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Take home message: quantitative analysis of lung sounds may represent a tool for monitoring 

patients with idiopathic pulmonary fibrosis.
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INTRODUCTION

Accurate monitoring of disease progression in idiopathic pulmonary fibrosis (IPF) is crucial for 

predicting prognosis and optimizing management, including the initiation of therapies, the 

appropriate timing of supportive care and the prompt referral for lung transplantation. While forced 

vital capacity (FVC) via spirometry has been accepted as the most feasible and reliable tool to assess 

the deterioration in these patients in clinical practice as well as in randomized controlled trials [1][2], 

in recent years both visual evaluation and computer-based analysis of high-resolution computed 

tomography (HRCT) parenchymal patterns have been shown to correlate with disease severity based 

on FVC and predict outcome in several fibrotic lung diseases, including IPF [3][4][5]. Electronic 

stethoscopes, which permit digital recording of lung sounds, potentially represent a simple, non-

invasive and reproducible tool for evaluating disease severity and progression in patients with IPF. 

Although computerized lung sound analysis is capable of discriminating between crackles due to 

pulmonary fibrosis from those due to pneumonia or heart failure [6–8], the utility of lung sounds for 

monitoring the course of the disease in these patients is still unknown. We have recently identified 

that typical, “Velcro-type” crackles are closely correlated with the extent of several HRCT features, 

suggesting that lung sounds might facilitate the early detection of fibrotic lung disease [9]. In this 

prospective pilot study, we evaluated the longitudinal change in acoustic features of lung sounds 

recorded from patients with IPF, and validated such features by examining correlations with several 

clinical, physiologic and radiologic parameters.

METHODS

Patients with a diagnosis of IPF were consecutively recruited from those attending the Interstitial 

Lung Disease (ILD) Clinic of the University Hospital of Southampton (UK) between March and 

September 2015. A group of healthy volunteers were also enrolled as controls.
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Patients attended visits every two months for a total of seven study appointments over twelve 

months of clinical observation. At each visit, lung sounds were recorded consecutively over ten 

different chest locations identified according to the guidelines for computerised respiratory sounds 

analysis (CORSA) [10] using a digital stethoscope (Littmann 3200, 3M, USA) held manually. Other 

serial measurements included lung volumes via spirometry and diffusion capacity for Carbon 

Monoxide (DLCO), dyspnea and quality of life (assessed via University of California San Diego 

Shortness of Breath Questionnaire - UCSD-SOB and Saint George’s Respiratory Questionnaire - 

SGRQ), and tolerance to exercise (six-minute walk test - 6MWT). A HRCT scan was performed at 

baseline if not performed within 12 months prior to screening, and a follow-up chest HRCT scan was 

performed at the end of the study (12 months of follow up). Consecutive HRCT scans were visually 

scored by two expert thoracic radiologists (ARL and NS) for extent of ILD abnormalities and extent of 

individual radiological features. Volumes for parenchymal features and were also automatically 

quantified via the Computer-Aided Lung Informatics for Pathology Evaluation and Rating (CALIPER) 

software (Mayo Clinic, USA). Lung sound data was analysed via acoustic signals processing 

algorithms written in Matlab (version 2015a) [11]. For each sound file 481 variables corresponding 

to distinct acoustic features were generated, ranging from statistical properties to features related 

to the energy content of the signal and to the frequency domain.

Statistical analysis

The Intraclass Correlation Coefficient (ICC) was used to assess intra-subject reproducibility of 

acoustic features [12]. Multivariate analysis of variance (MANOVA) was used to compare acoustic 

features between IPF and control subjects. Repeated measures ANOVA was used to assess 

longitudinal change in the selected parameters. Estimated differences of means were calculated 

after adjusting for age, sex, Body Mass Index (BMI), and recording site as applicable. Multivariate 

linear regression was performed to investigate the correlations between acoustic features and other 
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parameters measured at different time points throughout the study. All data was entered into the 

SPSS software package (version 24, IBM, USA).

RESULTS

19 patients were enrolled in the study: 3 (15.7 %) died during the observation period due to 

progressive disease, and 2 (10.5 %) others withdrew due to poor health conditions which prevented 

further clinical visits. Mean age was 70.8 (6.53 SD) and there was a male predominance (84.2%). 

More than two thirds of patients (68.4%) were receiving anti-fibrotic treatment at baseline. At 

baseline the study population had a moderate functional impairment (mean predicted FVC 73.7%) 

and reduced DLCO (mean predicted DLCO 43.5%). The study population showed a trend toward 

decline in % predicted FVC (-5.9%, 95% CI -4.27-16.08, p=0.862) and % predicted DLCO (-5.5 %, 95% CI 

-2.34-13.34, p=0.35) over 12 months of clinical observation.

An intra-subject reliability analysis using 3 repeated recordings from 4 IPF subjects identified a set of 

19 reproducible acoustic features (a cut-off of ICC > 0.5 was arbitrarily chosen for indicating 

acceptable reliability). The combination of the 19 acoustic features was shown to discriminate IPF 

subjects from the healthy volunteers (F=11.837, p=0.000). 6 features out of 19 underwent significant 

change between baseline and end of study and were therefore used for correlation analysis. Under 

multivariate linear regression analysis, the set of acoustic features were more associated with visual 

scores of total ILD extent (adjusted R2= 0.106, p <0.005) and CALIPER-measured ILD total and 

peripheral volumes (adjusted R2= 0.116 and 0.136 respectively, p<0.001) than to physiologic 

parameters such as FVC (adjusted R2=0.031, p<0.001) or 6MWD (adjusted R2=0.065 p<0.001). As to 

the relationships between lung sounds features and individual radiologic abnormalities, the 

strongest associations were found with reticulation and honeycombing, either visually assessed 

(R2=0.043, p=0.04 and R2=0.093, p=0.001, respectively) or quantified via CALIPER (R2=0.108, p<0.001 

and R2=0.094, p=0.001, respectively). The association between lung sounds and fibrotic patterns on 

HRCT was further assessed against the Composite Physiologic Index (CPI), a strong predictor of 
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morphologic severity of disease and mortality in IPF [13]. A model built combining the acoustic 

features and CPI performed better at discriminating extensive fibrosis on HRCT - adjudicated as sum 

of honeycombing and reticulation ≥ 50 % - as compared to CPI alone (AUC = 0.79, 95% CI 0.69-0.89 

and AUC = 0.69, 95% CI 0.58-0.79, respectively) (Figure 1).

DISCUSSION

In this pilot study, we identified a set of acoustic features of lung sounds recorded from IPF patients 

showing to be reproducible, change over time and be associated with established measures of 

disease severity and clinical deterioration. 

Chest auscultation is a simple, point-of-care, non-invasive and inexpensive assessment routinely 

used for monitoring the course and the response to treatment of respiratory disorders. Automated 

analysis of lung sounds was initially studied more than 30 years ago: however, most studies have 

focused on the characterization and automatic classification of diverse adventitious lung sounds 

rather than their longitudinal behaviour. A key preliminary finding in our study is that serial digital 

measurements of lung sounds using a simple electronic stethoscope provide reproducible and 

clinically significant acoustic measures in IPF. The analysis of longitudinal acoustic data in this study 

demonstrates for the first time that a set of reproducible features undergo significant change over a 

12-month observation period, making them a promising surrogate of disease progression in IPF. On 

multivariate regression analysis, the selected acoustic features showed the strongest relationships 

with the extent of ILD on HRCT, either visually scored or quantitatively estimated via CALIPER. 

Reticulation and honeycombing were most strongly associated with acoustic features, putatively 

suggesting they make a major contribution to the character of “Velcro-type” crackles. The link 

between acoustic features and disease morphology on HRCT was corroborated by the finding that 

combining the CPI with acoustic features resulted in a model that was more accurate at identifying 

extensive fibrosis on HRCT than the CPI alone. 
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Our study has several strengths. It was prospective in design and used a standardised, 

reproducible method for lung sound recording. We collected a broad set of acoustic features and 

evaluated relationships between individual features and both semiquantitative (visual) and 

quantitative (CALIPER) measurements of disease extent. Lastly, we used commercially available 

electronic stethoscopes, which are inexpensive and readily available in most parts of the world. A 

limitation of this study is involved a small population from a single centre which limited its power to 

explore if change in lung sounds can actually predict disease progression or survival in these 

patients. Nevertheless, these pilot data provide the basis for a larger multicentre trial aimed at 

assessing the utility of lung sounds as a biomarker of disease behaviour in patients with IPF.

In conclusion, in this study we showed for the first time that acoustic features of lung sounds 

are a reproducible and valid metric of disease severity in patients with IPF. In principle, quantitative 

lung sounds analysis is a feasible, point-of-care, inexpensive and non-invasive novel clinical 

biomarker in IPF. The further exploration of lung sounds in larger longitudinal cohorts such as those 

of clinical trials could clarify their potential role for monitoring disease progression in these patients. 

Any effort in this direction should be supported by the development of novel tools providing easily 

interpretable read-outs for clinicians.

Page 12 of 17European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

FUNDING SUPPORT: the conduction of the study was supported by funding from the NIHR 

Southampton Respiratory Biomedical Research Unit (UK).  Littmann 3200 electronic stethoscopes 

were provided by 3M through an educational grant.

Page 13 of 17 European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

REFERENCES

1. Du Bois RM, Weycker D, Albera C, Bradford WZ, Costabel U, Kartashov A, King TE, Lancaster L, 

Noble PW, Sahn SA, Thomeer M, Valeyre D, Wells AU. Forced vital capacity in patients with 

idiopathic pulmonary fibrosis: Test properties and minimal clinically important difference. 

Am. J. Respir. Crit. Care Med. 2011; 184: 1382–1389.

2. Richeldi L, Ryerson CJ, Lee JS, Wolters PJ, Koth LL, Ley B, Elicker BM, Jones KD, King TE, Ryu 

JH, Collard HR. Relative versus absolute change in forced vital capacity in idiopathic 

pulmonary fibrosis. Thorax 2012; 67: 407–411.

3. Jacob J, Bartholmai BJ, Rajagopalan S, Kokosi M, Nair A, Karwoski R, Raghunath SM, Walsh 

SLF, Wells AU, Hansell DM. Automated Quantitative Computed Tomography Versus Visual 

Computed Tomography Scoring in Idiopathic Pulmonary Fibrosis. J. Thorac. Imaging [Internet] 

2016; 31: 304–311Available from: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00005382-

201609000-00005.

4. Jacob J, Bartholmai BJ, Rajagopalan S, Kokosi M, Nair A, Karwoski R, Walsh SLF, Wells AU, 

Hansell DM. Mortality prediction in idiopathic pulmonary fibrosis: evaluation of computer-

based CT analysis with conventional severity measures. Eur. Respir. J. [Internet] 2017; 49: 

1601011Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/27811068%5Cnhttp://erj.ersjournals.com/lookup/doi

/10.1183/13993003.01011-

2016%5Cnhttp://erj.ersjournals.com/lookup/doi/10.1183/13993003.01011-2016.

5. Jacob J, Bartholmai BJ, Rajagopalan S, van Moorsel CHM, van Es HW, van Beek FT, Struik MHL, 

Kokosi M, Egashira R, Brun AL, Nair A, Walsh SLF, Cross G, Barnett J, de Lauretis A, Judge EP, 

Desai S, Karwoski R, Ourselin S, Renzoni E, Maher TM, Altmann A, Wells AU. Predicting 

Page 14 of 17European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

outcomes in idiopathic pulmonary fibrosis using automated CT analysis Authors: Am. J. 

Respir. Crit. Care Med. [Internet] 2018; : 1–56Available from: 

http://www.atsjournals.org/doi/10.1164/rccm.201711-

2174OC%0Ahttp://www.ncbi.nlm.nih.gov/pubmed/29684284.

6. Ponte DF, Moraes R, Hizume DC, Alencar AM. Characterization of crackles from patients with 

fibrosis, heart failure and pneumonia. Med. Eng. Phys. [Internet] Federal Institute of Piaui, 

64800-000, Floriano, PI, Brazil. danielponte@ieee.org: Institute of Physics and Engineering in 

Medicine; 2013; 35: 448–456Available from: 

http://dx.doi.org/10.1016/j.medengphy.2012.06.009.

7. Flietstra B, Markuzon N, Vyshedskiy A, Murphy R. Automated analysis of crackles in patients 

with interstitial pulmonary fibrosis. Pulm. Med. [Internet] Hindawi Publishing Corporation; 

2011; 2011: 590506Available from: http://www.ncbi.nlm.nih.gov/pubmed/21738873.

8. Piirila P, Sovijarvi ARA. Crackles: Recording, analysis and clinical significance. Eur. Respir. J. 

[Internet] Laboratory of Clinical Physiology, Finnish Institute of Occupational Health, Helsinki, 

Finland.; 1995; 8: 2139–2148Available from: http://www.ncbi.nlm.nih.gov/pubmed/8666111.

9. Sgalla G, Walsh SLF, Sverzellati N, Fletcher S, Cerri S, Dimitrov B, Nikolic D, Barney A, Pancaldi 

F, Larcher L, Luppi F, Jones MG, Davies D, Richeldi L. " Velcro-type " crackles predict specific 

radiologic features of fibrotic interstitial lung disease. .

10. Sovijärvi ARA, Vanderschoot J, Earis JE, Munksgaard. Computerized respiratory sound analysis 

(CORSA): recommended standards for terms and techniques : ERS Task Force Report. Eur. 

Respir. Rev.  Copenhagen: Munksgaard; 2000.

11. Lartillot O, Lartillot O, Toiviainen P, Toiviainen P. A matlab toolbox for musical feature 

extraction from audio. Int. Conf. Digit. Audio … [Internet] 2007; : 1–8Available from: 

http://dafx.labri.fr/main/papers/p237.pdf%5Cnpapers2://publication/uuid/840762A7-A43B-

Page 15 of 17 European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

48F8-A50C-85BFCE586BDE.

12. Fleiss JL. Reliability of Measurement. Des. Anal. Clin. Exp. [Internet] John Wiley & Sons, Inc.; 

2011. p. 1–32Available from: http://doi.wiley.com/10.1002/9781118032923.ch1.

13. Wells AU, Desai SR, Rubens MB, Goh NSL, Cramer D, Nicholson AG, Colby T V., Du Bois RM, 

Hansell DM. Idiopathic pulmonary fibrosis: A composite physiologic index derived from 

disease extent observed by computed tomography. Am. J. Respir. Crit. Care Med. [Internet] 

Department of Radiology, Royal Brompton Hospital, Interstitial Lung Disease Unit, Emmanuel 

Kaye Building, Manresa Road, Chelsea, London SW6 LR6, UK. a.wells@rbh.nthames.nhs.uk; 

2003; 167: 962–969Available from: internal-pdf://7.5.123.48/Wells-2003-Idiopathic 

pulmonary fibrosis_ a co.pdf.

Page 16 of 17European Respiratory Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



FIGURES

Figure 1 - ROC curves of the different models evaluated in the study for identification of extent of fibrosis ≥ 50% on High Resolution 
CT scan. Extent of fibrosis was calculated as sum of honeycombing + reticulation visual percentage scores. Black dotted line = 
acoustic features, AUC = 0.73, 95% CI 0.63-0.84. Grey dotted line = CPI (composite physiologic index), AUC = 0.69, 95% CI 0.58-0.79. 
Thin black line = acoustic features + CPI, AUC = 0.79, 95% CI 0.69-0.89.
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