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BACKGROUND: Crackles in COPD are believed to be generated by the re-opening of collapsed
airways, which result from chronic inflammation, secretions, and loss of cartilaginous support
through inflammation. However, it is unclear whether crackle characteristics can be used to identify
COPD. This is the first study to examine the relationship between specific added lung sounds
(crackles) and measurements of conductive airways and emphysema score obtained from high-
resolution computed tomography (HRCT) in vivo in humans. A predictive relationship might
permit the use of lung sounds as a biomarker for COPD. METHODS: A convenience sample of 26
subjects was recruited into the study and consisted of 9 healthy non-smokers, 9 healthy smokers,
and 8 subjects with mild or moderate COPD. Lung sound data were recorded using a digital
stethoscope connected to a laptop computer. Airway diameter, emphysema score, and percentage of
wall area were measured from HRCT scans. RESULTS: The analysis showed that there were no
statistically significant differences in crackle characteristics (the number of crackles per breathing
cycle and crackle 2-cycle duration) between the 3 subject groups. Both crackle 2-cycle duration and
crackle number showed some significant correlation with airway parameters at some branch gen-
erations, but due to the large number of correlations performed, these were consistent with chance
findings. CONCLUSIONS: Although there were some significant correlations between crackle
characteristics and measurements of the conductive airways and emphysema score, the possibility
that these correlations have occurred by chance cannot be ruled out. Therefore, this study provides
no conclusive evidence that crackle characteristics are related to HRCT variables in COPD. Key
words: breathing sounds; crackles; lung sounds; COPD; cross-sectional anatomy; tomography, x-ray
computed; imaging, 3-dimensional background. [Respir Care 2015;0(0):1–•. © 2015 Daedalus Enter-
prises]

Introduction

Use of standard auscultation to listen to lung sounds is
an accepted component of routine clinical assessment, but

it is a subjective process. Recent technological advances
mean that lung sounds and their characteristics can now be
recorded and objectively quantified, providing useful in-
formation on lung health. Crackles have been reported to

Dr S Bennett is affiliated with the Improvement of Physical Performance
and Quality of Life Research Group, Division of Physical Therapy, Fac-
ulty of Associated Medical Sciences, Khon Kaen University, Khon Kaen,
Thailand; Dr Bruton is affiliated with the Faculty of Health Sciences,
University of Southampton, Southampton, United Kingdom; Dr Barney
is affiliated with the Institute of Sound and Vibration Research, Univer-
sity of Southampton, Southampton; Mr Havelock is affiliated with the
Faculty of Medicine, University of Southampton, Southampton; Dr Bru-
ton, Mr Havelock, and Dr MJ Bennett are affiliated with the National
Institute for Health Research, Southampton Respiratory Biomedical Re-
search Unit, Southampton Centre for Biomedical Research, University

Hospital Southampton NHS Foundation Trust, Southampton, United King-
dom.

Supplementary material related to this paper is available at http://
www.rcjournal.com.

The clinical portion of this study was funded by the Southampton Na-
tional Institute for Health Research Respiratory Biomedical Research
Unit. Dr S Bennett received financial support from the Royal Thai Gov-
ernment (Ministry of Sciences) and Khon Kaen University. The other
authors have disclosed no conflicts of interest.

RESPIRATORY CARE • ● 2015 VOL ● NO ● 1

RESPIRATORY CARE Paper in Press. Published on November 25, 2014 as DOI: 10.4187/respcare.03543

Copyright (C) 2015 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



be the most frequent of adventious lung sounds that are
indicative of pulmonary diseases.1-3

The mechanism to generate crackles is believed to be
associated with the sudden reopening of closed airways,
which result from secretion obstruction, bronchoconstric-
tion, chronic inflammation, and loss of airway cartilagi-
nous support.3,4 Crackles can be described in terms of
duration (such as the crackle 2-cycle duration [2CD]; see
Fig. 1), which is determined as the time from the begin-
ning of a crackle to the point where the crackle has com-
pleted 2 cycles5 and quantity (such as the number of crack-
les per breathing cycle [NCpB]).1,3,6 Crackle duration is
related to airway size, with smaller airways thought to give
rise to crackles of shorter duration.3 The number of closed
airways that reopen directly affects the crackle number, as
each reopening event causes one or more crackles. The
pressure required to cause sudden reopening of closed air-
ways has been shown to be related to the airway diameter;
7,8 therefore, it can be hypothesized that the characteristics
of crackles as described above may be related to airway
geometry. COPD is a chronic inflammatory disease of
the lungs that results in progressive narrowing of the air-
ways,9 and it was therefore hypothesized that the charac-
teristics of crackles would be altered in the presence of
COPD.

Quantitative analysis of high-resolution computed to-
mography (HRCT) of the lungs has been demonstrated to
be a useful method of characterizing and measuring the
anatomy and geometry of the bronchial tree. Although the
technique is limited by resolution in its assessment of the
very small airways, it is reliable down to the sixth airway
generation.10 Increased wall thickening in COPD is asso-
ciated with worsening air flow limitation and increased
inflammation11 and, as measured by quantitative computed
tomography analysis, predicts increased symptoms and
worse health outcomes.12 Thickening of the walls of the
central airways correlates weakly with spirometric mea-
sures of airways obstruction,13 but the strength of the as-
sociation increases as thegeometricmeasurements are taken
from more distal airways at the fifth and sixth genera-
tions.14

Airway wall thickness decreases with increasing airway
generation due to the normal anatomy of the airways.11

Percentage wall area has been introduced as a way of

normalizing the wall thickness measurement for different
airway generations. It is calculated by expressing the total
airway wall area as a percentage of the whole area en-
closed by the external perimeter of the airway wall (airway
wall area plus luminal area). The normalization is not
perfect, however, as percentage wall area nevertheless has
the tendency to increase with airway generation.15

The chronic inflammation associated with COPD also
leads to destruction of the alveoli walls, causing the en-
largement of the air spaces within the lung that is the
defining feature of emphysema. Emphysema can be de-
tected by HRCT as areas of low attenuation.16 The extent
of emphysema in the lung can be quantitatively assessed
from the HRCT by counting the number of voxels with an
attenuation value less than a specified threshold. The most
commonly used threshold is �950 Hounsfield units17 and
the ratio of the number of voxels below this threshold
(often referred to as low attenuation areas) to the total
number of voxels in the lung (or region), expressed as a
percentage is defined as the emphysema score.

Computer-aided lung sound analysis (CALSA) has been
reported to provide good to excellent intra-subject reliabil-
ity of measurements of crackle characteristics such as du-
ration and number in a clinical population.6 CALSA is an
inexpensive, noninvasive process with potential to be an
objective diagnostic and monitoring tool for clinical prac-
tice.6,18 The aim of this study was therefore to explore the
relationship between crackles (analyzed using CALSA)
and airway geometry and lung parenchyma measurements
(quantified by HRCT) to test whether crackles can be used
as an indicator of COPD.
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Fig. 1. Illustration of the crackle characteristics that were mea-
sured from the crackle sounds. 2CD � 2-cycle duration; IDW � ini-
tial displacement width; LDW � largest deflection width.
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Methods

Subjects

A convenience sample of 26 subjects was recruited and
characterized into disease groups relating to smoking hab-
its and level of airway obstruction. Convenience sampling
is a non-probability sampling technique where participants
are recruited on the basis of their accessibility or proximity
to the researcher. In this case, participants were recruited
on the basis of being involved in an imaging study being
conducted within University Hospital Southampton Na-
tional Health Service Foundation Trust. Nine healthy non-
smokers, 9 healthy smokers without airway obstruction,
and 8 subjects with mild or moderate COPD were in the
sample. Healthy non-smokers were defined as life-long
non-smokers, with no medical history suggestive of air-
way disease, normal spirometry, non-atopic, and PC20 (his-
tamine) � 8 mg/mL. Healthy smokers were defined using
the same criteria as the healthy non-smokers, except they
were current smokers. COPD subjects were defined as
current or ex-smokers, with physiological evidence of mild
or moderate obstructive airway disease (FEV1/FVC ratio
of � 70% and FEV1 � 50%, predicted), incomplete dis-
ease reversibility (� 10% improvement with 400 �g of
inhaled salbutamol), symptoms of breathlessness, cough
or sputum production, no evidence of exaggerated diurnal
variation, atopy, or asthma.

Ethics and Research Governance

Written informed consent was given and signed by all
subjects. The study was approved by the Southampton and
South West Hampshire local research ethics committee
(LREC No. 09/H0502/91) and Southampton University
Hospital Trust Research and Development department.

Lung Sound Recording and Analyzing

Single-channel sound recordings were made with a hand-
held digital stethoscope (ds32a, ThinkLabs, Centennial,
Colorado). Lung sounds were recorded on the same day as
HRCT imaging. The recordings were conducted as de-
scribed in detail elsewhere6,18 using 6 anatomical regions
of the chest wall: anterior right (AR) and anterior left
(AL), lateral right (LR) and lateral left (LL), and posterior
right (PR) and posterior left (PL) (see Fig. 2). A single
microphone was used and moved sequentially to each an-
atomical region. The recording time lasted 25 s at each
region, with subjects in a supine position (as for the HRCT
procedure) without air flow control. Recording without air
flow control has been reported to give high sensitivity and
specificity in detecting crackles.6 Subjects were asked to
breathe slightly more deeply than normal. The output from

the stethoscope microphone was connected via an integral
amplifier to the sound card of a laptop with customized
software, suitable for data acquisition and analysis, written
in Matlab 7.1 (Mathworks, Natick, Massachusetts). All
lung sound files from the 6 areas of chest wall were pro-
cessed using a customized algorithm written in Matlab,
used in previous research.6,18 Crackle characteristics, ie,
crackle 2CD and NCpB, were exported into an Excel (Mi-
crosoft, Redmond, Washington) file for analysis.

HRCT Measurement

The HRCT scan was performed on a Sensation 64 com-
puted tomographic scanner (Siemens Medical Solutions,
Erlangen, Germany) with detector aperture 0.6 mm, pitch
1, effective mAs of 90, and a tube voltage of 120 kV. The
images were reconstructed using the Siemens b35f filter,
and the effective dose for this procedure was approxi-
mately 3.8 mSv to get the best visualization of the airway
tree.19 Images were captured with subjects in suspended
full inspiration and on full expiration. The combined ra-
diation dose of the inspiratory and expiratory scans was
approximately 7 mSv.

The analysis of the HRCT scans was performed using
Pulmonary Workstation 2 (PW2) software (Vida Diagnos-
tics, Coralville, Iowa), which was used to segment the
airway, to give measurements of airway diameter and per-
centage wall area and measurement of emphysema score.
Measurements were made for each branch of the airways
from generation 2 to 5 at right upper, middle, and lower
lobes, and from generation 2 to 4 at left upper and lower
lobes because of the limitation of HRCT scan (see Figs. 3
and 4).

QUICK LOOK

Current knowledge

The adventitious breath sounds known as crackles are
believed to be associated with the sudden reopening of
closed airways resulting from secretion obstruction,
bronchoconstriction, chronic inflammation, and loss of
airway cartilaginous support. Crackles are associated
with COPD, atelectasis, and pulmonary edema.

What this paper contributes to our knowledge

There was no significant relationship between crackle
characteristics quantified using computer-aided lung
sound analysis and emphysema score measured by high-
resolution computed tomography. The presence and ex-
tent of crackles does not correlate with emphysema
severity.
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The parameter used to describe airway wall thickening,
obtained from the HRCT images is the percentage wall
area (%WA). The percentage wall area is defined as:

%WA � 100��Aext – Aint]/Aext)

where Aext and Aint are defined in Figure 5. The percent-
age wall area and airway diameter measurements were
made automatically by the Pulmonary Workstation 2 soft-
ware, which made measurements from more than one lo-
cation along each airway branch and provided the average
value.

The emphysema score, expressed as the percentage of
voxels in each region that had a threshold less than �950
Hounsfield units, was computed for each lobe. The Pul-
monary Workstation II software automatically segmented
the lungs and attempted to automatically detect the fis-
sures of the lungs and thus segment the lobes. In the ma-

jority of subjects, this worked well; however, in some
cases, it was necessary to manually edit the results of the
lobe segmentation where the fissure was not well defined
from the HRCT. In each case, the lobar segmentation re-
sults were visually assessed to ensure accuracy.

Fig. 2. Site of the 6 auscultation locations of the chest: 1: anterior
right; 2: anterior left; 3: lateral right; 4: lateral left; 5: posterior right;
6: posterior left. (Adapted from Reference 6, with permission.)

Fig. 3. Illustration of the tracheobronchial tree segmented from the
HRCT data, showing automatic airway labeling by Pulmonary Work-
station 2 (Vida Diagnostics). RMB � right main bronchus, LMB � left
main bronchus, RUL � right upper lobe, LUL � left upper lobe,
LLB � left lower bronchus, RB1–RB10 � right segmental bronchi,
LB1–LB10 � left segmental bronchi.

Fig. 4. Illustration of the different generations of the airway tree
produced by Pulmonary Workstation 2 (Vida Diagnostics). 0 � tra-
chea, 1 � left/right main bronchus, 2 � generation 2, 3 � gener-
ation 3, 4 � generation 4, 5 � generation 5, 6 � generation 6,
7 � generation 7.

Fig. 5. Illustration of the airway wall thickness parameters. The wall
thickness is computed as the difference between external diam-
eter (Dext) and internal diameter (Dint). Aint � internal area, Aext � ex-
ternal area.
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Statistical Analysis

Descriptive statistics are reported as mean � SD or
median (range). One-way analysis of variance and post
hoc comparison tests at the 95% significance level with a
Bonferroni correction were used to compare the means of
the 3 subject groups. The existence of a linear relationship
between dependent variables (crackle 2CD or NCpB at
each area over the chest wall) and independent variables
(airway diameter, percentage wall area, and emphysema
score at each corresponding auscultation area of the lung)
was also tested by calculating Pearson correlation coeffi-
cient for the data from each generation of the airways in
each lobe of the lung, down to generation 4 on the left and
5 on the right in 26 subjects.

Results

Demographic andpulmonary function test data are shown
in Table 1. As expected, the COPD subjects presented
with more impaired pulmonary function on average than
both the healthy non-smokers and healthy smokers. Age
did not have a normal distribution and is presented as
median (range). There were no statistically significant dif-
ferences in age across the groups (P � .11) with mean
rank age of 10.06 for healthy non-smoker, 13.11 for healthy
smoker, and 17.81 for COPD, respectively. All results are
presented as mean � SD.

Crackle characteristics are presented in Tables 2 and 3.
One-way analysis of variance revealed that the NCpB was
not significantly different among the 3 groups at any re-
gion of the chest wall. Crackle 2CD was also not signifi-
cantly different among the 3 groups in recordings from
most regions of the chest wall (AL, AR, LR, PL, and PL).
However, there was a significant difference in crackle 2CD
at LL (P � .03). Post hoc comparison across the 3 groups
incorporating a Bonferroni correction showed that crackle
2CD in LL was marginally lower in COPD (13.97 � 1.75)
than in healthy non-smokers (15.81 � 1.30, P � .04).

The average measures for airway diameter and percent-
age wall area are presented in Tables 4 and 5. One-way
analysis of variance did reveal that there was a significant
difference in airway diameter at generation 3 of right mid-
dle lobe (G3RML, P � .03). There were also some sig-
nificant differences in percentage wall area at specific gen-
erations and lobes. These were: generation 3 of left upper
lobe (G3LUL, P � .02); generation 4 of left lower lobe

Table 1. Demographic Data for the Sample Population

Variables
COPD
(n � 8)

Healthy
Smokers
(n � 9)

Healthy
Non-Smokers

(n � 9)

Females/males (n) 2/6 7/2 3/6
Age* (y) 60 (11) 51 (19) 46 (26)
Weight* (kg) 77.0 (42.0) 69.9 (44.0) 82.3 (50.0)
Height (m) 1.69 � 0.08 1.66 � 0.07 1.72 � 0.08
BMI* (kg/m2) 26.02 (8.15) 25.98 (13.94) 29.67 (12.82)
FVC (L) 3.59 � 0.98 3.89 � 0.85 4.33 � 0.53
FEV1 (L) 2.13 � 0.75† 2.87 � 0.76 3.54 � 0.49
FVC (% predicted) 98.79 � 15.52‡ 117.93 � 13.64 113.84 � 15.38
FEV1 (% predicted) 71.13 � 12.54§ 102.44 � 11.77 107.90 � 11.09
FEV1/FVC (%) 59.89 � 7.28§ 73.21 � 5.56† 80.24 � 3.39
Peak expiratory

flow (% predicted)
68.24 � 13.63§ 107.18 � 18.06 99.17 � 21.04

* Values are not normally distributed and are shown as median (range).
† Significantly different from healthy non-smokers (Bonferroni correction test, P � .001).
‡ Significantly different from healthy smokers (Bonferroni correction test, P � .04).
§ Significantly different from both healthy smokers and healthy non-smokers (Bonferroni
correction test, P � .001, P � .005, and P � .001).
F � female
M � male
BMI � body mass index

Table 2. Average Crackle Number per Breathing Cycle From the 6
Regions of the Chest Wall for Each Group

Area
COPD
(n � 8)

Healthy Smokers
(n � 9)

Healthy Non-Smokers
(n � 9)

AL 3.75 � 1.77 3.52 � 1.28 2.75 � 1.43
LL 4.62 � 1.96 4.25 � 1.27 5.43 � 3.03
PL 3.35 � 1.44 4.78 � 2.22 4.36 � 1.63
AR 2.96 � 1.29 3.71 � 1.68 4.03 � 2.19
LR 3.61 � 1.17 5.09 � 1.48 3.47 � 2.64
PR 3.84 � 3.23 4.54 � 1.70 4.67 � 2.37

AL � anterior left
LL � lateral left
PL � posterior left
AR � anterior right
LR � lateral right
PR � posterior right

Table 3. Average Crackle 2-Cycle Duration From the 6 Regions of
the Chest Wall for Each Group

Area
COPD
(n � 8)

Healthy Smokers
(n � 9)

Healthy Non-Smokers
(n � 9)

AL 15.74 � 1.02 15.63 � 0.83 16.00 � 1.42
LL 13.97 � 1.75* 15.64 � 1.31 15.81 � 1.30
PL 13.62 � 1.61 14.89 � 1.48 13.27 � 2.97
AR 15.76 � 1.44 16.39 � 0.95 16.40 � 1.43
LR 15.59 � 1.06 14.51 � 1.00 15.42 � 1.75
PR 13.87 � 2.12 15.00 � 1.02 13.48 � 2.13

* Significantly different from healthy non-smokers (Bonferroni correction test, P � 0.04).
AL � anterior left
LL � lateral left
PL � posterior left
AR � anterior right
LR � lateral right
PR � posterior right
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(G4LLL, P � .034); generations 2 (G2RUL, P � .01) and
3 of right upper lobe (G3RUL, P � .03); and generations
3 (G3RLL, P � .03), 4 (G4RLL, P � .02), and 5 (G5RLL,
P � .04) of right lower lobe between the 3 groups.

Post hoc analyses using the Bonferroni correction in-
dicated that airway diameter at G3RML was significant
higher in healthy smokers (7.01 � 1.63) than COPD
(5.59 � 0.69, P � .04). The percentage wall area values
at G3LUL, G4LLL, G3RUL, G3RLL, and G5RLL were
significantly higher in COPD (64.56 � 2.75, 63.10 �
2.62, 63.92 � 3.61, 58.95 � 2.70, and 63.90 � 1.86,
respectively) than those of healthy smokers (61.45 �
2.89, P � .04; 59.57 � 3.42, P � .04; 60.13 � 2.03,
P � .04; 54.79 � 3.24, P � .03; and 60.78 � 2.52, P �
.04, respectively). Post hoc analysis with a Bonferroni
correction also showed that there was a significantly
higher percentage wall area at G2RUL and G4RLL in

COPD (52.11 � 3.47 and 62.42 � 2.32, respectively)
than healthy non-smokers (45.28 � 5.92, P � .03 and
58.59 � 3.68 P � .04, respectively).

The emphysema scores exhibited a very wide range
within each group compared with other variables across all
the lobes (Table 6). Thus, it is not possible to compare the
emphysema score between the groups. However, it seemed
that the range of emphysema scores was larger for the
COPD group than the other groups. This would be ex-
pected, as some of the COPD subjects had significant
emphysema. whereas others had very little, although, by
lung function testing, they were all classified into the COPD
group. Correlation coefficients for the linearity of the re-
lationship between airway measures, emphysema score,
and the characteristics of crackles at each corresponding
auscultation area are shown in Table 7.

Table 4. Data Relating to Airway Diameter

Area
COPD
(n � 8)

Healthy Smokers
(n � 9)

Healthy Non-Smokers
(n � 9)

LMB 11.89 � 0.78 11.78 � 1.73 11.86 � 1.28
RMB 14.56 � 0.91 14.95 � 2.88 15.15 � 1.61
G2LUL 9.36 � 1.48 10.14 � 1.59 10.49 � 1.81
G3LUL 4.49 � 0.62 4.76 � 0.58 4.56 � 0.34
G4LUL 4.75 � 0.85 4.78 � 1.06 4.25 � 0.58
G3LGL 6.72 � 2.64 6.89 � 1.42 6.38 � 0.83
G4LGL 3.97 � 0.69 4.43 � 0.83 4.46 � 0.71
G2LLL 8.80 � 1.12 9.14 � 1.39 10.81 � 3.12
G3LLL 6.41 � 0.63 7.11 � 1.60 7.34 � 1.67
G4LLL 4.78 � 0.55 6.06 � 2.69 4.96 � 0.45
G2RUL 9.65 � 1.69 12.09 � 3.56 13.56 � 9.36
G3RUL 4.67 � 0.80 5.13 � 0.45 5.34 � 0.92
G3RML 5.59 � 0.69* 7.01 � 1.63 6.46 � 0.49
G4RML 4.13 � 0.42 4.53 � 0.84 4.50 � 0.48
G3RLL 6.09 � 0.46 6.93 � 0.91 6.90 � 1.03
G4RLL 5.11 � 0.42 5.64 � 0.79 6.02 � 1.09
G5RLL 4.42 � 0.49 4.82 � 0.52 4.78 � 1.00

Data are given as mean � SD of airway diameter (mm).
* Significant difference from healthy smokers (Bonferroni correction test, P � .03).
LMB � left main bronchus
RMB � right main bronchus
G2LUL � generation 2 left upper lobe
G3LUL � generation 3 left upper lobe
G4LUL � generation 4 left upper lobe
G3LGL � generation 3 lingula lobe
G4LGL � generation 4 lingula lobe
G2LLL � generation 2 left lower lobe
G3LLL � generation 3 left lower lobe
G4LLL � generation 4 left lower lobe
G2RUL � generation 2 right upper lobe
G3RUL � generation 3 right upper lobe
G3RML � generation 3 right middle lobe
G4RML � generation 4 right middle lobe
G3RLL � generation 3 right lower lobe
G4RLL � generation 4 right lower lobe
G5RLL � generation 5 right lower lobe

Table 5. Data Relating to Percentage Wall Area

Area
COPD
(n � 8)

Healthy Smokers
(n � 9)

Healthy Non-Smokers
(n � 9)

LMB 43.43 � 3.09 41.69 � 3.85 42.98 � 2.62
RMB 39.66 � 3.25 41.11 � 2.74 40.50 � 2.70
G2LUL 48.81 � 2.09 46.97 � 3.10 48.81 � 2.43
G3LUL 64.56 � 2.75* 61.45 � 2.89 64.22 � 1.39
G4LUL 63.50 � 2.93 60.67 � 4.93 64.11 � 2.47
G3LGL 57.26 � 4.72 54.71 � 4.54 57.18 � 2.97
G4LGL 64.44 � 2.27 57.26 � 4.72 57.26 � 4.72
G2LLL 49.74 � 2.63 48.07 � 2.30 47.17 � 5.66
G3LLL 57.85 � 3.56 53.96 � 4.94 55.05 � 6.11
G4LLL 63.10 � 2.62* 59.57 � 3.42 62.14 � 1.84
G2RUL 52.11 � 3.47† 45.29 � 5.17 45.28 � 5.92
G3RUL 63.92 � 3.61* 60.13 � 2.03 60.51 � 3.13
G3RML 61.51 � 3.72 53.75 � 7.05 56.46 � 2.80
G4RML 63.52 � 1.65 61.24 � 2.44 62.48 � 1.73
G3RLL 58.95 � 2.70* 54.79 � 3.24 56.10 � 3.31
G4RLL 62.42 � 2.32† 59.00 � 2.63 58.59 � 3.68
G5RLL 63.90 � 1.86* 60.78 � 2.52 61.72 � 2.69

Data are presented as mean � SD.
* Significant difference from healthy smokers (Bonferroni correction test, P � .04, P � .04,
P � .04, P � .03, and P � .04, respectively).
† Significant difference from healthy non-smokers (Bonferroni correction test, P � .03 and
P � .04).
LMB � left main bronchus
RMB � right main bronchus
G2LUL � generation 2 left upper lobe
G3LUL � generation 3 left upper lobe
G4LUL � generation 4 left upper lobe
G3LGL � generation 3 lingula lobe
G4LGL � generation 4 lingula lobe
G2LLL � generation 2 left lower lobe
G3LLL � generation 3 left lower lobe
G4LLL � generation 4 left lower lobe
G2RUL � generation 2 right upper lobe
G3RUL � generation 3 right upper lobe
G3RML � generation 3 right middle lobe
G4RML � generation 4 right middle lobe
G3RLL � generation 3 right lower lobe
G4RLL � generation 4 right lower lobe
G5RLL � generation 5 right lower lobe
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Multiple Correlation Tests

There were 100 correlation tests performed at LUL and
RLL among 5 variables; 2 with crackle 2CD and NCpB at
each auscultation area and one with airway diameter, per-
centage wall area from each generation of LUL and RLL,
and emphysema score at LUL and RLL. There were 81
and 84 correlation tests performed at LLL and LGL among
5 variables; 2 with crackle 2CD and NCpB at each aus-
cultation area and one with airway diameter, percentage
wall area from each generation of LLL and LGL, and
emphysema score at LLL. There were 36 correlation tests
performed at RML among 5 variables; 2 with crackle 2CD
and NCpB at each auscultation area and one with airway
diameter, percentage wall area from each generation of
RML, and emphysema score at RML. There were 49 cor-
relation tests performed at RUL among 5 variables; 2 with
crackle 2CD and NCpB at each auscultation area and one
with airway diameter, percentage wall area from each gen-
eration of RUL, and emphysema score at RUL. There

were some significantly positive and negative correlations
between airway measurements, emphysema score, and
crackle characteristics, as shown in Table 7. These corre-
lations were mostly observed in the RUL.

Discussion

This study was the first to investigate the relationship
between airway geometry measured by HRCT and lung
crackles measured by CALSA in vivo in human lungs.
Previous animal research to study crackle mechanisms has
been reported, but animal models may not mimic the hu-
man airway.7,8

The main results of the study are the lack of statistically
significant differences in NCpB or crackle 2CD between
the groups studied. There were some positive correlations
noted between crackle characteristics and airway parame-
ters. However, as this was the first study of this nature,
multiple correlations were conducted to explore the poten-
tial relationships, with the inherent limitations of multiple
testing; therefore, further research needs to be conducted
to confirm these correlations.

The mechanism to generate crackles in COPD is uncer-
tain, but can be explained by the following processes.
Chronic inflammation and airway wall thickening decrease
the lumen diameter of the airways, leading to an accumu-
lation of secretions,20 and the formation of a fluid bridge
within the airways.21 These processes can lead to closed
airways by the fluid-film collapse mechanism.21 The de-
struction of lung parenchyma (emphysema) leads to the
loss of structural support of the airway wall from pleural
pressure, which also means that airways tend to close.21

During subsequent lung inflation, these closed airways are
forced to break the fluid bridges to re-open, generating
crackle sounds audible at the chest wall. However, this
process requires sufficient air flow tobreak the fluidbridges,
and, because COPD is associated with air flow limitation,
the number of crackles that can be detected may be lim-
ited. This could provide some physiological underpinning
of the negative correlation we found between NCpB and
the percentage wall area at generation 2 of RUL, because
thicker airway walls are less compliant and tend to pull the
airway open, making it less likely to collapse (even if there
is secretion blocking, or loss of support from parenchymal
destruction).22 Because crackles are generated by the re-
opening of collapsed airways, fewer crackles would be
generated under these conditions.

It was observed from the HRCT that there was a large
degree of anatomical variation of the right upper lobe bron-
chus (G2RUL) of the tracheobronchial tree (Table 4 and
Fig. 6), compared with the other branches of the airway
that were considered. It has been reported that the gener-
ation of crackle sounds depends on the air flow;3,7,8,23

therefore, because this airway is responsible for supplying

Table 6. Data for Emphysema Score in Each Lobe of the Lung

Area
COPD
(n � 8)

Healthy Smokers
(n � 9)

Healthy Non-Smokers
(n � 9)

LUL 2.16–25.55 0.51–15.73 0.61–4.88
LLL 3.04–21.91 0.14–7.77 0.27–7.40
RUL 0.38–48.71 0.04–5.49 0.38–3.78
RML 1.05–21.91 0.12–9.05 2.21–11.32
RLL 2.12–17.94 0.06–7.56 0.46–4.42

Data are presented as percentage ranges.
LUL � left upper lobe
LLL � left lower lobe
RUL � right upper lobe
RML � right middle lobe
RLL � right lower lobe

Table 7. Pearson Correlation Coefficient (r) and P Value for
Significant Correlation Between Crackle Characteristics
and Airway Measurements and Emphysema Score

Variables r P

Crackle 2CD at AR and airway diameter at G2RUL 0.44 .03
Crackle 2CD at AR and percentage wall area at right

main bronchus
–0.42 .03

Crackle 2CD at AR and percentage wall area at G2RUL –0.40 .04
Crackle 2CD at AR and emphysema score at RUL –0.47 .01
NCpB at AR and percentage wall areas at G2RUL –0.49 .01
NCpB at LL and airway diameter at G4LLL 0.48 .01

Crackle 2CD � crackle 2-cycle deflection
AR � anterior right
G2RUL � generation 2 right upper lobe
RUL � right upper lobe
NCpB � mean number of crackles per breathing cycle
G4LLL � generation 4 left lower lobe
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the air flow for the right upper lobe, it seems reasonable to
assume that variations in the morphology could lead to
significant changes in the air flow and hence the crackle
characteristics.

If the relationships observed in this study are genuine,
they suggest that thicker airway walls and higher emphy-
sema scores are associated with crackles of shorter dura-
tion. These findings were in contrast with those reported
by Jones and colleagues,23 who varied air flow at different
levels into a simulated airway tube to generate crackles
and reported that crackle generation depends on air flow,
with low air flow generating crackles of longer duration.
This disparity may be because our study was conducted
in vivo, in the human lung, whereas the study by Jones and
colleagues23 used a simulated lung, which cannot provide
the support of parenchymal tissues which affects the gen-
eration of lung sounds including crackles. However, there
is no current theory to support our findings, so we cannot
rule out the possibility that these correlations are occurring
by chance.

A substantial limitation of this study was the number of
multiple correlations that were tested, which meant that
the possibility that any of the apparent correlations were
occurring by chance could not be ruled out. There were 49
hypotheses to test the relationship between crackle char-
acteristics at AR and airway measurements and emphy-
sema score at RUL. When Bonferroni correction was ap-
plied to correct for the multiple correlations, with a
significance of 0.05, the null hypothesis could be rejected
if the P value was less than .001. The P values found in
this study were in the range .01 to .04 and therefore too
high to reject the null hypothesis. There was also a small
sample size of only 26 subjects which resulted in low
statistical power. The acceptable power in a clinical trial
study is 80%. To achieve this power with the correlation
coefficient (r) of 0.4 (found in this study) a sample size of
47 subjects is needed as recommended by the Centre for
Clinical Research and Biostatistics at the Chinese Univer-

sity of Hong Kong (Hong Kong, People’s Republic of
China) (http://www.cct.cuhk.edu.hk/stat/other/correlation.
htm, Accessed April 28, 2014). Thus, it is suggested that
crackle characteristics could not be used to indicate COPD
by statistical correlation. To avoid multiple correlation tests,
we propose in the future that the correlation between crackle
characteristics and airway morphology be investigated at
only one specific generation, namely, that most affected in
COPD (airway diameter less than 2 mm).

There are also limitations within this research regarding
the comparison of lung sounds with airway measurements.
The HRCT procedure used in this study only provides data
from the lungs, and hence measurements of the airways at
suspended full inspiration. The lung sound recordings, how-
ever, were made during slightly deeper than normal breath-
ing. This has resulted in a comparison of airway measure-
ments from static snapshots of HRCT with lung sound
data recorded during dynamic respiration. It is therefore
not possible to use the HRCT to detect the exact cause of
the crackle sounds detected, such as fluid bridges or col-
lapsed airways, although such features are sometimes vis-
ible on the HRCT scan (see Fig. 7). Likewise, the use of
a single-channel recording system, although selected to
reflect common clinical practice in auscultation, means
that the generation location within the lung of the crackle
sounds detected cannot be ascertained and therefore can-
not be related to specific features in the HRCT data.

The HRCT analysis by which the measures of airway
wall geometry and emphysema score were derived was

Fig. 6. Variation of RUL branch. Figure shows the very short RUL
branch on the left compared with a clearly defined RUL branch on
the right. G2RUL � generation 2 right upper lobe.

Fig.7.High-resolutioncomputed tomography image (coronalplane)
showing detail of the left lung with an occluded airway (LB1). The
occlusion (red oval) is indicated by the increased tissue density
(brighter), compared with the airway lumen which appears very
dark, or black. The airways that were detected by the Pulmonary
Workstation 2 software have been highlighted in yellow. LMB � left
main bronchus, LUL � left upper lobe, LB1	2 � left bronchus 1
and 2, LB1 and LB2 � left segmental bronchi.
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also not without limitations. The measurement of airway
wall thickness, for example, was limited by the size of the
voxels obtained from the HRCT reconstruction. In this
study, the HRCT slice thickness was 0.7 mm and varied
between approximately 0.6 and 0.8 mm in the transverse
plane (as the reconstruction was fixed to a 512 
 512
voxel matrix, the size of the voxels had to change to ac-
commodate patients of varying sizes). For the larger air-
ways, the voxels will be sufficiently small that only a
minimal bias will be introduced into the airway wall thick-
nessmeasurement.However, as the airwaysbecomesmaller
and the wall thickness approaches the dimensions of a
single voxel, the degree of measurement bias will increase.
Furthermore, there is a substantial degree of anatomical
variation between individuals in terms of the tracheobron-
chial tree, especially in terms of the dimensions of certain
airways, such as the RUL branch. It is therefore not pos-
sible to attribute all of the variations in geometry between
the healthy and COPD subject groups included in this
study to the COPD disease process. Some will be natural
variations between individuals.

The crackle analysis algorithm used in this study was
developed following the study by Vannucini and col-
leagues,24 which followed the definition of crackles given
by Murphy et al.5 Vannucini and colleagues24 reported a
sensitivity of 84% and specificity of 89% to identify crack-
les. One weakness of this approach is the need to analyze
the first derivative of the signal to identify potential crack-
les, as the first derivative of the signal is prone to signif-
icant sensitivity to contaminating noise. Furthermore, rule-
based crackle identification processes are less reliable in
the presence of multiple overlapping crackles, where char-
acteristic features of one crackle may be masked by the
sound of another. The algorithm applied in this study ap-
peared biased toward the detection of coarse as opposed to
fine crackles, perhaps because fine crackles often do not
meet the requirement of a peak amplitude of twice the
signal mean amplitude. This could explain why no fine
crackles were observed in this study.

A further limitation of this study was the lack of age
matching between the subject groups, which resulted in
the COPD group being older than the healthy non-smoker
group, although the difference was not statistically signif-
icant in this sample (possibly due to the small sample
size). It has been reported that aging can cause alveolar
enlargement, which could lead to the appearance of em-
physema on HRCT.25 However, there have been no reports
of age-related damage to the airway walls26 or crackle
characteristics. It was therefore considered that the age
difference probably had little impact on measurements re-
lated to airway wall geometry. No statistically significant
difference was observed in the emphysema score or crackle
characteristics between the groups; however, some statis-
tically significant differences were found in airway wall

thickness. The authors believe that the age difference was
therefore unlikely to have had any significant impact on
the findings of this study. However, further studies should
be conducted with subject age matching between the groups
to minimize any potential impact.

Finally, there were a small number of subjects in each
group for this study, leading to reduced statistical power to
detect any differences between the subject groups. Future
studies will involve larger subject numbers to test the re-
lationships between lung sounds and airway morphology.

Conclusions

This is the first study to report on the relationship be-
tween lung sounds and the underlying geometry of the
airways in vivo of human lung. The results from this study
suggest no significant relationship between crackle char-
acteristics quantified using computer-aided lung sound
analysis, and airway variables and emphysema score mea-
sured by HRCT. It is uncertain whether no such relation-
ship exists or whether our small sample was unrepresen-
tative of the wider COPD population. Therefore, this study
provides no conclusive evidence that crackle characteris-
tics are related to HRCT variables in COPD.
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