagnostisk verktøy og et viktig symbol for legeyrket.  Til tross for å være 

veldig populært mangler vi sterk evidens av dets diagnostiskevne til å rettferdiggjøre bruken av 

stetoskopet i et moderne legekontor. Hovedmålet med denne doktorgradsavhandlingen var å beskrive 

forekomsten av unormale lungelyder (piping og knatring) i en alminnelig befolkning. Vi undersøkte i 

tillegg hvordan forskjellige variasjonskilder kunne påvirke prevalens av lungelyder og reliabiliteten av 

lungelyd klassifikasjonen.   

Vi samlet opptak av lungelyder fra 4033 deltakere i den syvende Tromsøundersøkelsen. Lungelydene 

ble tatt opp fra 6 forskjellige steder på brystkassen.  Deltagerene fullførte en spirometri og svarte på 

spørsmål om symptomer og sykdom. Vi observerte unormale lungelyder hos 28% av deltagerene ; 18 

% hadde piping, 13% hadde knatring. De variablene som best predikerte ekspiratorisk piping var alder, 

kjønn, astma og nåværende røyking.  Når det gjaldt knatring var alder, nåværende røyking, reumatoid 

artritt, dyspné, lav oksygen metning og lav FEV1 Z-score signifikante prediktorer.  Alder var den 

sterkeste prediktoren for forekomst av knatring. Det var ingen assosiasjon mellom piping eller knatring 

og symptomer på nedre luftveisinfeksjoner.  

Vi undersøkte også interobserver enighet mellom syv forskjellige grupper med fire leger fra forskjellige 

land. De klassifiserte 120 lungelydopptak.  Enigheten varierte fra 65% og 87% mellom de forskjellige 

gruppene. Vi observerte Congers kappa mellom 0.20 og 0.58. Fire av syv grupper oppnådde k≥0.49 når 

legene klassifiserte knatring. For piping varierte enigheten mellom 69% og 100% og kappa fra 0.09 til 

0.97. Fire av syv grupper oppnådde k≥0.62.   

Vi var også interessert i å finne ut om bruken av spektrogram kunne forbedre enigheten av lungelyd 

klassifikasjonen. Vi gjennomførte en studie der vi spurte 23 medisinstudenter om å klassifisere de 

samme lungelydene to ganger, en med og en uten spektrogram. Fleiss kappa for piping var k=0.51 med 

spektrogram og k=0.56 uten (p=.63), og for knatring henholdsvis k=0.22 og k=0.40 (p=<0.01) 

Sammenlignet med fasit hadde 13 av 23 studenter en positiv endring i kappa når de klassifiserte piping 
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(en med p<.05), og 16 av 23 (to med p<.05) når de klassifiserte knatring. Alle de statistiske signifikante 

endringer var retning av økt enighet med fasit ( kappa  

Vi testet i tillegg om forskjellige pustemønster endret prevalensen av lungelyder hos 116 deltakere fra 

Tromsøundersøkelsen.  Vi observerte ekspiratorisk piping hos 18 (16%) deltakere med spontant 

pustemønster (tilfeldig lufthastighet) og 23 (20%) som pustet med en standardisert lufthastighet på 1.5 

L/s. Inspiratorisk knatring var til stede hos 19 (16%) deltakere med spontant pustemønster og 18 (16%) 

som pustet med standard lufthastighet. Prevalensen var ikke forskjellig mellom de to metodene, og det 

ble med begge metoder kun oppdaget  ni deltakere med piping og fem med knatring. Enighet mellom 

de to metodene var k= 0.32 for ekspiratorisk piping og k=0.13 for inspiratorisk knatring.  
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1 Introduction 

1.1 A brief historical note on auscultation and the stethoscope 

Diagnosis is the investigation or analysis of the cause or nature of a condition, situation, or problem.(1) 

When applying this concept into medicine, we can define diagnosis as the art or act of identifying a 

disease from its signs and symptoms.(1) Through time, medicine has made an effort to characterize 

diseases and document their unique features in order to be able to distinguish healthy from diseased and 

diseases from one another. This, with the main goal to provide appropriate treatment and relief. Some 

of these characteristics can be identified by plain sight, or during interrogation. However, some other 

might be elusive and tools are needed in order to observe them.  

The use of diagnostic tools has changed according to the understanding of the physiological mechanisms 

used to explain a condition and the epidemiology of the diseases at the time.  In the 19th century, 

pulmonary diseases such as pneumonia and tuberculosis were among the main causes of death.(2)  

Doctors at this time put a lot of effort into improving their ability to diagnose these diseases and 

developed techniques of auscultation and percussion of the chest.(3) 

Back in the 18th century, auscultation occurred in a direct manner where the doctor had to push his ear 

to the chest of the patient. This situation was 

distressing for a young Parisian doctor named 

René Laënnec. One day during an encounter 

with a female overweight patient, he found the 

task of chest auscultation difficult. He pushed 

his ear against the naked and voluptuous bosom 

of his patient, but this solution was not effective 

and made him extremely uncomfortable. To 

solve this problem and inspired by some children 

playing in the park, he rolled some pieces of paper 

Figure 1.- “The Examination” by Jules-Abel Faivre, 1898. 
Wellcome Collection, London. CC by 4.0. 
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to a cylinder shape and with his ear on one 

extreme, and the chest of the patient on the other, 

he managed to satisfactorily auscultate the 

patient.(4) The trick worked so well that he later 

developed a wooden cylinder to auscultate his 

patients. He called his invention stethoscope from 

“Stethos” which means chest, and “skopein” 

which means to see.  

By reading this curious anecdote it might be 

easy to imply that the main achievement of Laënnec was the invention of a wooden cylinder to auscultate 

the chest. However, his work with auscultation was a lot more comprehensive. He invested a large 

amount of time comparing the auscultation findings with pathological observations in the lungs of 

patients who had died of respiratory disease.(4) He observed a clear association between diseased lungs 

and the presence of auscultation findings. Through this work, he gave the stethoscope a fact-based ability 

to distinguish disease from non- diseased. The ability to diagnose. These observations are probably the 

reason why he called his invention stethoscope. Because the sounds he heard gave him the ability to 

“see” the changes he had observed in the lungs at the pathology laboratory.  

The stethoscope has changed since its 

invention. In 1853, Dr. George P. 

Cammann used rubber tubes and 

earpieces to substitute the wooden 

cylinder.(5) In 1925 Bowles and 

Sprague developed a headpiece with a 

bell and a diaphragm to select 

different frequency ranges.(6) In 

1970’s 3M developed a tunable 

diaphragm for the same purpose.(7) Nowadays, it is possible to find electronic versions of the 

Figure 2.- Laennec’s stethoscope.  
By Science Museum London / Science and Society Picture 
Library. CC BY-SA 2.0.  

 

Figure 3.- Canman Stethoscope. Science Museum, London.  
         Wellcome collection, London. CC by 4.0 
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stethoscope. These devices are very diverse and can perform many different functions depending on the 

model. Most of them are able to amplify, record, visualize, store and share lung sounds. These devices 

together with the increased availability of processing power in the form of personal computers and 

mobile telephones open the possibility for new types of analysis of lung sounds.  Nonetheless, to present 

day the clinical principle is still the same: To look for the presence of adventitious lung sounds. Both 

electronic and analogue stethoscopes seem to perform equally good for this purpose.(8)  

However, the epidemiology of mortal diseases has changed since the invention of the stethoscope. 

People do not die from tuberculosis and pneumonia as often as before. In addition, new diagnoses 

associated with adventitious lung sounds not identified at Laennec’s time have emerged. For example 

Chronic Obstructive Pulmonary Disease (COPD), pulmonary fibrosis, interstitial lung disease, etc.  

Thus, the observations made by Laennec are incomplete in a modern medical context. In addition, there 

are diagnostic tools that literally let us see (“skopein”) into the lungs. For example, x-rays, CT scans, 

MRI’s and ultrasound.  

With limited concrete evidence about the utility of the stethoscope in daily clinical practice, and many 

new and sophisticated competitors it is natural to question whether the stethoscope is a helpful tool in 

the diagnosis of chest disease and to what extent the stethoscope still has a place in modern medicine. 

1.2 Use of lung auscultation in contemporary clinical practice 

The stethoscope is one of the most available medical tools even in developing countries.(9) Medicine 

schools teach auscultation, and every book on physical examination includes a chapter about this 

subject.   

However, 200 years after its invention there is controversy among clinicians about how useful this tool 

really is. Some people see it as an old ritual with gaps in clinical evidence that resists disappearing under 

the shadow of newer and more accurate technology.(10, 11) Others still see value in its simplicity, cost, 

availability and ease of use and training.(12, 13)  
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In spite of the controversy, the sales of stethoscopes increase with every year. The total value of the 

stethoscope market worldwide was USD 327.7 million in 2016, and is expected to expand at a constant 

annual growth rate of 4.7% over 2025.(14)  

1.3 Adventitious lung sounds: terminology, classification and 

physiology.  

Classification and terminology of lung sounds have been a source of debate over centuries,(15) and a 

well-known cause for variation in its classification thus hindering its reliability.(16) The international 

Lung Sounds Association has developed a classification of lung sounds,(17) which I will use in the 

following descriptions. These sounds can be broadly classified into a) Normal lung sounds and b) 

Adventitious lung sounds (AdLS). The latter are divided into i) continuous and ii) discontinuous sounds.   

a) Normal lung sounds 

This is a continuous and soft sound. It is present at most of inspiration and the beginning of expiration. 

The sound mainly arises from the turbulence in the central airways.(18) This sound is also referred to as 

vesicular sound due to a past and erroneous belief that the sound originated from the alveoli.(18, 19)  

b) Adventitious Lung sounds 

i) Continuous lung sounds 

Continuous adventitious lung sounds are usually known as wheezes. This type of sound is relatively 

long (>100 milliseconds). It has a musical tone because of its sinusoidal waveform with a frequency and 

harmonics added to it.(20) Wheezes can be further classified according to its frequency into high 

frequency and low frequency wheezes. Wheezes are generated by the flutter of narrowed or collapsed 

airways that let flow bolus of air at a determinate frequency and are generated in the 2nd to 7th generation 

of bronchial branches.(21) Wheezes can appear in inspiration and/or expiration.   

The term rhoncus is also used for low frequency wheeze.(17) Even though low frequency wheezes and 

rhoncus share some characteristics, it is suggested that the physiological mechanisms behind rhoncus 
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are different than those for low frequency wheezes. The involvement of secretions in the airway is 

suggested to play a role in the generation of rhonchi.(16, 18, 20) 

ii)   Discontinuous lung sounds 

Crackles are short (5-15 ms) explosive sounds that have been described in different terms like the sound 

obtained by shaking a container of moderately heated salt.(18) The classification suggested by the 

International Lung Sound Association makes a distinction between high frequency or fine crackles and 

low frequency and coarse crackles based on its frequency and amplitude of its waveform.(17) Fine 

crackles are also known as Velcro crackles.(22) However, these characteristics seem to be hard to 

recognize by clinicians and it may not be recommended to make this distinction for clinical purposes.(23)   

Crackles occur because of the sudden opening of collapsed airways, causing an instant equalization of 

the air pressure from which sound originates.(24) Crackles can be present in inspiration and/or expiration.   

 iii)    Mixed sounds  

Sqwaks are sounds with both musical and non-musical components and it resembles the most to a 

short wheeze.(18) This sound is thought to occur by the oscillation of the walls in the peripheral airways 

at inspiration.(25)  

c) Respiratory sounds not originating from the lungs 

i) Stridor 

This is a continuous high pitch sound with musical quality and of short duration.(26) It is present mostly 

at inspiration and is produced by the sudden closing of the epiglottis, trachea, the main bronchi or the 

vocal chords.  

ii) Pleural rub 

This is a discontinuous sound, caused by the friction between the visceral and parietal pleurae when 

inflammation is present.(18) It is described as the sound produced when rubbing two pieces of leather 

against each other. Its appearance coincides with both inspiration and expiration.(25) 

 



 

6 

1.4 Adventitious lung sounds and the diagnosis of lung 

diseases 

Crackles and pneumonia 

Crackles appear probably due to the reduction of the airways lumen and airway collapse caused by the 

congestion and engorgement of the lung tissue during the congestion phase in the pathophysiological 

process of pneumonia.(24, 27) The increase of bronchial secretion, which intermittently block the passage 

of air during inspiration, could also play a role in the presence of crackles.(19) Crackles are present in 

approximately 32% – 65% of the adult patients presenting to primary care with a confirmed diagnosis 

of pneumonia.(28-31) This sign has showed to be a significant predictor of pneumonia in different primary 

care based prediction models.(32) Although crackles have a moderate to low sensitivity and specificity 

on its own, the perceived diagnostic weight is high  thus affecting the rate of antibiotic prescription and 

specialist referrals.(29, 33)  

Crackles and interstitial lung disease 

Different types of interstitial lung disease have been associated with the presence of crackles. 

Thickening of the distal airways and the substitution of the elastic tissue by fibrotic tissue may result in 

an increased collapsibility of the airways,(34) facilitating the appearance of crackles.(35) Idiopathic 

pulmonary fibrosis (IPF) is probably the best-known example where inspiratory fine crackles are almost 

considered diagnostic of this disease in absence of other causes.(36, 37)  Asbestosis is another good 

example where crackles are considered an early sign of the disease.(38, 39)   In a study using lung biopsy 

as gold standard, Epler et al  found that 60% of the patients with changes related to interstitial lung 

disease had fine crackles on auscultation.(39)  In a recent prospective case control study, Sgalla et al 

found that the presence of bilateral inspiratory velcro crackles had a strong correlation (OR 13.46, 95% 

CI 5.85–30.96, p < 0.001) with the presence of radiological patterns of Interstitial Lung disease.(34)   

 

Crackles and airflow limitation 

The presence of crackles has been found to be helpful in the diagnosis of airflow limitation but mostly 

in conjunction with other elements of the clinical examination.(40-42) Crackles can be present in patients 
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with COPD due to the loss of elastic supportive tissues of the distal airways contributing to its collapse 

during expiration and suddenly reopen in inspiration.(43) 

The prevalence of crackles in COPD is estimated at 15% using direct auscultation.(41) Prevalence as high 

as 71% have been reported using computerized analysis of lung sounds.(44) In one study, the presence of 

crackles alone had a sensitivity of 22% and a specificity of 96% for a diagnosis of COPD.(41) Other 

studies found that crackles do not contribute much to the prediction of airflow limitation in COPD.(45, 

46) 

However, the presence of crackles might be useful in the monitoring of COPD exacerbations.  Jácome 

et al report that in patients with COPD the number of crackles increases during acute exacerbations 

compared to stable state using automated computer analysis.(47) It has been postulated that the presence 

of crackles precedes acute exacerbations also using computerized analysis.(48) Nonetheless, the evidence 

on this subject comes from small and highly selected samples and is thus inconclusive.  

Wheezes and airflow limitation 

Wheezes present in asthma due to the contraction of the smooth muscle thus narrowing the diameter of 

the peripheral airways which generates oscillation of the bronchial walls by rapid flow of gas.(25) The 

presence of wheezes is a clinical feature commonly associated with airways obstruction whether this is 

reversible as in the case of asthma,(20) or irreversible as in the case of COPD.(41)  

The presence of wheezes is significantly associated with a lower peak expiratory flow rate (PEFR) and 

characteristics like loudness and high pitch were associated with even lower PEFR.(49)  However, the 

relationship between the level of obstruction measured by PEFR and the presence of wheezes does not 

have a fixed threshold and is not very stable.(49) 

The presence of wheezes relates to the probability of having airway obstruction measured by FEV1.(41, 

46) However, changes as big as 35 % drop in FEV1 are required in order for wheezes to appear in 

provocation tests.(20) Nonetheless, wheezes might be absent in severe obstruction.(50) These results might 
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explain the low sensibility (around 15 %) of wheezes to predict airflow limitation.(45, 46) However 

wheezes have a high specificity for airway obstruction (99%).(45) 

Asthma is associated with the presence of wheezes, intermittently.(20)  It is a cardinal clinical sign for its 

diagnosis, and is actively used in the monitoring of adequate control of asthma.(51)  

Wheezes has been estimated to be present in 21% of patients with COPD.(41) The severity of COPD is 

associated with the presence of wheezes. Oshaug et al reported that the frequency of wheezes on 

auscultation increases from about 12% in mild cases of COPD to almost 40% in severe cases of 

COPD.(52)  

Other sounds and disease 

The presence of sqwaks is associated with the presence of allergic pneumonitis and pneumonia.(53, 54)  

Stridor is associated with laringomalacia, tracheomalacia, bronchomalacia, croup, paralysis of the vocal 

chords, anaphylaxis or a mass obstructing the main airways.(18) Pleural rubs appear because of pleural 

inflammation. Pleural rubs can also be heard in the presence of malignant diseases of the pleura.(18) 

1.5 Adventitious lung sounds and the diagnosis of heart 

diseases 

The current guidelines for the diagnosis of heart failure (HF) state that clinical history and physical 

examination (including auscultation) make the corner stone in the initial diagnosis of HF.(55) A survey 

among European primary care physicians showed that general practitioners considered the presence of 

crackles as an important sign of HF.(56)  

In heart failure, crackles originate when there is an equalization of gas pressure during the opening of 

distal airways, narrowed by peribronchial edema.(25)  Crackles occur more often at the bases of the lungs 

and during late inspiration. The prevalence of crackles during stable state HF is estimated at 24% among 

patients with systolic heart failure and 18% in patients with heart failure with normal ejection fraction. 

(57) However, the frequency of crackles increases along with the severity of HF and they are associated 

with significant dysfunction of the left ventricle.(58, 59)  A study done by Pfitzenmeyer et al showed a 
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high prevalence of crackles (77%) in patients with the most advanced stage of heart failure (Stage D 

ACC/AHA).(60) Observations from two studies including patients with an aggravated disease course, 

(emergency rooms incomings), reported a sensitivity of crackles for heart failure of 69% and 93%, 

respectively.(61, 62) 

Beyond the initial diagnostic setting, crackles could also play an important role in prognosis. The 

presence of crackles and the extent to which they are present relates to mortality  independently of LVEF 

values.(57, 63) Crackles also correlate well to 60 days hospital readmission, in patients with HF as main 

diagnosis at discharge.(64)  

1.6 Limitations and challenges of the use of adventitious lung 
sounds in clinical practice 

 

In spite of its obvious advantages of low cost, easy to use and nearly universal availability, the 

stethoscope has shortcomings as a diagnostic tool in the clinic.  

The appearance of neither wheezes nor crackles is pathognomonic of any particular disease of 

physiological process. As exposed in the past sections, many different diseases are associated with 

AdLS. In addition, wheezes and crackles can also be present in healthy individuals.(44, 65-67) I have 

previously described that AdLS have moderate diagnostic sensitivities at its best, making it less than an 

ideal tool for screening purposes.  

Another significant problem is that there are significant sources of variation, which can be present in 

the process of recollecting, interpreting and classifying lung sounds.   

The use of different terminology is an important problem. Even though different health professionals 

may agree that they hear the same sound phenomenon, they might have different names for it.(15) The 

situation gets more complicated when different cultures and languages are involved.(16)  

In addition, the interpretation of sound is a subjective task. Considerable inter-observer variation has 

been reported in several studies.(30, 46, 68-74) This variation is not experience dependent.(72) With new 
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technological developments and increased processing power of computers and portable devices it is 

possible to apply new methods to analyze sound signals. One of these methods is the use of spectrograms 

of the sound.(75) The spectrograms are a visual representation of sounds where it shows time in the X 

axis, frequency in the y axis and the intensity is represented by color. Spectrograms are calculated with 

the help of a mathematical procedure (Fast Fourier Transformation).(76)  When analyzing spectrograms 

of lung sounds recordings we can observe that wheezes and crackles have recognizable patterns (figure 

7). Wheezes appear as long horizontal lines since they sustain a determinate frequency over a period of 

time while crackles show as vertical lines due to their short duration. Using an additional sensorial input 

to interpret AdLS could seem a reasonable solution to increase the reliability in the classification of 

AdLS.  Andrés et al found that the spectrograms do have a positive impact on how medical students 

assign a diagnosis with the help of lung sounds.(13)  However, the design of this study did not isolate the 

effect of spectrograms and therefore this affirmation is inconclusive. There are very few studies on this 

subject. Therefore, we wanted to find out whether the use of spectrograms would help to medical 

students to better classify lung sounds. 

How auscultation is carried out may also play a role. One particular component that can potentially have 

a large inter-individual variation is the speed at which a patient inhales or exhales (Airflow velocity). 

Patients can modify this parameter ad libitum without doctors having any objective control of it. Airflow 

velocity changes can affect the rate of wheezes since the presence of wheezes is dependent on a critical 

airflow velocity.(49)  Changes in lung volume could also have some effect in the presence of crackles.  

Some collapsed airways might not open at tidal or subtidal volumes, while they might do when 

increasing inspiratory or expiratory volumes.  For the sake of pragmatism, doctors usually ask their 

patients to take a deep breath with an open mouth.  However, a lot of the research about the physiology 

of lung sounds uses fixed airflows in laboratory environments prioritizing the repeatability of the 

experiments. This poses a double problem. First, the reliability of AdLS in a clinical environment might 

be compromised if the inter-intra individual variation is large enough with a consequently direct effect 

in the presence of wheezes and crackles.  Second, the valuable research in lab conditions might not be 

applicable in a busy general practitioner office.  
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Even though General Practitioners might be positive to use the stethoscope in their daily routine, there 

is a lack of evidence about how useful lung auscultation actually is in this context.  To date most of the 

studies have investigated AdLS in small and highly selected samples.  Most of the existing studies do 

not take into account the presence of wheezes and crackles in healthy people, probably overestimating 

their specificity. To my knowledge there are no studies describing the prevalence of AdLS in the general 

population including how AdLS relate to measurements of lung function.  

2 Aims of the thesis 

The main objective of this thesis was to describe the occurrence of adventitious lung sounds (wheezes 

and crackles) in the general adult population and their relationship to self-reported disease, respiratory 

symptoms, and measurements of lung function such as spirometry and oxygen saturation.  In addition, 

I wanted to explore the reliability of the method we used to classify lung sounds in terms of inter-

observer agreement, impact of the use of spectrograms during classification of the recordings, and how 

the use of spontaneous breathing can influence the prevalence of AdLS compared to the use of 

standardized respiratory airflow.  
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3 Overview of the Papers 
 

In study I we explored the variation of inter-observer agreement in a sample of 28 observers from 

different countries when classifying lung sound recordings from 20 subjects (n=120). These lung sound 

recordings were supported by visual representation of the sounds called spectrograms.  

In study II we wanted to see if the use of spectrograms had an impact on the classification of lung sound 

recordings. We tested this hypothesis using a sample of 23 medical students classifying 30 lung sound 

recordings with and without the use of spectrograms.  

A big amount of research in lung sounds is performed with subjects breathing at a fixed airflow velocity. 

This is not the case in clinical practice.  In study III we tried to see if the use of spontaneous breathing 

airflow, as used in clinical praxis, had an impact in the prevalence of wheezes and crackles compared 

to a fixed airflow which is used for research purposes. We used lung sounds from 116 adults (40 year 

and older) at spontaneous breathing and fixed airflow velocity. The sounds were classified by four lung 

sound researchers aided by spectrograms.     

In study IV we calculated the prevalence of adventitious lung sounds and their associations with self-

reported disease, respiratory symptoms and measurements of lung function in a sample of 4033 adults 

from a population based study.  
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4 Material and methods 

In this thesis, I will refer to the subjects from which lung sounds were recorded as “participants”, and 

to the subjects involved in the interpretation and classification of lung sounds as “observers”.  

4.1.1 Participants  

We selected our participants from two completely different settings. For study I and II the questions to 

be answered were in relationship to the reliability in the classification of AdLS. The main outcome was 

dependent on the observers and the participants only provided good enough material for classification. 

For this reason, we recorded lung sounds in adults attending a heart and lung rehabilitation program 

since they provided the best chance to find AdLS.  

For study III,  we wanted to explore how the airflow variations affected the prevalence of AdLS and 

took a small subsample of participants in study IV. Since the protocol we chose to record lung sounds 

in study IV did not control for airflow velocity it could potentially influence its conclusions.  With that 

in mind we attempted to obtain a representative subsample of study IV.   

In study IV we wanted to estimate a prevalence of AdLS in a general population, thus the question of 

representativeness was fundamental. A representative sample from an adult general population was 

important because the results would be more relevant to primary care providers, although less to 

clinicians working at hospitals where the patients have a longer or more complicated course of disease.  

A general sample would also provide us with a mixture of healthy and diseased patients that would 

allow us to compare the levels of the variables of interest in healthy and diseased patients with AdLS.  
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Study I and II 

For study I, we recorded lung sounds from a convenience sample of 20 subjects 40 years or older. To 

recruit them, we held a presentation about lung sounds at a rehabilitation center for heart and lung related 

diseases (Lung cancer, COPD, heart failure, etc) in North Norway. At the end of the presentation, we 

asked if someone would be interested in participating in our study. Fourteen participants agreed to 

participate. The participants from the rehabilitation center were 67.4 years old in average (44-84) and 

nine of them were female. To hold a balanced sample (concerning prevalence of normal lung sounds), 

we obtained the rest of our recordings from six self-reported healthy employees at our university aged 

51.8 years on average (46-67) and five were female. We collected age, gender and self-reported history 

of heart or lung disease. No personal information was registered that could link the sounds to the 

individual subjects. The research project was presented to the ethical committee in south east Norway 

who concluded that the Research Project was outside the remit of the Act on Medical and Health 

Research 2008. This was because the study would not generate new knowledge about health and disease, 

but rather information about the variation of the skills in auscultation of lung sounds.  

In study II, we used a sample of the sounds recorded in study I.  In order to reduce the influence of 

prevalence in the kappa coefficients we draw a sample of 30 sounds with an aimed prevalence of 50% 

of the recordings containing AdLS and 50% normal respiratory sounds. We used the expert classification 

of the recordings used in study I.  

Study III and IV 

For study III and IV we recruited participants from the seventh survey of the Tromsø Study (2015-

2016). The Tromsø Study is a periodical epidemiological survey that has taken place regularly since 

1974.(77) All the inhabitants 40 years and older living in the municipality of Tromsø received a postal 

invitation to participate (n= 32 591). From this group 13 304 individuals were preselected to participate 

in the second visit, 10 150 due to random selection and 3 154 specially invited due to previous 

participation in the study. There was an attendance of 65% (n=21 083) to the first visit. Among them, 9 

253 received the invitation to the second visit and 90% (n= 8 346) attended. We recorded lung sounds 
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in 72% of the participants at the second visit (n= 6 035). Due to limited time and resources to classify 

all the sound recordings our study sample only included participants attending the second visit in 2015, 

and the participants attending the second visit in 2016 who were also randomized to an 

echocardiographic examination (n= 4033). A complete overview of the participants included in study 

IV is presented in figure 3. 

 

Figure 4.- Flow diagram of participants in study IV. 

In study III, we used a random subsample of 116 participants from study IV. Recruitment of the 

participants happened consecutively in a four-week period in 2016 among those not randomized for 

echocardiography.  

All the study participants provided written consent. The Regional Committee for Medical and Health 

Research Ethics in North Norway (REK) approved the study.   

At the first visit, the participants filled in questionnaires about self-reported disease and life style, and 

blood samples were taken. The second visit consisted of a more detailed examination where among 

other things, the participants performed a spirometry and oxygen saturation was measured. Due to staff 

limitation about half the participants were randomized to an echocardiographic examination.  
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Age sex and weight 

Height and weight were measured in light clothing and without shoes. Weight was rounded up to nearest 

100 grams. Body mass index (BMI) was calculated (kg/m2). The age reached up to December 31st 2015 

was registered.   

Smoking status 

The participants answered the following question about smoking habits: 

Do you/did you smoke daily? (Never/ Yes, now/ Yes, previously) 

We divided the participants into never smokers, current smokers and past smokers according to their 

answer.  

Self-reported disease 

The participants completed a questionnaire in their first visit regarding the presence of disease. This 

questionnaire was electronic and the participants used tablets to answer. The questions we included in 

our dataset were the following:   

Have you ever had, or do you have high blood pressure? (no, yes now/yes previously) 

Do you have, or have you had a heart attack? (yes/no) 

Have you ever had, or do you have heart failure? (no/yes now/yes previously) 

Have you ever had, or do you have atrial fibrillation? (no/yes now/yes previously) 

Have you ever had, or do you have chronic bronchitis/emphysema/COPD? (no/yes now/yes 

previously) 

Do you have, or have you had asthma? (no/yes now/yes previously) 

Have you ever had, or do you have rheumatoid arthritis? (no/yes now/yes previously) 

These variables were dichotomized and the answers “yes now” and “yes previously” were accounted 

as “yes”.  
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Symptoms of respiratory disease and dyspnea 

Before performing spirometry the patients had to answer the following question about symptoms of 

airways disease present at the moment: 

Have you had symptoms of common cold, bronchitis or other airway infection the last 7 days? 

(Yes/No) 

To explore for recent occurrence of dyspnea we asked this question: 

How is your breathing today compared to normal?  

(I breathe more easily/I breathe as normal/ I am more short of breath than normal) 

This variable was dichotomized. One group included those participants who breathe as normal or more 

easily. The other group consisted of the participants who were shorter of breath than normal.  We were 

interested in the group with an acute symptomatic worsening and the difference between the first two 

categories (easily and normal) was not in our interest. 

Before spirometry, we applied the modified Medical Research Council dyspnea scale (mMRC). The 

answers were dichotomized into mMRC≥2 and mMRC≤1 since we considered this cut-off to be 

clinically significant.(51)  

Spirometry 

The participants performed spirometry with the use of SensorMedics Vmax 20c Encore (VIASYS 

Healthcare Respiratory Technologies, Yorba Linda, CA, USA). Spirometry was conducted according 

to the standards of the American Thoracic Society (ATS)/ European Respiratory Society (ERS). We 

used the reference values from the Global Lung Function Initiative (GLI).(78) Calibration was performed 

every morning. The participants were seated and wore a nose clip. 
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Pulse oximetry 

We used a pulse oximeter Onyx II model 9550 (Nonin Medical, Inc., Plymouth, MN, USA). The highest 

value after three measurements was registered. Sp02 values <80% were discarded due to uncertain 

validity (n=2).  

4.1.2 Recording of the sounds 

To record lung sounds we used a microphone MKE 2-EW placed in the tube of a Littmann Master 

Classic II stethoscope (3M, Maplewood, MN, USA) at a distance of 10cm from the headpiece. In study 

I and II the microphone was connected to a digital sound Handy recorder H4n (Zoom, Tokyo, Japan) 

through a wireless system, EW 112-P G3-G (Sennheiser electronic, Wedemark, Germany).  

In study III and IV the microphone was connected to the same wireless system. The wireless system 

transmitted the signal to an external sound card (Scarlett 2i2, Focusrite Audio Engineering Ltd., High 

Wycombe UK) which connected to the computer audio input. The computer used custom developed 

software to label the sounds (participant ID and recording site). The program also allowed us to start the 

recording with the help of a wireless control (R700, Logitech Europe S.A., Lausanne Switzerland). 

(figure 4) 

The audio files were in ‘.wav’ format and recorded at a sample rate of 44 100Hz and 16 bit depth in a 

single monophonic channel. We did not perform post-processing of the sound files or implement filters.  
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Figure 5.-  Equipment used to perform lung sound recordings in study III and IV. 

We placed the membrane of the stethoscope against the exposed thorax of the subjects. We asked the 

subjects to breathe deeply while keeping their mouth open (Spontaneous breathing). We started the 

recording with an inspiration and continued for approximately 15s trying to capture three full respiratory 

cycles with good quality sound. In study III, the recordings were shorter (10 seconds).  In all the studies, 

the person recording sounds used a headphone as an audio monitor to evaluate the quality of the 

recording. When too much noise or cough was heard during the recording, a second attempt was 

performed. We repeated this procedure at six different locations (figure 5) These locations were selected 

to be similar to the usual auscultation exam used by doctors in clinical praxis and to reduce the amount 

of noise in the recordings.(79)  
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Figure 6.-  Recording sites. (1 and 2) Between the spine and the medial border of the scapula at the level of T4–
T5; (3 and 4) at the middle point between the spine and the mid-axillary line at the level of T9–T10; (5 and 6) at 
the intersection of the mid-clavicular line and second intercostal space.  

In study III, we recorded lung sounds twice in the participants included. The first recordings were done 

according to the standard procedure previously described. The second set of recordings was performed 

while the participants had to inspire and expire at a target airflow of 1.5 l/s. In order to achieve this, the 

participants had to breathe through the mouth piece of a portable spirometer (Ndd Easy on-PC 

Spirometry System, Zurich, 8 Switzerland). They received visual feedback through a portable computer 

screen; a bar which size was  proportional to the airflow velocity turned from yellow to green when the 

desired airflow was reached (figure 6). The patients were instructed to breath so the bar would turn 

green. The visual feedback and the recording of the airflow were provided by the research software 

WBreath v3.41.4.1 (Ndd Medizintechnik AG, Zurich, Switzerland). All participants wore a nose clip. 
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Figure 7.- Lung sound recording with airflow measurement. 

4.1.3 Observers 

 Study I 

We recruited seven groups of four participants each (n=28). Four groups consisted of general 

practitioners from different European countries (Norway, United Kingdom, Russia and The 

Netherlands). In addition, there was a group of sixth year medical students from UiT, one group of 

pulmonologists working at the University Hospital of North Norway and a group of experts (researchers) 

in the field of lung sounds.   

 Study II 

We made an open invitation to medical students at UiT at the fourth, fifth and sixth year of medical 

school. The invitation was distributed via the university’s on-line learning platform (Fronter) and visits 

to the classrooms. The students interested in participating sent an e-mail to be part of the study. We 

registered 30 students who were interested to participate in the project. Two decided not to participate 

before the start of the study, two did not show up and three did not complete the classification session 
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due to lack of time. Thus, we obtained a final sample of 23 students, 19 women and four men.  Fourteen 

participants were fourth year students, one was from the fifth year and eight were from the sixth year. 

The answers of the experts in study I were used to create a reference standard based on a majority rule 

(see page 34 “Study II”). 

 Study III and IV 

Six observers were involved in the classification of the lung sounds. I, as observer 1, classified the 

recordings of all the participants included in the study. Two medical doctors and one experienced 

researcher in lung sounds served as observer 2. They divided all the recordings between them selves, so 

that each recording was classified by two observers. In addition, two experts (experienced researchers) 

in lung sounds participated as observers in the resolution of disagreements between observer 1 and 

observer 2.  

4.1.4 Classification of lung sounds 

To classify the recordings the observers could mark the type of AdLS heard during inspiration and 

expiration as independent dichotomous variables (present/absent). This allowed us to treat the events 

independently in order to have a more precise estimate of the agreement between observers. For 

example, if observer A heard expiratory wheezes and inspiratory crackles and observer B heard only 

inspiratory crackles they would agree that the recording contained crackles, but disagree about the 

presence of wheezes.  The database that we built from the observers’ classifications could differentiate 

between agreement in each category of AdLS present in the recording or the agreement of the recording 

overall. The variables were the same for studies I, II, III and the first two steps of the classification in 

study IV. In the third step of classification in study IV we used a modified scheme with different 

classification variables (figure 10).  

 Study I 

Twenty-eight observers received a power point (Microsoft, Redmond, WA, USA) presentation with 120 

videos with sound recordings and their respective spectrograms. Age, gender and recording location, 
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but no clinical information, were presented about the subjects. The spectrograms showed time on the x-

axis, frequency on the y-axis and intensity by color saturation (figure 7). We first asked the observers 

to classify the lung sounds as normal or abnormal. If abnormal, they had to further classify them as 

containing crackles, wheezes (including rhonchi) or other abnormal sounds. It was possible to mark 

more than one option. The observers specified whether the abnormalities occurred in inspiration or 

expiration. In addition, they could mark if there was noise present in the recording that made the 

classification difficult.  

We offered two options for answering the survey: an electronic form in Microsoft Access (Microsoft, 

figure 8), or a printed version of the questionnaire.  

 

Figure 8.- Spectrograms of lung sound recordings showing crackles (A, arrowheads) and wheezes (B, stars). 
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Figure 9.- Screenshot of the electronic version of the classification scheme used in study I. 

 Study II 

We selected 30 recordings from study I containing 15 recordings with normal respiratory sounds, 9 

recordings containing crackles and 6 recordings containing wheezes according to the classifications of 

the expert group of from study I. The reference standard was established by a majority criterion where 

it was necessary that three out of four experts called the presence of AdLS to be considered a positive 

finding. Otherwise, we registered the recording as normal.  

The classification session took place at a medicine school auditorium with a sound system and a screen 

projector to show the spectrograms. The students were free to sit anywhere in the auditorium. At the 

beginning of the session, we presented one example of normal lung sounds, one example of crackles 

and one example of wheezes with their respective spectrograms on the screen.  We showed the students 

how these sounds looked in the spectrograms (figure 7). After this introduction, we played the 30 

recordings in a random order in two sections, first, sound only. In the second section, the sound 
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simultaneously with spectrograms on the classroom screen.  There was a 20 minutes pause between the 

two sections. We presented no additional information beyond the sound and the spectrograms. The 

observers were not aware that the same sounds were played in both sections.  

Each recording was played two times and the students had up to 30 seconds to classify it before the next 

recording was shown. The observers used their personal computers and an online classification scheme 

(Questback AS, Norway) when classifying the recordings. In this scheme, the observers had to specify 

if the recording contained only normal respiratory sounds. If this was not the case, the observers had to 

further specify if the recording contained wheezes, crackles or other sounds and if they appeared during 

inspiration or expiration. It was also possible to mark the recording as containing too much noise to be 

classified. At the end of the classifications session, Questback generated a report in .xml format.   

 Study III and IV 

In these studies, the recordings were classified in a three-step procedure.  

First, a pair of independent observers classified all the included sound recordings. I classified all the 

recordings while three other observers, two physicians and one lung sound researcher served as the 

second observer as described above (page 33). The observers listened to the recordings with a headset 

and simultaneously looked at the sounds spectrograms using Adobe Audition 5.0 (Adobe Systems, San 

Jose, CA, USA).  They registered their findings in an electronic form (Access, Microsoft Corporation, 

Redmond WA, USA). (figure 9)  First, they evaluated whether the recordings contained only normal 

respiratory sounds. If this was not the case, they specified if the recording contained wheezes (including 

rhonchi), crackles or other adventitious lung sounds and whether these were heard in inspiration or 

expiration. They reported if noise made the classification difficult. The observers could listen to the 

sounds as many times as needed. They were blinded to any kind of information about the participant.  
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Figure 10.- Classification scheme used in study III and in the first and second step on the classification in study 
IV. 

Secondly, all the recordings in which the two observers disagreed were evaluated once more in meetings 

with the two initial observers and a third experienced observer.  The three observers listened to the 

sounds and solved disagreements through consensus. When consensus was difficult to reach the sounds 

were submitted for classification in the final step.  

In the final step, all recordings classified as containing adventitious respiratory sounds (1257 containing 

wheezes and 894 crackles) were re-classified once more. This time we used two pairs of observers 

consisting of one junior and one senior lung sound researcher. One pair classifying crackles and another 

pair classifying wheezes. These observers had the possibility to mark the findings as “certain”, 

“possible” or “absent”. Other characteristics of the sound were further described but remained out of the 

present analysis (figure 10). If crackles or wheezes were classified as certain by both observers or certain 

by one observer and possible by the other, the classification remained “present”. The recording was 
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changed into absent when crackles or wheezes were marked as “absent” or “possible” by both observers. 

The recordings where the observers disagreed (present versus absent) were discussed in a face-to-face 

meeting with all the four observers and a voting was done where three out of four was required to 

classify an adventitious sound as “present”. At the same session, we classified all the sounds categorized 

as difficult or as “other sounds” in step two (n=41).  

 

Figure 11.- Classification scheme used in the third step of the classification in study IV. 
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Figure 12.- Flow diagram of the classification steps with the number of recordings considered. 

4.1.5 Statistical analysis 

Throughout the four studies, the quantification of agreement was an important issue since the findings 

on auscultation were our main outcome. Since agreement is not a wide subject in the usual statistics 

course for PhD students, I took contact with the statistician Sophie Vanbelle at Maastricht’s University 

who has agreement as her specialty. Our data in studies I, III and IV had a particular challenge because 

each participant had six recordings. The agreement estimates should account for this participant 

dependency to avoid bias. Vanbelle had developed a method to calculate agreement for this type of 

multilevel data in an R statistical package named “multiagree” and guided me through the analysis of 

study I and IV. The statistical package for the analysis of kappa was developed for use in the program 

“R” (80). The statistical analyses for each study will be described in detail in the following paragraphs.  
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The most intuitive measure of agreement is measuring the percentage of agreement of two (or more) 

observers when classifying an X amount of items. However, there is a possibility that a proportion of 

the agreement observed is due to pure chance rather than “true” agreement.  In order to overcome this 

problem, Cohen develop a statistic to estimate agreement beyond chance. He named the measure of 

agreement Kappa and described it as follows: 

“The coefficient k is simply the proportion of chance-expected disagreements which do not occur, or 

alternatively, it is the proportion of agreement after chance agreement is removed from consideration”(81)  

The limits of kappa can be pragmatically defined from 0 to 1 where 0 represents agreement by chance 

and 1 represents perfect agreement (negative values are possible, but it is outside the scope of this thesis 

to describe this). There is no fixed cut-off of what represents “good” agreement.  Landis & Koch 

proposed a table of to classify the strength of agreement (see table 1).(82)   

 

Kappa statistic Strength of agreement 

<0.00 Poor 

0.00 – 0.20 Slight 

0.21 – 0.40 Fair 

0.41 – 0.60 Moderate 

0.61 – 0.80 Substantial 

0.81 – 1.00 Almost Perfect 

 

Table 1.- Table with arbitrary divisions of kappa coefficients as described by Landis and Koch.(82) 

However, many researchers no longer recommend to use it since the divisions are arbitrary and with a 

relevance depending on the problem under study.(83) Kappa should be regarded not only as a descriptive 
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statistic but more as an effect size measurement with intended use in inferential statistics.(84) Therefore, 

other properties are equally important such as the calculation of its confidence intervals and tests of 

statistical significance.(83, 84) There are variations of the kappa coefficient for paired observers (Conger), 

or multiple observers (Fleiss).(83)  

Study I  

We calculated the probability of agreement and multirater Conger’s kappa using the delta method for 

the analysis of multilevel data.(85) Conger’s kappa coefficient was chosen over Fleiss’ kappa due to 

pairwise comparisons. We analyzed the intragroup agreement in each of the seven groups of observers 

when classifying the recordings for the presence of wheezes and crackles disregarding the breathing 

phase. We used the statistical software ‘R’ V.3.2.1 together with the package ‘multiagree’ for the 

statistical analysis of kappa statistics.(80) In order to permit the comparison of the agreement levels 

between and within groups, within and between-group agreement levels were summarized in a matrix.  

The diagonal elements represent the mean agreement level between all possible pairs formed by two 

observers in the same group, and the off-diagonal elements represent the mean agreement level between 

all possible pairs with one observer in one group and the second observer of the pair in another group. 

This information was summarized in correlograms using the R package ‘Corrplot’.(86)  

 Study II 

We calculated Cohen kappa for the agreement between the observers and the experts, and Fleiss kappa 

for all the observers as a group. We then compared the kappa values obtained in the sections with and 

without the use of spectrograms and calculated p values to explore for statistically significant differences 

using an adaption of Hotelling’s T2 test described by Vanbelle, S.(87)  In this analysis, the recordings 

were clustered by the individual they were recorded from. We used Holm’s correction procedure to 

adjust p values for multiple hypothesis testing. We used R version 3.2.1 and the package “magree” to 

perform all the calculations.(88)  Significance level was set at p <0.05. In addition, we calculated 

sensitivity and specificity of each participant using the experts’ classification as the gold standard. We 
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tested for significant differences in sensitivity and specificity with and without the intervention using 

paired Wilcoxon signed rank test with continuity correction. 

Study III 

Descriptive statistics were used to characterize the sample. Based on the airflow signal recorded with 

the research software WBreath v3.41.4.1, mean inspiratory and expiratory peak airflow per subject were 

determined (computing the mean of the six recordings at standardized airflow). To analyze the relative 

reliability of peak airflow, the Intraclass Correlation Coefficient was determined.(89) Relative reliability 

was computed using the scores obtained from six recordings. To determine the agreement on the 

presence of crackles/wheezes between breathing modes, the percentage of agreement and Cohen’s 

kappa were used.  

Study IV 

We calculated age standardized prevalence of wheezes and crackles for women and men using the 

population distribution from the municipality of Tromsø per January 2018.(90) Then the outcome was 

divided into three categories, wheezes and no crackles, crackles and no wheezes, and both wheezes and 

crackles, irrespective of respiratory phase. We calculated prevalence by sex, age, and other participant 

characteristics and used linear models to explore statistically significant differences between the groups. 

Tukey procedure was used to account for multiple testing. The continuous variables were dichotomized 

with cutoff values for age ≥65 years, for oxygen saturation of ≤95%,(91) mMRC score ≥2,(92) and FEV1 

below lower limit of normal (LLN) according to the Global Lung Initiative reference.(78)  

We studied the relationship of demographic and clinical variables with the presence of wheezes 

and crackles using univariable logistic regression. In this analysis wheezes was counted as present 

also when accompanied by crackles and vice versa. The following outcome variables were 

considered separately: (1) presence of any wheeze, (2) presence of wheezes only at the 

inspiratory phase, (3) presence of wheezes at the expiratory phase and (4) presence of wheezes 

at the expiratory phase in two or more recording sites. For crackles, the outcomes were (1) 
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presence of any crackle, (2) presence of inspiratory crackles, (3) presence of inspiratory crackles 

at two or more locations, (4) presence of expiratory crackles only.  In these analyses, the 

categorical variables measuring FEV1 as percentage of predicted and oxygen saturation were 

substituted by continuous data to avoid loss of information. We divided age by ten and kept it as 

a continuous variable.  

We entered all the variables that showed a statistical significant correlation for each outcome in the 

univariable analyses into multivariable logistic regression models. We performed a backward 

elimination procedure with a threshold of p<.05 to obtain the best fitting models for each outcome. We 

plotted Receiver Operator Characteristics (ROC) curves for all the final models and calculated the area 

under the curve (AUC) with the r package “pROC”.(93) Multicollinearity in the final models was assessed 

using variance inflation factor with the statistical package “car”.(94) We used R statistical computing 

version 3.2.1 package to perform all the calculations.(80) Results were considered significant at 5% level. 
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5 Summary of the papers and main results 

The main goal of this PhD thesis was to estimate the prevalence of AdLS (more specific wheezes and 

crackles) in a general population (study IV).  Nevertheless, other important questions needed to be 

explored to assure optimal quality of the estimates in study IV. The first one concerned the reliability of 

the classification of AdLS.  How large is the agreement between clinicians when classifying lung sound 

recordings? (study I). We needed to test the reliability of our classification system and look for potential 

sources of variation. However, in our classification system we used sound spectrograms, in addition to 

sound recordings, as a helping tool with the hope to achieve a better agreement across observers. We 

aimed to achieve high external validity with respect to clinical practice, but the use of spectrograms is 

not common among clinicians. Therefore, we wanted to investigate the impact of using spectrograms 

when classifying lung sound recordings (study II). Our recording protocol for study IV had no 

quantifiable control of the participants’ breathing airflow velocity. We chose to do this in order to make 

it similar to the auscultation routine at the doctor’s office.  This came at the cost of limited comparison 

with previous studies in lung sounds, which usually do control for airflow velocity. We performed study 

III to have an idea about how this decision might affect our results in study IV.  

5.1 Paper I 

The probability of agreement for crackles varied between 65% and 87% in the different groups of 

observers. Congers kappa ranged from 0.20 to 0.58 and four of seven groups reached a k≥0.49. For 

wheezes, we observed a probability of agreement between 69% and 100% and kappa values from 0.09 

to 0.97. Four out of seven groups reached a k≥0.62.  We found it likely that variation in the level of 

agreement stemmed partly from variation in the use of terminology when we observed that the variation 

in the Russian part of the study could be explained by a difference in the classification systems. (See 

paper I) We concluded that digital recordings with the use of spectrograms is a method suitable for 

research of lung sounds. However, to improve agreement it would be necessary to implement training 

of raters, standardization of the terminology, multiple independent observations and consensus 

agreement.  
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5.2 Paper II 

The students observed a mean prevalence of wheezes of 9.7 (6 – 15) without spectrograms and 8.3 (5 – 

12) with spectrograms. In the case of crackles the students observed a mean prevalence of 11.5 (4 – 22) 

and 10.9 (5 – 18) in the same order. The mean proportion of agreement (%) and Cohen kappa (k) with 

the experts for all 23 participants classifying wheezes without spectrograms was 82 % and k=0.56. We 

observed 88 % and k=0.68 with the use of spectrograms. In the case of crackles we observed a proportion 

of agreement of 72 % and k=0.38 without spectrograms. With the use of spectrograms 80 % and k=0.56. 

Fleiss kappa values for the multirater agreement were k=0.51 and k=0.56 (p=.63) for wheezes without 

and with spectrogram, respectively. For crackles, we observed k=0.22 and k=0.40 (p=<0.01) in the same 

order. Compared to the expert panel’s classification, 13/23 students had a positive change in kappa when 

classifying wheezes (one with p<.05), and 16/23 (two with p<.05) when classifying crackles. All the 

statistically significant changes were in the direction of improved kappa values (0.52 - 0.75). The median 

sensitivity for wheezes did not present a significant change but the specificity was higher in the 

classification with the use of spectrograms (p=0.002). In the case of crackles, there was a significant 

increase in sensitivity (p=0.03) when using spectrograms but without significant change in specificity.  

5.3 Paper III 

We found expiratory wheezes were present in 18 (16%) participants at spontaneous breathing and in 23 

(20%) at standardized breathing. Inspiratory crackles were present in 19 participants at spontaneous 

breathing (16%) and in 18 (16%) at standardized breathing. The prevalence was not significantly 

different between the two methods. However, only nine participants in the case of wheezes, and five 

participants in the case of crackles were detected by both methods.  The agreement of the two methods 

was k= 0.32 for expiratory wheezes and k=0.13 for inspiratory crackles. By this, we conclude that the 

mode of breathing has an impact on which participants present AdLS. Although adventitious sounds 

were found with similar frequency between the modes of breathing, less than half of these subjects were 

identified by both. However, spontaneous breathing was not inferior to standardized breathing in 

reflecting lung disease. 
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5.4 Paper IV 

In our large sample from the Tromsø study the crude prevalence of AdLS was 28%; 18 % had wheezes, 

13% had crackles. Expiratory wheezes and inspiratory crackles were the most common findings.  The 

age standardized prevalence of wheezes was 19% for women and 15 % for men. For crackles, the 

standardized prevalence was 11% and 9% for women and men, respectively. In the multivariable 

analysis, we observed that age, female sex, self-reported asthma, and current smoking predicted the 

occurrence of expiratory wheezes. FEV1-Z score was a significant predictor of the occurrence of 

inspiratory wheezes.  Age was the only predictor of expiratory crackles. In the case of inspiratory 

crackles, significant predictors were age, current smoking, rheumatoid arthritis mMRC ≥2, low oxygen 

saturation and FEV1 Z-score.  Age was the strongest predictor of crackles. (Figure 12) The presence of 

AdLS was not associated with the presence of airway infections in the week before the examination.  

  

Figure 13.-  AUC for crackles (a) and wheezes (b) with age as independent variable. The figures in the second 

row show the AUC for the complete multivariable models presented in study IV for crackles (c) and wheezes (d).  
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6 Discussion 

6.1 Methodological considerations 

6.1.1 Design 

A cross-sectional study was the logical choice of design to estimate the prevalence of AdLS. To execute 

our study within the Tromsø study gave us the advantage that the people invited to participate belonged 

to a delimited geographical area. This gave us the opportunity to define a concrete population at risk 

making it easier to account for missed cases and achieve a more reliable denominator to calculate the 

prevalence proportion. In addition, we had the possibility to access a large variety of variables collected 

in a standardized and professional manner.  

In study I, we chose a cross-sectional design with seven clusters of equal size with different 

backgrounds, experience and nationalities. It can be argued that these groups were too different to be 

compared. However, the main objective was not to find an estimate of the “true” variation in the 

classification of lung sounds. Instead, we wanted to explore how big the variation could be in a complex 

sample and to see how we could improve it. I think this design worked good for this purpose.  

In study II, we applied a lung sound survey with and without spectrograms accompanying the sounds in 

order to estimate the influence of spectrograms. We did this because spectrograms are not part of 

common clinical praxis which might limit the external validity of study IV. In this design, we needed to 

keep a balance between a large enough number of recordings to classify (in order to achieve a good 

statistical power) but small enough to not discourage participation. The sample size turned out to be a 

possible limitation since only differences in kappa >.30 for crackles and >.40 for wheezes showed to be 

statistically significant. If we had used a larger sample of sounds smaller improvements could have 

become statistically significant. Another weakness was the study is subject to testing bias.(95) This means 

that the improvement could have been due to the observers taking the test a second time and getting 

better at it (learning effect).  
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In study III, we used a subsample of the participants included in study IV.  Based on the descriptive 

characteristics of the participants we can say that they were similar in age, smoking habits, FEV1, 

mMRC and the presence of heart and lung disease as the total sample used in study IV. Therefore, we 

can conclude that the sample in study III was representative of the participants in study IV.  In study III, 

we assumed that the low agreement in the presence of AdLS in the same individual with the two different 

methods is due to our intervention (the introduction of a fixed respiratory airflow velocity). However, 

the quasi-experimental design employed to address this question had one important weaknesses: The 

lack of a control group.  This could potentially hamper the internal validity of study III.(95) The presence 

of AdLS may vary over short periods of time, and we did not control for temporal change in AdLS 

independently of the intervention. A possible alternative would have been to include a group of 

participants performing recordings twice at spontaneous breathing with a similar time interval as in the 

intervention group. If the variation remained high in spite of same breathing then it would be likely that 

the variation was due to variation of AdLS rather than change in breathing mode.    

Temporal variation of AdLS may also be a limitation in the design of study IV. We did not perform a 

second test using the same method on a different time point to explore if the positive findings were 

replicable. Further studies of temporal variation in AdLS is in my opinion highly recommendable. 

 

6.1.2 Inter-observer agreement and misclassification error 

The classification of lung sounds is a subjective task and variation between two or more observers is 

expected. The outcome variables in study IV are the result of a classification process of the lung sound 

recordings. If the classification had a low quality, then the quality of our outcome and analysis will be 

low as well. In the following paragraphs I will explore the issues of reliability and possible bias in our 

classification. 

Since the observers had no knowledge about the participants’ health status, a systematic 

misclassification due to expectations should not happen, at least not when the first of the six recordings 

was observed. The classification of the other five recordings might have been influenced by each other. 
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This source of bias should not hamper our results, since we controlled for the hierarchical structure of 

the data in the calculation of kappa coefficients.(88) Misclassification bias would affect our results by 

diluting the strength of the associations in our analysis.(96) To avoid/minimize the occurrence of 

systematic error we presented the sounds in an anonymous fashion where the only information about 

the subject was an ID number. This was a necessary step to avoid that certain groups of participants 

would get a higher/lower chance of getting a positive finding (Old, sick, smoker, etc). However, this 

comes at a cost of a reduced representation of clinical praxis where doctors do have this information in 

advance.  

To avoid systematic misclassification dependent on the classifier, we decided that two observers should 

classify all the recordings independently. At this step, one classifier remained constant and three other 

medical professionals shared the position of the second classifier. We noticed that the difference in the 

rate of AdLS between the observers was somewhat reduced after the consensus meetings. Acquiring 

experience in the classification of the material could have contributed to reduce disagreement.  (figure 

13).  
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Figure 14.- Percentage of wheezes and crackles by calendar week of data collection.   

In my opinion, this situation should not have a significant impact in the results of study IV since 

disagreements were discussed and resolved in the second step of the classification. If we had used four 

observers each classifying 25% of the sample, then the prevalence rate of AdLS would have a higher 

chance for presenting observer-dependent variation.  Our method was good to avoid over-registration 

of AdLS, but there is a chance that both observers missed some AdLS. Then the AdLS prevalence we 

report could be somewhat smaller than in reality.   

At step two of the classification process all the disagreements were discussed in a face-to-face session. 

The two involved classifiers plus an experienced lung sound researcher participated in this session 

(n=3). The panel made decisions by consensus. This mechanism was employed to avoid systematic error 

by one of the observers, but this face-to-face session could have produced some residual bias due to 

personal interaction. For example, some of the participants might try to avoid being too strict or avoid 

“conflict” with the other observers.  
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To minimize this source of bias we implemented a third stage of classification where all the positive 

findings should be independently reclassified once more by two observers. At the third step of the 

classification, we chose to discard as positive findings the recordings marked as “possible” by two 

observers. If we had included a high number of uncertain finding we could have experience a dilution 

of the associations, thus changing our conclusions. However, in a sensitivity analysis, they were 

classified as “present” but the results were similar, and the conclusions in study IV remained unchanged.  

6.1.3 Selection bias 

For study III and  IV we used a sample from the Tromsø study. This survey obtained a response rate of 

65%. Over half the invited population attended and therefore we can say that the sample is representative 

of the total population in Tromsø.(77) However, it is likely that people being too sick to attend the survey 

would refrain from participation. By intention, the segment of the population who were 60 years or older 

and individuals of female sex were overrepresented. We have controlled for this situation by reporting 

the standardized prevalence corrected for age and sex. However, some residual selection bias cannot be 

ruled out.  

Our final number of classified participants represents 19% of the participants in Tromsø 7 and 48% of 

those attending the second visit.  We reached our final sample by a series of random processes.  We 

originally aimed to record and classify lung sounds in all the participants attending the second visit (n= 

8 346). However, we recorded lung sounds in only 6035 (72%). This was partly due to lost days at the 

recording site by the inability of having a technician in place. We assume that the days where the 

recording technician was unavailable happened at random. Some participants “dropped out” since they 

did not have time for all the second visit examinations. Another issue was that after starting the 

classification process, we realized that doing all the individual classifications, the face-to-face meetings, 

and all the three steps in the classification would become more time consuming than expected.  

Therefore we decided to classify all the participants recorded in 2015 (n=2415) and all the participants 

randomized to an echocardiographic examination (n=1618). The echocardiographic examination was 

randomly allocated to 30% of the participants in the second visit. Since all these processes were more 
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or less random and we had no previous knowledge of the health status of the participants, the possibility 

of a selection bias in our sample can be regarded as low.  

In the case of study III, we recruited the subsample in a consecutive continuous period of four weeks 

during the data collection period. The prevalence of wheezes and crackles in both study III and IV were 

similar and therefore we think that the sample in study III is representative of the sample in study IV, 

although those selected for echocardiography were not included in study III. 

6.1.4 Respiratory flows and volumes  

Even though the prevalence rates did not vary much by the two modes of breathing (spontaneous and 

standardized), we observed that only five of 19 participants presenting inspiratory crackles and nine of 

18 participants presenting expiratory wheezes were identified by both methods.  

If we extrapolate this observation to study IV, we can then say that if we had performed our AdLS 

recording protocol with a fixed airflow velocity of 1.5 l/s we would have a similar frequency but would 

have detected two thirds of different participants with crackles and another different half with wheezes. 

This could have had an impact on the associations we described in study IV.        

We could argue that the persons with reliable and repeatable positive findings probably were less healthy 

than those detected with only one method. However, in this study neither of the two methods was better 

to predict disease-related endpoints. Nonetheless, it is important to remark that the number of individuals 

with positive findings in both methods might be too small (crackles n= 5, wheezes n=9) to find 

statistically significant differences in variables used to diagnose disease such as decreased FEV1, or high 

dyspnea scores (mMRC).   

 

6.1.5 Information bias  

In study IV, the collection of lung sound recordings started on the 7th of may 2015 and ended on the 28th 

of October 2016. The prevalence of lung sounds could in theory be affected by conditions that have a 
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seasonal variation such as temperature,(97, 98) pollen,(99) dust and air pollutants concentration,(100, 101) and 

influenza season.(102, 103)  

This problem is not possible to avoid due to the logistical challenge of recording lung sounds in a large 

amounts of participants. However, it is possible to identify season-related variation in the prevalence 

rates of AdLS and possibly correct for it.   

I divided the participants with AdLS by winter and summer months. I considered winter months the 

period from October to April, and summer from May to September.  I explored for differences in the 

prevalence rate of positive findings between these two periods using logistic regression models to test 

for significant differences. Results of the analysis are reported in table 2. 

 

 

 

 

 

 

 

 

 

   OR : Summer (reference), winter (0.91; 95% CI 0.76 – 1.10), p=.356                          OR : Summer (reference), winter (1.06; 95% CI 0.90 – 1.25), p=.511 

Table 2.- Distribution of participants by season and the presence of crackles and wheezes and results of logistic 
regression analysis. 

We can observe that the prevalence rate does not show a statistically significant variation in this 

analysis. I can therefore conclude that season related variation did not have a significant impact in our 

results.  

 

 

 Cr + Cr - 

 Summer 241 1514 

Winter 270 1852 

 Wh + Wh - 

Summer 305 1450 

Winter 386 1736 
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6.2 Clinical considerations 
 

6.2.1 Impact of the reliability of the classification of lung sounds in 

clinical practice. 

We observed some variation in the classification of AdLS among medical professionals in study I. We 

found an absolute agreement of 97% (k=0.46) for inspiratory crackles and 96% (k=0.56) for expiratory 

wheezes. Although these values did not show perfect agreement, they are in line with other widely used 

diagnostic procedures. For example: Gleason score pathology reports (k=0.36-0.46),(104) BI-RADS 

evaluation of mammography (k=0.48);(105) Electrocardiograms (k=0.29-0.54);(106) Evaluation of clinical 

signs in lower respiratory tract infections in children (k=0.25-0.48);(107) Identification of seizures in 

electroencephalography (k=0.58);(108) Fatty liver detection by ultrasound (k=0.54) and lung ultrasound 

to detect B-lines (k=0.55).(109) However, the fact that agreement is similar to other diagnostic procedures 

does not make it valid per se. I will approach this discussion first from an epidemiological and then 

from a clinical point of view.   

From an epidemiological perspective, we have to analyze whether lung auscultation can differentiate 

positive from negative cases in a certain population. The kappa values we observed in our studies are 

not optimal, but not a product of pure chance either. It is important to note that AdLS did not have a 50 

% prevalence (In study IV: wheezes= 18%, crackles 13%), which would be ideal to obtain highest 

possible kappa values. As discussed by Kraemer et al (84) a kappa value of 0 indicates either that the 

heterogeneity of the patients in the population is not well detected by the instrument or that the subjects 

in the populations are homogenous (0% or 100% prevalence of the trait). Therefore, if the population is 

more homogeneous it reduces the ability of the instrument to differentiate positive from negative cases. 

The influence of prevalence on Kappa might seem as a disadvantage,(110) but it is in fact a desired 

property  that helps us to assess how the instrument (auscultation in this case) will perform in a general 

population.(84) Consequently, the Kappa values in study IV should not be regarded as a measure of the 

reliability of auscultation alone, but as the reliability of auscultation in a population with a similar 

prevalence of AdLS. From our results in study IV, we can conclude that auscultation has the ability to 

differentiate positive from negative cases of AdLS in the general population well beyond chance, but 
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still with some limitations. These limitations are influenced by both the amount of measurement error 

plus the variation of the population.(111) Therefore, the reliability of auscultation will be different in 

populations with different prevalence.(112) 

 

From a clinical standpoint, kappa would not be the best measure to quantify agreement. Clinicians make 

decisions one patient at a time independently of the distribution of the trait in a certain population and 

an absolute measure of agreement, like the probability of agreement, would be a more useful tool to 

evaluate the clinical performance.(113) In study I, we found that clinicians in the groups where translation 

was not an issue, have a probability >80% to agree on crackles and >90% on wheezes. These 

probabilities were similar within and between groups. This means that clinicians classify the phenomena 

(wheezes and crackles) in a similar manner despite their different background.  Nonetheless, this means 

that they would disagree in about 10-20 out of 100 cases and this shall not be overlooked. However, the 

clinical implications of such misclassification error are hard to estimate from the data presented. New 

studies could help clarify this question.  

I can therefore conclude that the use of lung auscultation has a reliability that makes it acceptable for 

use in the clinical practice and is valid when used in a general population. However, it is far from perfect. 

Beyond moderate inter-observer agreement, we also found some evidence that suggests a high 

variability in AdLS in the same subjects.  Therefore, the gravity of the clinical decisions made with the 

aid of auscultation should be in accordance with these limitations. The studies included in this thesis 

cannot give a definitive answer on what does lung auscultation adds to the other parts of the physical 

examination. Therefore more studies in clinical usefullness of AdLS are necessary.  

6.2.2 The use of spectrograms in the classification of lung sounds 

We observed some improvement in the agreement between medical students and lung sound experts in 

the classification of crackles and wheezes when aided by spectrograms. The agreement within the 

medical students also had a statistical significant increase. I therefore conclude that the use of 

spectrograms might be useful for improving the classification of lung sounds.   
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This improvement in the classification of lung soud recordings might have influenced the results in 

study IV. This might have improved our sensibility to detect AdLS.  The choice of using spectrograms 

might remove some of the external validity of study IV since the use of spectrograms is not common in 

clinical practice.    

For several reasons spectrograms seems like an attractive tool for education and training of health 

personnel. First, the production of spectrograms is an easy and cheap task with the technology available 

now.  In addition, the visualization of the sounds could give the students the opportunity to pair the 

acoustic phenomena with a picture in order to ease the recognition of AdLS.  A visual aid could also 

facilitate group discussions about AdLS. The training programs on auscultation could be more efficient 

by including the use of spectrograms. Nevertheless, this is just an assumption based on a small study.  

Larger studies with better designs are needed to investigate how useful this tool would actually be for 

educational purposes.  

In the case of daily clinical practice, I dare to say that the use for this tool would be rather limited. It is 

hard for me to imagine that busy primary care physicians would invest time into looking at spectrograms 

of each of the auscultation procedures in their office when the gain of doing so might not be very large 

compared to standard auscultation for an experienced physician.   

6.2.3 AdLS and variation with airflow velocities in clinical practice.  

Clinicians in daily practice perform chest auscultation at spontaneous breathing airflow velocity and 

therefore we assume that the conclusions in study IV are valid in that clinical context (with respect to 

breathing mode). Our results also suggest that lung sound research with higher airflow velocities than 

relaxed deep breathing might have a limited validity at the doctor’s office.  

Due to the limitations in our study designs, we cannot rule out that the variation we found is due to the 

instability of AdLS rather than the change in airflow velocity. Jácome and Marques showed that the 

presence of AdLS is reliable in patients with a diagnosis of COPD at spontaneous airflow (0.4 – 0.6 

l/s).(114)  However, the situation could be different in a different subset of patients. I find it likely that 

patients with AdLS due to a manifest lung disease would have more stable AdLS compared to patients 
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with subclinical lung conditions or healthy individuals.   However, this cannot be confirmed with the 

data we have presented and a proper study with repeated recordings is necessary to answer this question.    

6.2.4 Prevalence of wheezes and crackles in the general population and 

main clinical associations 

We found that about one in four in our sample had AdLS where 18% had wheezes and 13% had crackles 

in at least one location. This means that primary care physicians have a chance of 1/4 to hear AdLS if 

they auscultate every adult in their practice. However, we have actively used spectrograms during the 

classification process. In addition, we have used several observers and consensus meetings. This could 

have had influenced our results by increasing the sensibility for the presences of AdLS.  This protocol 

would be hard to reply in a clinical context.   

In as much as 73% of the participants with wheezes and 72% with crackles the sounds were heard at 

only one of the six recording sites. We observed that the strength of the clinical associations presented 

in study IV increased in the participants with AdLS in more than one recording site compared to those 

who only had AdLS in one recording site. My interpretation of these results is that the increase in the 

number of positive recording sites has a stronger association with clinically verifiable disease.   

6.2.5 Associations with age 

Age was the stronger predictor of AdLS, particularly of crackles. This variable remained significant in 

all the analyses we performed. Age also was the variable with a very high contribution to the AUC in 

the multivariable models. (figure 12) 

Lung function shows a sustained reduction through age.(115) The reduction of elastic and supportive 

tissue around the distal airways contributes to an earlier collapse during expiration and a sudden opening 

at inspiration.(115) These changes could explain the relationship between age and crackles.(24) In the case 

of wheezes, the relationship with age is not that clear and it might be related to a higher burden of 

obstructive disease or advanced airway remodeling due to the increased amount of years since 

diagnosis.(116) 
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The association with age is an interesting finding from a clinical perspective. Crackles can appear due 

to an acute disease such as pneumonia,(28) but it is possible that they can also appear as a consequence 

of a long term degeneration. Therefore, the clinical value of crackles in relationship to acute diseases 

might be reduced by increasing age of the patient. The utility of crackles in older adults in the absence 

of acute disease should be investigated for possible diagnostic or prognostic usefulness.   

6.2.6 Associations with symptoms and self-reported disease 

The presence of AdLS was not associated with the presence of airway infections in the week before the 

examination. The presence of crackles is a significant predictor for the prescription of antibiotics,(117) 

but as mentioned above there is a good chance that crackles were present before and independently of 

an airways infection, especially in older adults. It is possible that the use of crackles as criterion for the 

prescription of antibiotics contributes to the over prescription of antibiotics among the elderly.   

We found a significant association between wheezes and self-reported asthma. This a well-known 

association that has largely been examined with questionnaires asking about self-reported wheezing.(20)  

We observed an association of the presence of crackles with rheumatoid arthritis (RA) which I found 

interesting. RA is associated with a higher risk of interstitial lung disease(118) and/or COPD.(119, 120) Lung 

involvement is suggested to occur early after the diagnosis of RA, and up to half the patients with 

recently diagnosed RA have radiological changes in the lungs.(121) Also smoking is a known risk factor 

for both COPD(122) and RA.(123) However, the association we found seemed to be independent of 

smoking since both smoking and RA were statistically significant variables in the multivariable model 

with any crackles as outcome in study IV. It is important to mention that we had no objective measure 

to corroborate the presence of an RA diagnosis given by the patient. Therefore, this association should 

be interpreted with caution.   

The presence of dyspnea measured by mMRC was associated with inspiratory wheezes and inspiratory 

crackles. In some of our multivariable models this association disappeared when SpO2 and or FEV1 were 

included in the multivariable model. Low SpO2 and or FEV1 are causes of dyspnea.(124) This could 

indicate that reduced FEV1 and/or SpO2 explained much of the associations between mMRC ≥2 and 
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AdLS.  However, there was an  exception in the multivariable model for inspiratory crackles where 

mMRC ≥2  remained significant in the model. Inspiratory crackles are also related to the presence of 

heart failure(57) and the significant association with mMRC ≥2 adjusting for SpO2 and FEV1 could 

perhaps be explained by heart disease (124, 125) which was not explored in study IV.   

We found no associations with self-reported heart failure in our analyses. This is a surprising finding 

since there is a vast literature reporting crackles in the presence heart failure.(55) This could be explained 

by the fact that heart failure is underdiagnosed in the general population.(126) This relationship should be 

re-examined with objective measurements of heart function.  

6.2.7 Associations with smoking status 

We observed that the use of tobacco was related to the presence of wheezes and crackles. In the case of 

expiratory wheezes only current smoking was significantly associated in the multivariable models while 

both current and past smoking was associated with inspiratory crackles. Smoking causes damage to the 

lungs by means of local inflammation, increase of secretions and airway remodeling. Thus, resulting in 

an accelerated age-related decline of FEV1, and increased risk of COPD, chronic bronchitis, asthma and 

a more frequent presence of respiratory symptoms (including wheezing) in general.(127) The association 

between tobacco smoke and crackles could be explained by two mechanisms. First, due to the increase 

of secretion in the airways which could intermittently obstruct the distal airways. Second, by the 

reduction of supportive tissue that results from continuous remodeling of the distal airways making them 

more prone to collapse during expiration. In the case of wheezes, the smoke of tobacco could play a role 

by causing inflammation of the airway mucosa(128) and increased contractility of bronchial smooth 

muscle(129) in  acute and sub-acute exposure. This could explain the fact that we only observed a 

significant relation with current, but not past smoking using expiratory wheezes as outcome.   

6.2.8 Associations with FEV1 

We found that the presence of wheezes and inspiratory crackles was significantly associated with a 

lower FEV1-Z score. Also, an increase of one unit in the FEV1 Z-score resulted in a significantly lower 

probability to have crackles at two or more recording sites.  The appearance of crackles may therefore 
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point to a loss of lung function before FEV1 reaches the lower limit of normal. We found that the age 

adjusted association of FEV1 Z-score with inspiratory crackles (OR 0.76; 95%CI 0.69 – 0.84, p<0.001) 

remained unchanged even when removing all the participants (n= 286) with a FEV1 Z-score under LLN 

(0.77; 0.67 – 0.87, p<0.001). Nevertheless, despite these interesting associations, not all the participants 

with very low lung function had crackles. It has been hypothesized that COPD can present as several 

different phenotypes.(130) One epidemiological study by Huang et al already suggests that wheezes are 

associated with different phenotypes of COPD.(131) It would be interesting if future research could 

approach the presence of crackles or wheezes from this perspective and find out whether the presence 

of AdLS could help the clinician into identifying a certain phenotype of COPD and if relates to 

prognostic outcomes or influences treatment strategy.  

6.2.9 Associations with Oxygen saturation 

Low oxygen saturation was significantly associated with the presence of inspiratory crackles. Crackles 

are related to the sudden opening of closed airways or to air movement through mucus that obstructs 

airways.(24) These conditions are also likely to impair ventilation/perfusion matching, the most common 

cause of hypoxemia. This could explain the relationship in our study.(115) The presence of crackles in the 

absence of known lung or heart disease could be an indicator of impaired ventilation. One study by 

Räsanen et al showed a significant decrease in SpO2 and an increase in the power spectra of lung sounds 

in the band from 150 to 1200 Hz (which includes the presence of crackles) during acute lung injury.(132) 

In this study they were able to reverse the change in lung sound spectral power and SpO2 to pre injury 

levels by applying Positive End-Expiratory Pressure in the ventilator machine.  

Based on the epidemiological data obtained in the present studies and physiological/experimental data 

it is possible to see a relationship between the presence of crackles and the probability of low oxygen 

saturation. The presence of crackles in an asymptomatic patient should trigger a measurement of SpO2. 

More research would be necessary to answer whether this strategy could be of benefit for the patient.   



 

50 

7  Conclusion and future research 

I can conclude that the use of lung auscultation has an inter-observer variability that deems to be 

acceptable in daily clinical praxis and in line with other diagnostic methods. However, it is not an 

optimal tool for screening of lung diseases due to the low sensitivity of wheezes and crackles to specific 

diagnostic categories. We found that wheezes and crackles are common findings in adults and its 

prevalence increases significantly with increasing age. Our findings suggest that having wheezes or 

crackles in one auscultation site is not worrisome in itself. However, the finding of AdLS in two or more 

recording sites is more likely to suggest reduced lung function. The findings of AdLS should be analyzed 

in conjunction with adequate history taking and complete physical examination in order to have a 

comprehensive clinical picture. It is possible that AdLS are related to chronic changes in the lungs. 

Thus, the prescription of antibiotics based on the presence of crackles during an acute lower respiratory 

tract infection might not be advisable, because it is likely that crackles were already in place before the 

infectious episode, especially in older adults.  

We have analyzed how AdLS mainly related to the presence of self-reported disease, and markers of 

lung function. However, the limitations of our studies leaves some important questions unanswered.  

1.- We used a cross-sectional design to stablish the prevalence of AdLS, therefore we cannot say 

anything about the presence of  AdLS over time. Some evidence suggests that the presence of crackles 

changes during acute exacerbations of COPD and heart failure. A prospective study of patients with 

these diagnoses could help clarifying whether AdLS have diagnostic or prognostic value in the context 

of exacerbations.  

2.- This work mainly describes the associations with lung diseases. Other studies have found 

associations between AdLS and heart diseases.  Surprisingly, we there were no significant associations 

between AdLS and heart diseases such as heart failure in our data.  Notably, we used self-reported data 

on heart failure.  Further studies could use objective measures of heart function such as 

echocardiography and NT pro-BNP. 
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3.- Less than half of the participants with COPD had AdLS. However, COPD seems to be a complex 

diagnosis with many subtypes of patients. It could be of interest to study the presence of AdLS in 

relationship to proposed phenotypes of COPD.  AdLS could perhaps play a role in further defining 

different subtypes of patients that might require different types of treatment.  

4.- Even though we found associations with the presence of AdLS and diminished lung function, we do 

not know if further screening such as spirometry or other pulmonary function tests would be beneficial 

for patients that present AdLS in primary care.  Spirometry is a simple diagnostic test and many general 

practices have access to it. However is not used routinely in every patient with risk factors for obstructive 

lung disease. The finding of AdLS could be a clinical criterion to trigger a spirometry examination and 

other tests (for example, SpO2). However, further studies are necessary to clarify whether this is 

cost/effective and beneficial for the patient.  

5. The use of electronic stethoscopes is increasingly common. Some of these devices offer additional 

possibilities for interpretation of lung sounds such as frequency and spectral analyses. Also, it is possible 

to use artificial intelligence to predict a defined outcome (category of AdLS or even a clinical diagnosis). 

The use of these tools in diagnosis and monitoring lung and heart disease can offer more data points 

than traditional analog auscultation.  Therefore, it would be interesting to investigate whether the use of 

these tools can provide the physician with a diagnostic or therapeutic advantage compared to traditional 

auscultation methods.  
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