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Background

Accurate identification of disease progression in patients
with fibrotic interstitial lung disease (ILD) is pivotal to
optimize management, including the appropriate timing
to start antifibrotic treatment, introduce supportive care
strategies and guide the prompt referral for lung trans-
plantation. Idiopathic pulmonary fibrosis (IPF) repre-
sents the archetype of progressive fibrotic lung disease,
however other forms of ILD can share similar behaviour
and prognosis [1, 2]. The recently emerged concept of
progressive pulmonary fibrosis (PPF) corroborated the
importance of a timely identification of disease progres-
sion, as antifibrotic therapies slow disease progression
in these patients [3-5]. Chest auscultation represents
a valuable point-of-care, low-cost, safe opportunity to
prompt a timely diagnostic work up in patients with
fibrotic ILD. The role of lung sounds as a screening and
monitoring tool in ILD has been advocated [6—-8]. Inter-
national consensus guidelines recommend that IPF
should be suspected in all patients with bibasilar inspira-
tory crackles [2, 9], which have been described as brief,
discontinuous pathological lung sounds, explosive and
transient in character, named after their similarity to
the sound generated by Velcro™ strips separating [10,
11]. The presence of crackles, subjectively assessed by
respiratory physicians, was found to be independently
associated with distinct radiological features in the lung
parenchyma, including honeycombing and reticular
opacities [12]. Such finding suggests that crackles may
be produced by advanced fibrosis as well as by less severe
interstitial changes, thus representing a potential tool for
the early detection of fibrotic ILD. Over the last decades,
computerized methods of analysis of lung sounds allowed
quantitative characterization of crackles in fibrotic ILD,
that were shown to have distinctive features as compared
to other conditions, such as chronic heart failure and
pneumonia [13, 14]. In a prospective pilot study, quanti-
tative features of lung sounds recorded from IPF patients
demonstrated to change over time and correlate with the
extent of fibrosis on CT scans [15]. While the incorpora-
tion of such methods in clinical practice requires further
validation, chest auscultation performed by physicians
remains limited by its subjectivity, despite the efforts
made towards a standardization of the nomenclature of
adventitious lung sounds [16]. With regards to fibrotic
ILD, whether the presence or acoustic changes of crack-
les could be reliably appreciated over time is unknown.
In this study, we aimed to evaluate the agreement on the
presence and changes of audible crackles between physi-
cians. New insights into the reliability of crackles’ assess-
ment could help clarify the potential role of lung sounds
as an indicator of disease severity and progression.
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Methods

Study design, population, and data collection
Consecutive patients referred to the ILD clinic at Fon-
dazione Policlinico Universitario “A. Gemelli” IRCCS
in Rome, Italy were invited to join a prospective longi-
tudinal cohort. Eligibility criteria for this study were a
multidisciplinary diagnosis of fibrotic ILD according to
available international guidelines [17, 18], age between
40 and 90 years and the availability of at least 12-month
follow up data. This study obtained ethics approval from
the Fondazione Policlinico Universitario “A. Gemelli”
IRCCS review board, Prot. 21,807/18, ID: 2104. Written
informed consent was obtained from those patients will-
ing to take part to the study before proceeding to data
collection.

At baseline, demographics, smoking, exposures, family
history for ILD and comorbidities were collected. Pulmo-
nary function tests, including spirometry and diffusion
capacity for carbon monoxide (DLco), were performed
[19, 20] and exercise tolerance was measured using the
6-minute walk test (6MWT) [21]. The Gender/Age/Phys-
iology (GAP) stage [22] was calculated for each patient.
A high-resolution computed tomography (HRCT) of
the chest was performed at enrolment (if not already
performed within 12 months before). Lung function
tests were repeated every 6 months. A thoracic radiolo-
gist (GC) with 7 years’ experience in ILD independently
reviewed anonymized HRCT scans and assessed radio-
logical patterns according to the current classification of
radiological usual interstitial pneumonia (UIP; probable
UIP; indeterminate for UIP; alternative diagnosis) [2].

At baseline and after 12 months, lung sounds were
digitally recorded sequentially at eight anatomical sites
identified according to the guidelines for Computerized
Respiratory Sounds Analysis (CORSA) [16]: upper sites
were located at the first or second intercostal spaces,
2 cm from the paravertebral line; middle sites were
located at the fourth or fifth intercostal space, 2 cm from
the paravertebral line; lower sites were located 7 cm
below the scapular angle and 5 cm from the paraverte-
bral line; lateral sites were located at the fourth or fifth
intercostal space on the mid-axillary line. Lung sounds
were recorded for approximately ten seconds at each
site or a time sufficient to record a minimum of two full
breathing cycles, using a hand-held, commercially avail-
able electronic stethoscope (Littmann 3200™, 3 M, USA).
Lung sound recording was not performed if patients were
experiencing, at the time of the clinical appointment,
events such as acute exacerbation of chronic obstructive
pulmonary disease or acute heart failure, which could
influence the auscultation findings related to the under-
lying fibrotic disease. The audio files were transferred
to the Littmann StethAssist™ software (3 M, USA) via
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Bluetooth, and exported in the wav format (sampled at
4 kHz with a resolution of 16-bit).

Assessment of crackles

The digital recordings obtained from the study partici-
pants at baseline and after 12 months were anonymized
and randomized by assigning a random number to each
audio file of the dataset. After receiving proper training
by an investigator with expertise in digital auscultation
(GS), an independent investigator (ADB) blindly lis-
tened to the lung sound dataset to assess the audio qual-
ity of each recording. Recordings that were deemed not
suitable for assessment due to poor sound quality were
excluded from further analyses. Criteria for exclusion
included: short time of recording (less than 10 s or less
than 3 complete breathing cycles), shallow breathing by
the patient and the presence of acoustic artifacts to an
extent, which could interfere with the proper assessment
of lung sounds. For each patient, electronic folders were
created that included two recordings obtained from the
same anatomical site at baseline and at 12 months. A ran-
dom sequence of the folders was then generated to avoid
that files from the same patient were played consecu-
tively. Nine physicians were invited to perform a subjec-
tive assessment of lung sounds: three were respiratory
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physicians with specific expertise in ILD ranging from 5
to 20 years; three were respiratory physicians with expe-
rience ranging from 3 to 15 years, but no specific exper-
tise in ILD; three were fellow residents in respiratory
medicine. The group of physicians attended consecutive
listening sessions, held in a quiet room, where an inde-
pendent investigator (JS) played the anonymized record-
ings from each folder. The sound files were played via
personal computer using an open-source audio player
(Audacity software, GNU General Public License) and
were listened simultaneously by all physicians through
over-ear headphones with active noise-cancelling feature
(Sennheiser Momentum 4, Sennheiser, DE), connected to
the source via Bluetooth technology. The randomization
of the recordings ensured that baseline and 12-month
recording could be played in either order: therefore, the
recording time point could not be identified by the phy-
sicians. The listening sessions did not exceed the 2-hour
length to avoid excessive tiredness from listening. A
flow-chart describing how lung sounds assessment was
performed by physicians is shown in Fig. 1, while a tem-
plate of the assessment sheet provided to the physicians
is reported in table S1 in the online data supplement. The
two audio files from each folder were played twice. The
physicians, blinded to clinical data and the timepoint at

Fig. 1 Flow-chart of how lung sounds were assessed. Each electronic folder per patient contained two anonymized recordings obtained from the same
recording site (right lower region, in the example shown in the gure) at baseline and 12 months. The two recordings were played consecutively. Each
physician was asked to indicate whether crackles were absent or present in each recording. If crackles were indicated as present in both recordings,
the physician was asked to indicate which recording had the more intense crackles, or if there was no di erence in crackles’ intensity between the two
recordings



Sgalla et al. Respiratory Research (2024) 25:352

which randomized lung sounds were recorded, assessed
the presence of crackles in the two recordings. If crack-
les were assessed to be present in both recordings of a
couple, the physicians were also asked to indicate which
of the two recordings contained the more “pathological”
crackles, considering the frequency of the crackles, their
qualitative characteristics (e.g., finer vs. coarser) and their
distribution across the respiratory phases (e.g. inspiratory
crackles vs. crackles present during expiration as well).
The adjudication of what is acoustically more “pathologi-
cal” was left to the subjective interpretation of the physi-
cians, as there is no consensus on the nomenclature and
the assessment of lung sounds. The physicians were also
advised not to consider the potential presence of fur-
ther adventitious lung sounds (e.g., rhonchi or squawks).
After the group listening sessions were completed, three
physicians (a respiratory physician with expertise in
ILD, a respiratory physician without expertise in ILD,
and a fellow in respiratory medicine) performed three
repeated assessments of a subset of recordings for intra-
rater agreement analysis. The dataset was randomized at
each session, and a minimum one-week time interval was
maintained between sessions.

Statistical analysis

Continuous and categorical data were summarized using
means and standard deviations or counts and percent-
ages respectively to describe the study population’s
characteristics.

Fleiss’ kappa coefficient (k) was used to evaluate lev-
els of inter- and intra-rater agreement for the presence
of crackles and for the longitudinal acoustic changes
related to crackles characteristics. Inter-rater agreement
was calculated for all nine physicians and for sub-groups
of physicians with similar level of experience. To calcu-
late agreement on acoustic change in crackles between
study timepoints, physicians’ assessments were con-
verted into four levels: (1) crackles indicated as absent
in both recordings; (2) crackles indicated as present in
both recordings, with acoustic equivalence; (3) acous-
tic change occurring in the first recording; (4) acoustic
change occurring in the second recording. An acoustic
change event was met when a physician indicated either
(1) absence of crackles in one recordings and presence of
crackles in the other recording, or (2) presence of crack-
les in both recordings with more pathological crackles in
one of the two recordings. Kappa coefficients were cat-
egorized as poor (0<k<0.20), fair (0.20<k<0.40), mod-
erate (0.40<x<0.60), good (0.60<x<0.80), and excellent
(0.80<x<1.00) [23].

The assessments made by the nine physicians partici-
pating in the study were used to explore the relationship
of longitudinal acoustic changes with disease progres-
sion. For each patient, the individual scores made by
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physicians for acoustic progression events, defined as
either appearance of crackles in the 12-month recording
or more pathological crackles in the 12-month record-
ing, were summed to obtain overall acoustic progression
scores (APS). Since some recordings were excluded after
sound quality check, APS were weighed on the number
of available recording sites for each patient. An example
of how scores were calculated is described in table S2 in
the online data supplement. Kaplan-Meyer curves and
Cox proportional hazards regression were used to deter-
mine the association of 12-month acoustic progression
with progression-free survival, defined as the occurrence
of categorical decline in absolute % predicted forced vital
capacity (FVC)210% from baseline or death from any
cause.

Statistical significance was set at p<0.05. All statisti-
cal analyses were performed using SPSS version 28 (IBM,
USA).

Results

Characteristics of study population and dataset

One hundred and eighteen patients were prospectively
enrolled in the ILD longitudinal cohort between October
2018 and May 2022 and screened for eligibility (Fig. 2).
Of these, 54 patients with at least 12 months of available
follow up data were included in the study. The COVID-19
pandemic was mainly responsible for the low proportion
of included patients, since several 12-month follow up
visits were scheduled during the lockdown, when outpa-
tients’ clinical appointments were suspended. The initial
dataset included 860 recordings, as 4 recordings were not
retrieved. The 4 recordings left unpaired were discarded
to consolidate a dataset including paired recordings
only. After the sound quality check, 86 recordings (10%
of the initial dataset) were excluded: of these, 27 (31.4%,
of which 3 paired recordings) due to insufficient record-
ing time, while 59 (68.6%, of which 6 paired recordings)
due to insufficient sound quality. The 68 recordings left
unpaired after quality check were also excluded. As such,
702 recordings were included in the final acoustic data-
set. Since all the recordings obtained from 2 patients
were excluded after the sound quality check, 52 patients
formed the final study population.

Baseline characteristics of the study population are
described in Table 1. Mean age was 73.8 years (SD 7.7)
and there was a slight male predominance (n=28, 53.8%).
The most frequent diagnosis was IPF (n=40, 76.9%),
followed by autoimmune ILD (n=6, 11.5%), fibrotic
hypersensitivity pneumonitis (#=3, 5.8%), idiopathic
non-specific interstitial pneumonia, pneumoconiosis and
unclassifiable ILD (n=1, 1.9%). Mean baseline predicted
FVC was 85.7% (SD 20.6). Most patients had either a UIP
(n=25, 53.2%) or a probable UIP (n=12, 25.5%) pattern at
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Fig. 2 Flowchart of data collection

baseline HRCT. Mean time from ILD diagnosis was 12.8
months (SD 15.9).

Identi cation of crackles

The frequencies of audible crackles in the acoustic data-
set for all physicians are reported in Table 2. On aver-
age, crackles were identified in slightly more than half of
the recordings (56.9%). The lowest rate of crackles was
reported by physician 2.2 (n=300, 42.7%), while the high-
est rate was reported by physician 2.1 (n=561, 79.9%)
(Table 2). After stratification by recording site, the fre-
quency of crackles was found to be higher in recordings
obtained from lower and lateral chest regions (right lower
region=78.8%; left lower region=76.4%; right lateral
region=70.9%; left lateral region=79.4%) as compared to
medium and upper regions (right upper region=18.6%;
left upper region=18.5%; right medium region=55.8%;
left medium region=47.1%) (Fig. 3 and table S3 in the
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online data supplement). Subpopulations of patients with
IPF (n=40) and non-IPF ILD (#=12) had a similar dis-
tribution of crackles across chest regions as compared to
the overall population, although the average frequencies
of crackles in recordings obtained from lower and lat-
eral chest sites were higher in IPF patients (table S5 and
S6 in the online data supplement). Patients with UIP or
probable UIP pattern at HRCT (#=37) had similar dis-
tribution of crackles to patients with IPE, and higher fre-
quencies of crackles in recordings obtained from lower
and lateral chest sites as compared to patients with pat-
tern indeterminate or suggestive of alternative diagnosis
(n=10) (table S9 and S10 in the online data supplement).
Inter-rater agreement levels among respiratory physi-
cians for presence of crackles are reported in Table 3.
Overall agreement among all physicians was moderate
with a kappa coefficient of 0.57 (95% CI 0.55 to 0.58).
Agreement levels were similar between pre-specified
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Table 1 Baseline characteristics of the study population.
Data are expressed as counts (%) or mean with standard
deviation. BMibody mass index; Il=Dinterstitial lung diseases;

IPF =idiopathic pulmonary brosis; fHP = brotic hypersensitivity

pneumonia; CTD-IlzEconnective tissue disease related
ILD; iNSKPidiopathic non-speci ¢ interstitial pneumonia;
UIP =usual interstitial pattern; COPD = chronic obstructive
pulmonary disease; OSA&bstructive sleep apnea syndrome;
GERD = gastroesophageal re ux disease; GAP =gender age
physiology; FV€Eforced vital capacity; TE@tal lung capacity;
DLco=di usion lung capacity for carbon monoxide

Patients (n =52)

Age, years 52 73.8(7.7)
Sex 52
Male 28 (53.8)
Female 24 (46.2)
Smoking history 52
Current 5(9.6)
Former 25 (48.1)
Never smoker 22 (42.3)
BMI 48 28 (4.8)
ILD diagnosis 52
IPF 40 (76.9)
fHP 3(5.8)
CTD-ILD 6 (11.5)
iINSIP 1(1.9)
Pneumoconiosis 1(1.9)
Unclassi able ILD 1(1.9)
Time from ILD diagnosis 50 12.8 (15.9)
Available recording sites 52 6.8 (1.7)
HRCT pattern 47
uiP 25 (53.2)
Probable UIP 12 (25.5)
Indeterminate for UIP 2(4.3)
Alternative diagnosis 8 (17)
ILD treatment
Pirfenidone 52 17 (32.7)
Nintedanib 23 (44.2)
Steroids 4(7.7)
Immunosuppressive 1(1.9)
No treatment 7 (13.5)
Comorbidities
COPD 52 8 (15.4)
Emphysema 9(17.3)
OSAS 9 (17.3)
Chronic heart disease 18 (34.6)
Pulmonary hypertension 11 (21.2)
GERD 21 (40.4)
Anxiety/Depression 7 (13.5)
Diabetes 12 (23.1)
History of cancer (active or past) 10 (19.2)
Pulmonary function
FVC, % pred 51 85.7 (20.6)
FEYFVC 42 83.6 (9.6)
TLC, % pred 50 67.4 (14.5)
Dl,,, % pred 49 66.6 (105.2)
GAP ILD stage
| 49 12 (24.5)
Il 31 (63.3)
1] 6 (12.2)
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subgroups of ILD respiratory physicians (k=0.62, 95% CI
0.58 to 0.66) and non-ILD respiratory physicans (k=0.54,
95% CI 0.52 to 0.56). The level of agreement was also
similar in a subgroup of non-ILD physicians including
only the respiratory medicine fellows (k=0.66, 95% CI
0.62 to 0.7). Intra-rater agreement was then calculated
for 3 physicians who performed 3 repeated assessments
of 100 couples of recordings randomly extracted from the
whole dataset. The level of agreement was excellent for
the respiratory physician with and without ILD expertise
(k=0.87, 95% CI 0.79 to 0.95 and k=0.86, 95% CI 0.78 to
0.94 respectively) and good for the respiratory medicine
fellows (k=0.79, 95%CI 0.71 to 0.87) (Table 4).

Longitudinal change in crackles

On average, acoustic change was indicated in most
(54.3%) recording couples, with lowest rate reported by
physician 1.3 (n=157, 44.7%) and highest rate reported
by physician 1.1 (=230, 65.5%) (Table 2). Acoustic
change events were more frequently determined by a
qualitative change in crackles (32.5%) as compared to the
appearance of crackles at one timepoint (21.9%). Con-
versely, when crackles were assessed as present in both
recordings, acoustic equivalence was indicated in less
than one third (26.9%) of recording couples, with a large
range of variability, with the lowest rate (1.9%) reported
by physician 2.2 and the highest (43.6%) reported by
physician 1.3. Just as for the presence of crackles, acous-
tic change events were also more frequent in couples of
recordings obtained from lower and lateral chest regions
(right lower region=69.0%; left lower region=68.1%;
right lateral region=67.7%; left lateral region=69.9%)
as compared to medium and upper regions (right upper
region=21.4%; left upper region=21.9%; right medium
region=52.9%; left medium region=52.3%) (Fig. 3 and
table S4 in the online data supplement). Similar distri-
butions of acoustic change events across chest regions
were found in subpopulations of patients with IPF/UIP
and non-IPF ILD/non-UIP, although patients with IPF/
UIP had more acoustic change events in lower and lat-
eral chest sites as compared to patients with non-IPF
ILD/non-UIP (table S7, S8, S11, S12 in the online data
supplement). Inter-rater agreement on acoustic change
among all physicians was moderate and was lower when
compared to the agreement for the presence of crackles
(k=0.42, 95%CI 0.41 to 0.43) (Table 3). Agreement levels
for acoustic change were similar among ILD physicians
(k=0.47, 95% CI 0.43 to 0.5) and non-ILD physicians
(k=0.41, 95% CI 0.39 to 0.43). The level of agreement
was also similar in a subgroup of non-ILD physicians
including only the respiratory medicine fellows (k=0.48,
95% CI 0.45 to 0.52). Intra-rater agreement for acoustic
change crackles was good for the physicians with and
without expertise in ILD (k=0.75, 95% CI 0.69 to 0.82
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Table 2 Crackles and acoustic change events indicated by physicians. Data are expressed as counts (%). Acoustic change was met
when the physician indicated either (1) absence of crackles at one time point and presence of crackles at the other timepoint or (2)
presence of crackles in both recordings, with more intense crackles audible at either of the two timepoints

Group Physician Presence of  Acoustic change
crackles Yes No
Crackles in both Crackles in All Crackles No crackles  All
recordings one recording in both
recordings
ILD Physicians 1.1 408 (58.1) 122 (34.8) 108 (30.8) 230 (65.6) 28 (8) 93 (26.4) 121 (34.4)
1.2 395 (56.3) 113 (32.2) 73 (20.8) 186 (53) 48 (13.7) 117 (33.4) 165 (47)
1.3 394 (56.1) 93 (26.5) 64 (18.2) 157 (44.7) 72 (20.5) 122 (34.8) 194 (55.3)
Mean, % 56.8 31.2 23.3 54.4 14.1 31.5 45.6
Non-ILD 2.1 561 (79.9) 151 (43) 29 (8.3) 180 (51.3) 115 (32.8) 56 (16) 171 (48.7)
Physicians 2.2 300 (42.7) 102 (29.1) 90 (25.6) 192 (54.7) 3(0.9) 156 (44.4) 159 (45.3)
2.3 376 (53.6) 120 (34.2) 94 (26.8) 214 (61) 21 (6) 116 (33) 137 (39)
2.4 398 (56.7) 98 (27.9) 62 (17.7) 160 (45.6) 70 (19.9) 121 (34.4) 192 (54.4)
25 380 (54.1) 133 (37.9) 88 (25.1) 221 (63) 13 (3.7) 117 (33.4) 130 (37)
2.6 382 (54.4) 93 (26.5) 82 (23.4) 175 (49.9) 57 (16.2) 119 (34) 176 (50.1)
Mean, % 56.9 33.1 21.2 54.2 13.2 325 45.7
Overall mean, % 56.9 325 21.9 54.3 13.5 32.2 45.7

Fig. 3 Crackles in single recordings (panel A) and acoustic change events (panel B) reported by respiratory physicians. Data are mean percentages

among all nine physicians

Table 3 Inter-rater agreement on presence of crackles and
acoustic change for all respiratory physicians and for sub-

Table 4 Intra-rater agreement on presence of crackles and
acoustic change for respiratory physicians with di erent level of

groups of physicians with di erent level of experience. Data areexperience. Data are expressed as Fleiss’ kappa values (95% Cl).
expressed as Fleiss’' kappa values (95% CI). All calculated kapfph calculated kappa values were signi cant \pith0.001

values were signi cant with<0.001
All physicians ILD physicians Non-ILD

(n=9) (n=3) physicians
(n=6)
Presence of crackles 0.57 (0.55-0.58).62 (0.58-0.66).54
(n=702) (0.52-0.56)

Acoustic change 0.42 (0.41-0.43D.47 (0.43-0.5) 0.41
(n=351) (0.39-0.43)

Physician 1.2  Physician 2.2 Physician 2.4

(ILD (non-ILD (Respiratory
physician) physician) medicine
fellow)
Presence of crackle®.87 (0.79-0.95).86 (0.78-0.94).79
(n=200) (0.71-0.87)
Acoustic change  0.75 (0.69-0.82).76 0.57
(n=100) (0.68-0.842) (0.5-0.63)
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and k=0.76, 95% CI 0.68 to 0.842 respectively), and was
moderate for the respiratory medicine fellow (k=0.57,
95% CI 0.5 to 0.63) (Table 4).

In order to further explore agreement on acoustic
change, these events were stratified in those defined by
the appearance of new crackles (absence of crackles
in one recordings and presence of crackles in the other
recording and those defined by the “worsening” of crack-
les (presence of crackles indicated in both recordings,
with more pathological crackles in one of the two record-
ings). Inter-rater agreement calculated for these subcat-
egories was higher for the appearance of new crackles
(k=0.4, 95% CI 0.38 to 0.42) as compared to the identi-
fication of worsening crackles (k=0.25, 95% CI 0.23 to
0.26).

Relationships with disease progression

An acoustic progression score (APS) was calculated for
each patient included in the study as described in the
methods section. The median APS in the study popula-
tion was 16, with interquartile range (IQR) from 15 to
22 and interval range from 2.6 to 34. The median value
of the scores of the study population was then used as
cut-off to discriminate patients with (APS>16) and with-
out (APS<16) significant acoustic progression between
baseline and 12 months. Using such criteria, 30 patients
(57.7%) with acoustic progression were identified.
Patients with significant acoustic progression after 12
months exhibited a trend toward reduced progression-
free survival at follow up (log-rank p=0.144) (Fig. 4).

Discussion

We studied the inter-rater agreement among respira-
tory physicians for crackles auscultation in lung sounds
digitally recorded in a prospective cohort of patients with
fibrotic ILD. The results show that both the presence of
crackles and their acoustic changes over time are reliably
assessed by respiratory physicians, thus confirming the
crucial role of chest auscultation in the management of
patients with fibrotic ILD.

In this dataset of digital recordings, crackles were more
frequently identified in recordings obtained from ana-
tomical sites corresponding to the lower and the lateral
regions of the chest. Such finding reflects the predomi-
nant lower distribution of fibrotic changes in many ILD:
notably, the distribution of crackles across chest regions
was similar regardless ILD diagnosis or the radiological
pattern on HRCT, although patients with IPF or with a
UIP/probable UIP pattern had more crackles identified
in the lower and the lateral regions of the chest as com-
pared to patients with non-IPF ILD or non-UIP pattern.
This is consistent with previous findings showing that
radiological UIP is the pattern most strongly associated
with audible crackles [12]. Acoustic change events were
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also more frequently identified at anatomical sites corre-
sponding to lower and lateral chest regions, and mostly
determined by changes in the qualitative features of
crackles, rather than by the appearance of new crackles
between study timepoints. We found that the agreement
levels for the presence of crackles and their longitudinal
change between respiratory physicians are acceptable
regardless of their level of expertise in the field of ILD.
The high levels of intra-rater agreement suggested that
lung sounds are consistently interpreted by the same
physician. This is particularly true for more experienced
physicians, who showed higher levels of intra-rater agree-
ment as compared to the younger colleague. Overall, the
assessment of acoustic changes seems to be less reliable
compared to the assessment of the presence of crackles,
as demonstrated by the lower levels of inter- and intra-
rater agreement. In particular, these appear to be driven
by a greater difficulty in identifying qualitative changes
in crackles when they are already present, as compared
to the appearance of new crackles. Indeed, physicians are
not used to compare lung sounds over time, since lung
sounds are not usually being recorded during clinical
practice. It is also possible that the assessments made by
respiratory physicians could be influenced by the pres-
ence of sound artifacts. At the sound quality check per-
formed prior to the lung sound assessment, 59 recordings
(6.8% of the initial acoustic dataset) were discarded due
to insufficient sound quality. Nonetheless, some artifacts
due to slight movements of the stethoscope’s diaphragm
on the skin could still be present in the recordings
included in the final dataset. These could mimic or cover
crackle sounds, thus influencing the interpretation of
acoustic change among physicians in different ways. Pre-
vious studies on the quantitative characterization of lung
sounds involved devices such as multi-channel analyzers
to allow simultaneous recording of multiple sites and the
use of pneumotachographs for airflow standardization
[14, 24]. Since the scope of the study was to determine
the agreement among physicians on the subjective assess-
ment of lung sounds, we preferred the adoption of a com-
mercially available stethoscope over more sophisticated
recording tools and tightly standardized conditions. On
the other hand, we believe that our findings highlight the
need for technological improvements in the field of digi-
tal stethoscopes to maximize acoustic reliability.

Worse, although non-statistically significant trends
of progression-free survival were shown at follow up by
patients with higher APS scores, suggesting that patients
showing longitudinal acoustic progression exhibit a more
progressive behavior. Indeed, this exploratory analysis
was limited by the small population size and the subjec-
tive assessment of multiple physicians used for scores’
calculation. Further exploration in larger cohorts of
patients using quantitative methods for lung sound



Sgalla et al. Respiratory Research (2024) 25:352

Page 9 of 11

Fig. 4 Kaplan-Meyer curves for progression-free survival of patients with or without signi cant acoustic progressléraf#xlPSPS$16, respectively)

between baseline and 12 months. Progression-free survival was de ned as decline in absolute % preditdéd M@ baseline or death from any

cause

analysis is required to investigate the potential role of
lung sounds as a prognostic indicator in fibrotic ILD.
Strengths of our study include the prospective design
and the standardization of the procedures followed for
the assessment of lung sounds. The simultaneous, collec-
tive listening sessions and the use of the same headsets
ensured to avoid biases resulting from individual listening
approaches, such as different times allocated for playback
or the use of different models of earphones/headphones.
Our study also has limitations. Those related to the use

of an electronic stethoscope and unstandardized tidal
breathing volumes have been discussed above.

In conclusion, our findings indicate that the presence
of crackles is a reliable clinical finding in patients with
fibrotic ILD and support the central role of chest auscul-
tation in the diagnostic work up of these patients. The
reliability of the assessment of longitudinal changes in
crackles is lower, but acceptable. Since acoustic changes
could reflect disease progression, further research in
the field of automated quantification of lung sounds is
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2.
warranted to clarify the role of crackles as lung-derived
prognostic indicator, with potential applications in tele-
medicine-based approaches and as a novel endpoint in 3

pharmacological clinical trials.

Abbreviations 4
CORSA Computerized Respiratory Sounds Analysis ILD: interstitial lung

disease
GAP Gender/Age/Physiology
HRCT  high-resolution computed tomography
IPF idiopathic pulmonary brosis 5
PPF progressive pulmonary brosis
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