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Objective:  This  study  aimed  to  investigate  and  classify  wheeze  sound  characteristics  according  to  asthma
severity  levels  (mild,  moderate  and  severe)  using  integrated  power  (IP)  features.
Method: Validated  and  segmented  wheeze  sounds  were  obtained  from  the  lower  lung  base  (LLB)  and
trachea  recordings  of  55  asthmatic  patients  with  different  severity  levels  during  tidal  breathing  manoeu-
vres.  From  the segments,  nine  datasets  were  obtained  based  on the  auscultation  location,  breath  phases
and their  combination.  In this  study,  IP  features  were  extracted  for  assessing  asthma  severity.  Subse-
quently,  univariate  and  multivariate  (MANOVA)  statistical  analyses  were  separately  implemented  to
analyse  behaviour  of wheeze  sounds  according  to  severity  levels.  Furthermore,  the  ensemble  (ENS),  k-
nearest-  neighbour  (KNN)  and  support  vector  machine  (SVM)  classifiers  were  applied  to classify  the
asthma  severity  levels.
Results and  conclusion:  The  univariate  results  of this  study  indicated  that  the  majority  of  features  sig-
nificantly  discriminated  (p < 0.05)  the severity  levels  in all the  datasets.  The  MANOVA  results  yielded
significantly  (p < 0.05)  large  effect  size  in all datasets  (including  LLB-related)  and  almost  all  post  hoc
results  were  significant  (p  < 0.05).  A  comparison  of the  performance  of classifiers  revealed  that  eight of  the
nine datasets  showed  improved  performance  with the  ENS  classifier.  The  Trachea  inspiratory  (T-Inspir)

dataset  produced  the highest  performance.  The  overall  best  positive  predictive  rate  (PPR)  for  the  mild,
moderate  and  severe  severity  levels  were  100%  (KNN),  92% (SVM)  and  94%  (ENS)  respectively.  Analysis
related  to auscultation  locations  revealed  that  tracheal  wheeze  sounds  are  more  specific  and  sensitive
predictors  of asthma  severity.  Additionally,  phase  related  investigations  indicated  that  expiratory  and
inspiratory  wheeze  sounds  are  equally  informative  for the  classification  of  asthma  severity.

©  2019  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Computerized wheeze sound analysis is a dynamic research
eld. This research field has the benefits of covering an extensive
ange of frequencies compared to what physicians can auscul-
ate using a stethoscope [1]. Researchers have investigated wheeze
etection using logic-based algorithms, wheeze classification using
achine learning methods, the association between respiratory
ound spectra and airway obstruction, and wheeze sound charac-
eristics. Recent literature reviews on the computerized respiratory
ound analysis concluded that focus areas are related to the clas-
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746-8094/© 2019 Elsevier Ltd. All rights reserved.
sification or detection of adventurous sounds (including wheezes),
which can be discontinuous or continuous [1–5].

Early wheeze sound investigations focused on wheeze detec-
tion. Researches in [6] detected wheeze sounds by searching a set
of peaks that were more than a predefined threshold. The study
in [7] introduced peak grouping to define the wheeze duration
criteria, which improved the wheeze sound detection accuracy.
Another study [8] established a time-frequency wheeze detec-
tion algorithm that introduced the idea of peak coexistence, i.e.,
the number of peaks detected at the same interval should not be
greater than four. A recent work applied an Hidden Markov Model
wheeze detection algorithm based on the identification of instan-
taneous frequency [9]. This algorithm tracks the start and end of

instantaneous frequency lines in the time-frequency decomposi-
tion of the recordings. However, the trend in this area has shifted
from logic-based algorithms to machine learning methods as logic-
based algorithms are susceptible and dependent to attenuation of
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reath sound signals, which has led researchers to develop methods
nvariant to attenuation.

Machine learning techniques then focused on wheeze sound
eature extraction for the classification of respiratory sounds into
redominantly abnormal and normal breath sounds. The algo-
ithms developed in an earlier study [10] compared 17 systems
eveloped using combinations of Mel-frequency cepstrum coeffi-
ients (MFCC), short-time Fourier transform, autoregression (AR),
avelet transform and wavelet packet transform feature extrac-

ion methods with vector quantization, Gaussian mixture model
GMM), and artificial neural network (ANN) classifiers to classify
espiratory sounds into wheezes and non-wheezes. This research
oncluded that MFCC features combined with the GMM  classi-
er performs better than all other combinations. Another group of
esearchers [11] extracted MFCC features from respiratory sounds
nd introduced a two-layer coarse-to-fine support vector machine
SVM) classifier in order to eliminate false stridors (louder wheeze
ounds with prominent peaks at 1000 Hz) to classify wheeze and
on-wheeze respiratory sounds. A previous study which collected
ata from children [12] had similar objectives: the researchers
ttempted to extract features from the power spectral density
sing the AR technique and fed the features into an SVM classifier.
nother study [13] introduced a temporal spectral domain tech-
ique for feature extraction and applied the k-nearest-neighbour
KNN) classifier to classify respiratory sounds into abnormal and
ormal classes. Recently a group of researchers [14] employed
n empirical mode decomposition technique to obtain the Hilbert
pectrum of respiratory sounds recordings. The instantaneous fre-
uency and instantaneous envelope features obtained using this
echnique were fed to an SVM classifier to classify the breath sounds
nto normal and wheeze sounds.

The literature also indicates a few studies that focused on respi-
atory sounds statistical analysis. In an earlier study [15], statistical
nalysis was performed with an average number of three expiration
reathing sounds using various parameters, such as the dura-
ion of non-wheeze, the number of wheezes, monophonic wheeze
ounds, polyphonic wheeze sounds and the mean frequency (MF)
f wheezes. The researchers concluded that the MF  of the expi-
ation respiratory recordings was higher in normal subjects than
n the patients. No significant difference was found for the other
nvestigated parameters between the two groups [15]. In another
tudy [16], third-order statistics of spectral features in the res-
iratory sounds of asthmatic subjects were analysed to observe
he nonlinear behaviour of wheeze sound. The findings revealed
hat wheeze sound exhibit different behaviours during the inspira-
ory and expiratory breathing phases. Similarly, another group of
esearchers [17] analysed the nonlinear behaviour of wheeze sound
n chronic obstructive pulmonary disease (COPD) and asthmatic
atients using 23 high-order statistical spectral features calculated
sing continuous wavelet transform. The behaviour of monophonic
nd polyphonic wheezes in a breathing cycle and in the respec-
ive inspiratory and expiratory phases were analysed. The results
evealed that most of the selected features indicated a signifi-
ant difference between COPD and asthma for all types of wheeze
ounds during the breathing cycles and individual breath phases.

Investigators have also examined associations between other
orms of recordings and classification. One study [18] compared
he classification performances of an ANN classifier and humans.
umans were shown the asthmatic patient’s bar-graph spectro-
ram obtained during one breath cycle, and the ANN was  developed
sing features of the same spectrogram. The results exposed an

nteresting insight: ANN classifiers perform better than humans

n the analysis of a bar-graph spectrogram. Other studies [19,20]
ater interpolated breath sound spectra to 16 different lung func-
ion values, including force expiratory volume in one second (FEV1).
he results indicated the existence of a deterministic relation-
ing and Control 52 (2019) 302–311 303

ship between respiratory sound spectra and lung function values
in asthmatic subjects. The researchers further claimed that the
severity level of asthma patients can be identified through a com-
puterized respiratory sound analysis [20] and rigidly concluded
that breath sound spectra provide sufficient information to explain
the severity level of asthma patients [19].

A few previous studies also conducted statistical analysis of
the correlations between respiratory sounds spectra and changes
in lung function values [21–23]. Study [22] collected respiratory
sounds from asthmatic patients and normal breathing sound and
found a relationship between lung function values with the ratio of
the wheezing duration to the total recording time (Tw/Ttot). Another
study [21] collected respiratory sounds from the trachea and chest
of 10 asthma patient with forced breathing and computed the aver-
age power, F50 and F75 for analysis. Only F50 attained from tracheal
breath sounds were found to be significantly related to FEV1. The
work in [23] collected respiratory sounds from the trachea of asth-
matic patient with forced breathing and investigated the acoustic
characteristics of normal subjects, non- stable and stable asthma
patients. The results indicated that the MF of normal subjects is
different from that of asthmatic patients. Similarly, a study work-
ing with paediatric subjects where lower lung base (LLB) sounds are
louder than adults due to thinner wall thickness [24] conducted the
analysis using inspiratory and expiratory peak frequency features.
The results revealed that only LLB inspiratory (LLB-Inspir) breath
sounds were correlated with lung function values [25].

Taken together, the previously mentioned studies indicate sev-
eral important insights. First, some studies performed a detailed
statistical analysis without any subsequent application such as
classification and vice versa. Second, although some studies have
obtained respiratory sound data from patients with different asth-
matic severity and conducted various analyses, only a few have
inferred back their findings to the severity levels. Given these obser-
vations, this study aims to statistically analyse the behaviour of
wheeze sounds from different severity levels of asthmatic patients
and perform classification using integrated power (IP) features
within nine datasets with respect to auscultation location and/or
breadth phases.

2. Materials and methods

2.1. Study protocol

The protocol for the acquisition of respiratory sound data was
designed according to CORSA standards [26] and after a detailed
study of the literature [1]. Details of the data collection are also
described in [27].

2.2. Ethics statement

Data were collected from two  hospitals – Al-Mustafa Chest Clinic
at Wazirabad, Pakistan, and District Headquarters Teaching Hospi-
tal at Gujranwala, Pakistan. Ethical permission was  obtained from
the ethical committees of both hospitals separately. Clinical report
forms were filled by all the subjects, and written informed consent
was also obtained from the subjects that participated in this study.
Prior to data collection, instructions were given to the subjects
regarding the data collection procedures.

2.3. Devices for data acquisition

According to CORSA respiratory sounds can be collected from

air coupled microphones or contact sensors (accelerometers) [26].
In this study, a single channel wireless digital stethoscope (WISE)
[28] was used for data collection. WISE is a commercially avail-
able device with dimensions of 144 × 63 × 73 mm and a weight of
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70 g that is manufactured in Korea. The frequency response of this
tethoscope is in the range of 20–2000 Hz. The hardware of the
evice comprises an air coupled microphone, a transmitter and a
eceiver. In WISE, mechanical vibrations are converted into electric
ignals through an air-coupled condenser. All data were collected
sing VPM3000 W software, which accompanies WISE and is saved
n the computer. A few previous studies have also used the same
evice [29–33].

.4. Inclusion and exclusion criteria

The subjects were recruited based on suggestions from senior
edical officers of both hospitals. The selected subjects were non-

mokers who were not addicted to drugs. The selected subjects
ere only asthmatic patients without any other lung, heart or

owel disease. In addition, the patients were not taking any medi-
ation for at least two to six hours prior to data collection.

.5. Auscultation location and procedure

Recordings of respiratory sounds were obtained with the aid of
hysicians. Data were collected from the trachea and the left and
ight LLB as recommended by CORSA [34]. The exact location of
he LLB was selected by ordinary auscultation based on a sufficient
ound intensity [21] and according to a previous study [26]. Recom-
endations and the necessary precaution related to auscultation

ocations and procedures were obtained from the physicians. In this
tudy, the difference in breath sounds between the right and left
LB [35] was considered negligible, and thus, both locations were
onsidered as LLB.

According to CORSA, there are two types of recordings – short-
erm and long-term recordings. For long-term recording, the supine
osition is recommended while for short time recording, the sitting
osition is recommended [26]. To ensure the quality and reliability
f the data, short-term recordings for 60–90 s were conducted. All
ecordings were obtained from the subjects in the sitting position
ith their hands on their lap. CORSA standard has suggested two

reathing manoeuvres for data collection [26] – tidal breathing and
orced expiratory. The subjects were asked to perform tidal breath-
ng through their mouth to exert effects on the upper airway. The
ubjects were asked to keep quiet and avoid any movements during
ata recording. In addition, the subjects were asked to hold their
reath for 10 s and then breathe normally without any targeted
ow. In this study, data was collected in a sound proof room as rec-
mmended by CORSA with standard background environmental
oise < 30 dB) [26]. Environmental conditions and subjects’ pos-
ures were identical for all the patients. Hence the ambient noise did
ot show any variation between patients, as described previously
21].

.6. Subject details

All the data were collected from subjects suffering from asthma.
 total of 55 subjects, including 21 females and 34 males (age

mean ± SD) = 55 ± 12.2), participated. After each patient was diag-
osed according to the available GINA standards [36], his/her
sthma severity level (mild, moderate and severe) was identified
ccording to the National Asthma Education and Prevention Pro-
ramme  – Expert Panel Report 3 [37]. This diagnosis was based on
hortness of breath, wheeze, history and condition of the patient.
herefore, the decision on the severity level by physician was
oupled with the patient’s history and his/her present condition.

ubject with conflicting opinions among the physicians were omit-
ed from the study. A similar approach was also used in other
tudies [38–40]. The severity level in all the patients was verified by
t least two physicians in both hospitals. The details of the patients
ing and Control 52 (2019) 302–311

with different asthma severity levels are as follows: (1) mild – 17,
male:female = 9:8, age (mean ± SD) = 50 ± 12.1; (2) moderate – 18,
male:female = 12:6, age (mean ± SD) = 51.5 ± 13.7; and (3) severe
– 20, male:female = 12:8, age (mean ± SD) = 50 ± 11.5.

2.7. Data acquisition and pre-processing

Respiratory sound data were acquired at an 8000 Hz sampling
frequency. The respiratory sounds were filtered with a first- order
high-pass Butterworth filter at 7.5 Hz to remove the DC offset.
Subsequently, an eighth-order low-pass Butterworth filter with a
2500 Hz frequency was  applied to remove aliasing. The dominant
frequency of respiratory sounds lies between 100 and 1600 Hz.
Hence, a fourth-order bandpass Butterworth filter with a band-
pass of 100–1600 Hz was developed to ensure that all noise (e.g.,
motion artefacts and heart sounds) was filtered from the recorded
respiratory sounds.

2.8. Segmentation

Wheeze sounds and the phases in the breath cycles (inspiratory
and expiratory) were identified by a dedicated physician manually
through an audio-visual inspection of the recordings and with the
aid of spectrograms. The wheeze sounds were segmented by their
manifestation in the spectrogram and using the following crite-
ria: increase in intensity of 20 dB, duration longer than or equal to
100 ms,  and frequency greater than or equal to 100 Hz [41]. Fur-
thermore, all segments and labelling were validated by another
independent physician. Similar approaches were also used in a pre-
vious study [13,11]. The combination of these approaches produced
a database of wheezes labelled according to severity level, phase
and location. The manifestation of wheeze sounds can be noted
in Fig. 1, which shows the respiratory sounds recorded from the
trachea of a 56-year-old man suffering from moderate asthma.

2.9. Wheeze datasets

In this study, the analysis was performed using nine datasets
shown in Fig. 2, which were obtained as follows: (1) all wheeze
samples regardless of location and phase, (2) location – trachea and
LLB, (3) phase – inspiratory and expiratory and (4) combination of
location and phase – trachea inspiratory (T-Inspir), trachea expi-
ratory (T-Expir), LLB-Inspir, and LLB expiratory (LLB-Expir). Details
of all data are given in Table 1. Previous studies [8,10,16,17] ana-
lysed all the samples collectively without any other discrimination.
Additionally, few researchers [7,15,43] focused only on the expi-
ratory phase, whereas other studies [14,42,44] analysed only the
inspiratory phase. The researchers in another previous study [45]
obtained data from four locations and investigated these locations
separately and in combination. However, our study focused on all
possible combinations of datasets for analysis.

2.10. Feature selection

The wheeze segments were analysed using a Fast Fourier Trans-
form (FFT) approach with a 512-point hamming window and a 50%
overlap to obtain the power spectrum density within the range of
100–1600 Hz [46]. A hamming window is a smooth window with
acceptable leakage [19,47]. The amplitude of the power spectrum
was normalized (the sum of the absolute power spectrum values
normalized to one) based on (1) and (2), where P(f) is the power

spectral density at frequency f, x(k) is the amplitude of the signal
with respect to point k, X(f) is the Fourier transform of the signal,
P(n)norm is the normalized power spectrum, and I indicates power
intensity related to the frequency. The frequencies of all record-
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Fig. 1. Recording of respiratory sounds and spectrogram.

Fig. 2. Subdivision of the collected data into nine datasets.

Table 1
Summary of data related to each dataset.

Severity Level Total Subjects Trachea T-Inspir T-Expir LLB LLB-Inspir LLB-Expir Inspiratory Expiratory All

Mild 17 49 20 29 150 78 72 98 101 199
169 

199 

518 

i
t

P

P

p
a
fi

Moderate 18 85 32 53 

Severe 20 123 54 69 

Total  55 257 106 151 

ngs obtained using this method were comparable, regardless of
he loudness of the lung sounds [19,48] and the lung capacity.

(f ) = 1
k

|�k−1
n=0

(
x(k)e−j2�fk

)
|
2

= 1
k

|X(f )|2 (1)

(n)norm = P(f, I)
max  (I)

(2)
The frequency range of 100–1600 Hz of each wheeze segment
ower spectrum density was divided into 20 equal sub-bands with

 bandwidth of 75 Hz. This bandwidth was selected based on the
ndings of a previous study [19], which defined FFT with a resolu-
95 74 127 127 254
104 95 158 164 322
277 241 383 392 775

tion of 15–75 Hz as suitable for the analysis of asthmatic severity.
Subsequently, integrations of the sub-bands were calculated using
(3), and this approach yielded the features IP1 until IP20.

IPi =
∫ 100+75(i)

100+75(i−1)

P(n)normdn, i = 1, ..., 20 (3)

Our decision to split the frequency range is not baseless. The lit-

erature reveals that airway obstruction causes the change in airway
thickness (wall area) [49] due to which high-pitch sounds manifest
[50]. Hence, airway obstruction causes the change in frequencies
of breath sounds which varies the velocity and energy of sounds. IP
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eatures potentially indicate the energy of breath sounds, which are
ot affected by the air flow rate and have shown to be of substantial
linical utility [51]. The selection of power bands, from which the IP
eatures are computed from, is based on the natural resonance gen-
rated by lungs. Multiple small IP bands have been selected because
reath sounds are produced by a very complex human respiratory
ystem. Breath sounds originate from a complicated breathing sys-
em, which consists of a branching system up to 23 generations
ith a total of almost 17 million tubes [20]. Such an approach

s not entirely alien in previous works. Previous detailed power
pectrum analysis have computed various other power statistical
eatures such as average [19,20], skewness, kurtosis variance [45]
nd, energy, entropy, minimum, maximum and standard deviation
52].

.11. Statistical analysis

For the univariate statistical analyses, a normality test was per-
ormed, and the data were found to be not normally distributed.

 non-parametric test (Kruskal-Wallis) was used to investigate
he overall significant difference between the three severity lev-
ls through a univariate analysis. Subsequently, a post hoc test
Mann-Whitney test) was applied to assess the significance of the
ifferences between pairs of severity levels, and the 95% confi-
ence level was considered significant for all statistical analyses,

.e., selected datasets were considered to be significantly different
f p < 0.05. Cohen’s effect size (��

2) has been calculated as described
reviously [53]. Eta squared (��

2) was calculated with (4) where,
hi- square (�2) is the Kruskal-Wallis test statistic and N is the num-
er of samples of the respective dataset, to determine the effect size
s follows: 0.01, small; 0.06, medium; and 0.138, large.

2
� = �2

N − 1
(4)

A multivariate analysis was performed to investigate the com-
ined effect of five features and thus identify significant differences
etween mild, moderate and severe samples by considering nine
atasets. MANOVA with Wilks lambda (�)  was  performed in
his study. Cohen’s effect size (��2) and all subsequent post hoc
nalyses were also investigated, and a 95% confidence level was
onsidered to indicate significance (p < 0.05) in all statistical analy-
es. Eta squared (��2) was calculated with (5) where � is the Wilks
ambda statistic, to determine the effect size as follows: 0.02, small;
.13, medium; and 0.26, large [54].

2
� = 1 − � (5)

.12. Classifier

In this study, the SVM KNN and ENS classifiers were imple-
ented. As detailed in the literature, SVM [55,12,52] and KNN

13,19,20,52] are widely used in the field of computerized wheeze
lassification. Few studies also implemented ENS classifier [32,52].
he SVM classifier, works based on the principle of construct-

ng hyperplanes with the maximal possible margins within the
lasses. The aim of this classifier is to find the optimal separating
yperplane among the training samples to classify data in classes
56]. The selection of a hyperplane depends on the nature of the
ata, i.e., linear or non-linear. This classifier establishes a maximal
argin and kernelized approach. The optimal separating hyper-

lane ensures the maximal performance with the selection of the
aximal margin between the closest members of the classes to
he hyperplane. In this study the selected kernel function (Cubic
r Gaussian), which consists of the box constraint and level ker-
el scale, was optimized based on the classification accuracy of
ll available data. Our data produced best optimized classification
ing and Control 52 (2019) 302–311

accuracy with the Gaussian kernel at level 1 and scale 0.6. In addi-
tion, one against one approach has been selected for multiclass
SVM classification. KNN is a non-parametric approach based on
the strategy of finding nearest neighbours, and voting is employed
to determine the most possible class [57]. The adopted type of
distance measurement (Euclidean distance and city block) and
number of nearest number (k), was optimized based on the classifi-
cation accuracy of all available data. As previously, when we tested
with our total data, best results were obtained with the Euclidean
distance metric and k = 10. The bagged tree learning is a type of ENS
classification. In this learning method, multiple simple learners are
combined to improve the performance of the classification [58]. The
selected learner types (boost tree and bagged tree) and the num-
ber of learners was  optimized based on the classification accuracy
of all available data. In this study, the bagged tree approach with
30 learners produced the best results. In all classification methods,
ten-fold cross validation was  selected to analyse the performance
of the models. The sensitivity (SENS), specificity (SPEC) and positive
predictive rate (PPR) were calculated to observe the performance
of the classifiers. SENS is defined as the probability at which class 1
is correctly classified as class 1, SPEC is defined as the probability at
which classes other than class 1 are correctly classified and PPR is
defined as the ratio of true detection of classes to the total number
of subjects,

SENS = TP/(TP + FN) (6)

SPEC = TN/(TN + FP) (7)

PPR = (TP + TN)/(TP + TN + FP + FN) (8)

where, TP = true positive, TN = true negative, FP = false positive and
FN = false negative. All computations regarding pre-processing, fea-
ture extraction and classification were performed using MATLAB®

(version 2017a, Math Works, USA) and all the statistical analysis
was performed using IBM SPSS Statistics (version 20, IBM Corpora-
tion, USA).

3. Results

Fig. 3 presents the �(SD) values of 20 IP features for mild, mod-
erate and severe asthma patients in the nine datasets. From the
graphs, it can be seen that much of the energy in the signal is
concentrated in the IP1 - IP10 bands. Further, we also observed
a decreasing trend in the values from the lower to higher bands.
A similar observation was also noticed in the variance of the fea-
tures. It was  also observed that for the trachea-related datasets,
the energy in the signal was  better distributed among the IP1 - IP10
bands and better discrimination can be observed among the sever-
ity classes. In contrast, for the LLB-related datasets, much of the
energy was  contained in the IP1 - IP8 bands.

Table 2 presents a summary of the univariate statistical analysis
of three severity levels and the corresponding post hoc results. The
results reveal that all features exhibited statistical significant for
at least 4 out of the 9 datasets (p < 0.05, ��

2 = 0.01 - 0.36) except
IP3. All investigated features performed with higher effect size for
trachea-related datasets (p < 0.05, ��

2 = 0.04 - 0.36) as compared to
LLB-related datasets (p < 0.05, ��

2 = 0.02 - 0.12). It was also noticed
that the features showed almost similar discriminatory power in
the inspiratory-related datasets (p < 0.05, ��

2 = 0.02 - 0.32) and
expiratory related datasets (p < 0.05, ��

2 = 0.02 - 0.36). The post hoc
results reveal that the percentage of observations that were statis-
tically significant between the severity level pairs were as follows

– a (75%), b (79%) and c (47%).

Table 3 presents the results of the statistical analysis using the
combined effect of 20 features (MANOVA) and the correspond-
ing post hoc test results. The values reveal that the combined
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Fig. 3. �(SD) values of 20 IP features for mild, mo

eature vector exhibited statistical significance for all sample
atasets (p < 0.05, ��2 = 0.137 - 0.76). All investigated datasets pro-
uced comparison results with high effect size for trachea-related
atasets (p < 0.05, ��2 = 0.506 - 0.76) as compared to LLB-related
atasets (p < 0.05, ��2 = 0.137 - 0.319). It was  also noticed that
he features showed almost similar discriminatory power in the
nspiratory-related datasets (p < 0.05, ��2 = 0.208 - 0.76) as com-
ared to the expiratory related datasets (p < 0.05, ��2 = 0.253 -
.592). The post hoc results reveal that the percentage of obser-
ations that were statistical significant between the severity level
airs were as follows – a (100%), b (89%) and c (89%).

The classification results for the three classifiers using
he 20 IP features as input data on the nine datasets is
iven in Table 4. The performance of the classifiers was
valuated using the SENS, SPEC and PPR performance mea-
ures. In general, all tested classifiers indicated powerful
esults – ENS (SENS = 82 ± 7%, SPEC = 83 ± 6%, PPR = 83 ± 6%),
NN (SENS = 68 ± 19%, SPEC = 73 ± 16%, PPR = 77 ± 7%) and SVM

SENS = 73 ± 11%, SPEC = 74 ± 9%, PPR = 75 ± 7%).

In terms of location, with trachea-related datasets, the classi-

ers performed as follows – ENS (SENS = 86 ± 6%, SPEC = 89 ± 7%,
PR = 91 ± 3%), KNN (SENS = 75 ± 22%, SPEC = 75 ± 21%,
PR = 86 ± 7%) and SVM (SENS = 83 ± 13%, SPEC = 84 ± 12%,
 and severe asthma patients in the nine datasets.

PPR = 88 ± 5%), while with LLB-related datasets as input data
– ENS (SENS = 78 ± 5%, SPEC = 79 ± 4%, PPR = 79 ± 3%), KNN
(SENS = 67 ± 11%, SPEC = 72 ± 11%, PPR = 71 ± 4%) and SVM
(SENS = 68 ± 7%, SPEC = 70 ± 9%, PPR = 69 ± 4%).

When the results were analysed in terms of breathing
phases, we observed the following for inspiratory-related
dataset – ENS (SENS = 81 ± 8%, SPEC = 82 ± 10%, PPR = 83 ± 7%),
KNN (SENS = 69 ± 16%, SPEC = 74 ± 17%, PPR = 77 ± 10%) and SVM
(SENS = 77 ± 11%, SPEC = 78 ± 11%, PPR = 78 ± 12%), while with the
expiratory- related datasets – ENS (SENS = 84 ± 7%, SPEC = 84 ± 6%,
PPR = 85 ± 4%), KNN (SENS = 72 ± 17%, SPEC = 72 ± 16%,
PPR = 78 ± 7%) and SVM (SENS = 76 ± 11%, SPEC = 76 ± 10%,
PPR = 78 ± 6%).

When the results were analysed in terms of all datasets, T-
Inspir performed better than all other datasets with the following
measures – ENS (SENS = 90 ± 5%, SPEC = 90 ± 11%, PPR = 92 ± 3%),
KNN (SENS = 76 ± 21%, SPEC = 76 ± 28%, PPR = 88 ± 11%) and SVM
(SENS = 90 ± 6%, SPEC = 90 ± 11%, PPR = 93 ± 4%).

Finally, if we look at the results from the point of view of

severity levels, the behaviour of the classifiers were as follows;
mild samples – ENS (SENS = 78 ± 7%, SPEC = 89 ± 6%, PPR = 84 ± 7%),
KNN (SENS = 55 ± 9%, SPEC = 89 ± 8%, PPR = 81 ± 10%) and SVM
(SENS = 67 ± 8%, SPEC = 85 ± 9%, PPR = 78 ± 611%), moderate
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Table 2
Summary of the univariate statistical analysis of the IP features in the various datasets – p-value, ��

2 and details of the post hoc test for pairs a (mild and moderate), b (mild and severe), and c (moderate and severe).

Dataset IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 IP9 IP10 IP11 IP12 IP13 IP14 IP15 IP16 IP17 IP18 IP19 IP20

ALL
4.E−13 8.E−01 6.E−01 1.E−03 8.E−10 4.E−05 3.E−01 4.E−02 2.E−06 2.E−03 2.E−03 9.E−03 2.E−01 7.E−01 7.E−01 4.E−01 4.E−01 1.E−01 3.E−02 1.E−02

0.07 0.00 0.00 0.02 0.05 0.03 0.00 0.01 0.03 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
a,b,c  a,b b,c b,c b b,c b,c b,c b,c a a,b

Trachea
7.E−12 7.E−03 6.E−01 1.E−02 2.E−15 4.E−13 8.E−07 1.E−05 2.E−07 2.E−09 7.E−07 1.E−07 1.E−05 8.E−06 3.E−04 5.E−04 7.E−03 1.E−01 3.E−01 1.E+00

0.20 0.04 0.00 0.04 0.26 0.22 0.11 0.09 0.12 0.16 0.11 0.12 0.09 0.09 0.06 0.06 0.04 0.02 0.01 0.00
a,b  a,b a,b a,b,c a,b,c a,b a,b,c a,b,c a,b,c a,b a,b a,b a,b a,b a,b a,b

LLB
1.E−02 2.E−02 5.E−01 5.E−01 2.E−01 5.E−02 1.E−03 6.E−03 9.E−05 1.E−04 3.E−05 1.E−05 2.E−05 4.E−05 5.E−05 4.E−06 2.E−06 2.E−06 1.E−06 1.E−05

0.02 0.02 0.00 0.00 0.01 0.01 0.03 0.02 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.04
a,b  a,b a a,b a,c a,b,c a,b a,b a,b a,b a,b a,b a,b a,b a,b a,b a,b

Inspiratory
6.E−06 2.E−02 7.E−01 3.E−02 1.E−06 1.E−04 2.E−01 2.E−01 5.E−05 2.E−02 4.E−03 1.E−02 2.E−01 4.E−01 4.E−01 2.E−01 2.E−01 3.E−01 2.E−01 3.E−01

0.06 0.02 0.00 0.02 0.07 0.05 0.01 0.01 0.05 0.02 0.03 0.02 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01
a,b  b b b,c b,c a,b b b,c b,c

Expiratory
6.E−08 1.E−01 7.E−01 3.E−02 3.E−04 4.E−02 8.E−01 2.E−01 7.E−03 9.E−02 2.E−01 3.E−01 6.E−01 1.E+00 1.E+00 9.E−01 5.E−01 3.E−01 8.E−02 4.E−02

0.08 0.01 0.00 0.02 0.04 0.02 0.00 0.01 0.03 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02
a,b  a,b b b b a

T-Inspir
2.E−04 8.E−04 6.E−01 9.E−03 2.E−05 3.E−05 1.E−07 5.E−08 7.E−07 2.E−07 4.E−05 3.E−05 3.E−05 1.E−07 3.E−06 7.E−05 2.E−04 5.E−04 9.E−04 2.E−03

0.16 0.13 0.01 0.09 0.21 0.20 0.30 0.32 0.27 0.29 0.19 0.20 0.20 0.30 0.24 0.18 0.16 0.14 0.13 0.12
a,b  a,b a b,c a,b a,b a,b,c a,b,c a,b,c a,b,c a,b a,b,c a,b,c a,b,c a,b a,b,c a,c a,c a,c

T-Expir
5.E−09 9.E−01 2.E−01 8.E−02 2.E−12 1.E−08 3.E−02 5.E−02 8.E−03 4.E−06 4.E−06 2.E−05 3.E−04 6.E−03 6.E−02 5.E−02 3.E−01 3.E−01 4.E−02 2.E−02

0.26 0.00 0.02 0.03 0.36 0.24 0.05 0.04 0.06 0.17 0.16 0.14 0.11 0.07 0.04 0.04 0.02 0.02 0.04 0.05
a,b  a,b,c a,b,c b b b a,b b,c a,b,c b,c b b c c

LLB-
Inspir

5.E−02 7.E−02 3.E−01 4.E−02 1.E−02 1.E−02 8.E−02 4.E−02 8.E−04 2.E−03 1.E−03 8.E−03 9.E−03 1.E−02 9.E−03 5.E−03 5.E−03 8.E−03 4.E−03 2.E−02

0.02 0.02 0.01 0.02 0.03 0.03 0.02 0.02 0.05 0.05 0.05 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.03
a,b  c b,c c c b,c c a,c a,c a,c a,c a,c a,c a a a,c a

LLB-Expir
1.E−01 4.E−04 4.E−01 3.E−01 8.E−01 1.E−01 1.E−03 1.E−02 3.E−04 4.E−05 8.E−06 3.E−06 2.E−05 2.E−05 3.E−05 4.E−06 2.E−06 4.E−06 7.E−07 3.E−06

0.02 0.06 0.01 0.01 0.00 0.02 0.05 0.04 0.07 0.08 0.10 0.11 0.09 0.09 0.09 0.10 0.11 0.10 0.12 0.10
a,b  a,b a,c a,c a,b a,b a,b a,b a,b a,b a,b a,b,c a,b a,b a,b,c

*Bold font indicates statistical significance (p < 0.05). a, b and c indicate significance, as determined through the post hoc test.
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Table  3
Summary of MANOVA statistics for the various datasets – details of post hoc test for pairs a (mild and moderate), b (mild and severe), and c (moderate and severe).

Dataset Wilks’s Lambda (�)  F df Error �-value Effect Size (��2) Post hoc

All 0.842 3.568 38 1508 3.E−12 0.158 a,b,c
Trachea 0.494 5.253 38 472 5.E−19 0.506 a,b,c
LLB  0.863 1.996 38 994 4.E−04 0.137 a,b
Inspiratory 0.775 2.595 38 724 1.E−06 0.225 a,b,c
Expiratory 0.747 3.065 38 742 5.E−09 0.253 a,b,c
T-Inspir 0.240 4.649 38 170 2.E−12 0.760 a,b,c
T-Expir 0.408 3.868 38 260 4.E−11 0.592 a,b,c
LLB-Inspir 0.792 1.66 38 512 9.E−03 0.208 a,c
LLB-Expir 0.681 2.457 38 440 8.E−06 0.319 a,b,c

*Bold font indicates statistical significance (p < 0.05).

Table 4
Performance of the ENS, KNN and SVM classifiers with the nine datasets as input using ten-fold cross validation.

Dataset Classes ENS KNN SVM

SENS(%) SPEC(%) PPR(%) SENS(%) SPEC(%) PPR(%) SENS(%) SPEC(%) PPR(%)

All
Mild 74 88 80 60 85 74 67 83 73
Moderate 80 78 80 73 67 68 74 74 74
Severe 88 76 84 79 59 73 81 65 77

Trachea
Mild  85 97 93 53 97 90 63 95 86
Moderate 88 89 90 82 78 85 85 77 86
Severe 95 83 91 96 57 82 93 78 86

LLB
Mild  73 81 76 66 77 71 56 79 69
Moderate 75 78 77 70 64 65 64 63 63
Severe 84 74 80 71 65 72 74 51 65

Inspiratory
Mild  69 88 82 59 85 74 69 76 67
Moderate 76 76 77 70 71 72 67 73 73
Severe 87 68 79 84 56 73 80 67 77

Expiratory
Mild  79 89 84 60 89 78 69 89 81
Moderate 81 87 86 78 71 73 81 74 75
Severe 92 75 84 82 60 75 82 68 79

T-Inspir
Mild  90 97 96 55 100 100 85 99 98
Moderate 85 95 90 75 82 84 89 94 92
Severe 95 78 90 97 45 79 97 78 91

T-Expir
Mild  80 95 88 38 98 92 61 96 88
Moderate 91 81 89 83 63 80 80 75 83
Severe 96 90 94 96 56 84 95 65 83

LLB-Inspir
Mild  73 85 78 44 89 76 64 76 67
Moderate 78 77 76 63 75 70 69 71 69
Severe 77 78 79 75 63 69 71 69 72
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LLB-Expir
Mild  81 81 79 

Moderate 77 85 82 

Severe 86 78 84 

amples – ENS (SENS = 81 ± 6%, SPEC = 83 ± 6%, PPR = 83 ± 6%),
NN (SENS = 74 ± 6%, SPEC = 72 ± 7%, PPR = 74 ± 7%) and SVM

SENS = 77 ± 9%, SPEC = 74 ± 8%, PPR = 76 ± 9%) and severe
amples – ENS (SENS = 89 ± 6%, SPEC = 78 ± 6%, PPR = 85 ± 5%),
NN (SENS = 84 ± 10%, SPEC = 57 ± 6%, PPR = 75 ± 5%) and SVM

SENS = 82 ± 11%, SPEC = 68 ± 8%, PPR = 78 ± 8%).

. Discussion

This study has obtained satisfactory results with the implemen-
ation of 20 IP features that are directly related to the physiology
f airway obstruction, and is computationally less expensive com-
ared to other studies. Furthermore, previous studies [15,45,17]
elected bands from a lower frequency to a maximum of 800
r 1000 Hz, whereas our study selected a higher bandwidth
100–1600 Hz) for the analysis and found satisfactory results within
he 1000–1600 Hz band. Fig. 3 reveals that the 20 features have �
SD) values that do not indicate any specific and consistent trend,
ut they (individually or combined) exhibit significant differences
p < 0.05) to discriminate the severity levels in most of the datasets.

he conducted MANOVA statistical analysis indicates that the com-
ined IP feature vector improved the discriminatory power for the
everity levels (p < 0.05), produced improved (��2) and resulted in

 higher percentage of significant (p < 0.05) post hoc tests.
85 77 69 78 73
78 74 82 70 70
54 70 67 71 75

The results of univariate and MANOVA produced higher effect
size (��

2 and ��2) for trachea-related datasets compared to LLB
related datasets. Coupled with the difference in variance observed
in the trachea and LLB datasets shown in Fig. 3, these findings indi-
cate that tracheal wheeze sounds are more sensitive and specific
predictors of severity level of asthma patients, similar to [21,59].
This could be due to the physiology of the LLB, which behaves as a
stronger filter [60,61]. Our findings reveal that wheeze sounds from
the trachea and LLB related datasets behave differently within the
different band of IP features, which provides evidence that sounds
from the trachea and LLB have different characteristics [35,61,62].
Nevertheless, our study finds that IP features can discriminate
(p < 0.05) among the severity levels of asthma when applied to
both locations and/or phases. Specifically, for the challenging LLB-
related datasets in adults, our MANOVA test indicated a significant
difference (p < 0.05) with a large effect size (��2) and the post hoc
test also yielded significant results for all corresponding pairs.

We also observe that inspiratory and expiratory related datasets
behave differently [16,17,62]. This could be due to the variation in
the physiology of the airway passage (i.e., long and short airways)
experienced by the airflow during the inspiratory and expiratory

phases [61]. Interestingly, while the phases produce sounds of dif-
ferent behaviour, we  note that both phases are equally informative
to identify the severity level of asthma patients, as observed in
[59].
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If we look at the combined location and phase datasets, the uni-
ariate analysis of T-Inspir indicated more discriminating power
p < 0.05) than that of T-Expir. Similarly, MANOVA results illus-
rated higher effect size (��2) for the T-Inspir. On the other hand,
LB-Inspir and LLB-Expir performed almost equally. These findings
ontradict those of [25], which concluded that LLB-Inspir performs
etter than LLB-Expir for correlating lung function values with
eak frequency features, suggesting that IP features are more sen-
itive and suitable for LLB-Expir than frequency based features. An
nteresting point to note is that the statistical results reveal that
ombined location and phase datasets (e.g. T-Inspir or T-Expir)
erform better than its related datasets (e.g. Trachea).

Using the combined feature vector of 20 IP values, we found
hat the performance of ENS, KNN and SVM classifiers produced
bove than average results. Nevertheless, the performance of the
lassifiers indicated different behaviours according to auscultation
ocation and breaths phase, similar to that of [45]. Detailed com-
arisons in our study among the three classifiers reveal improved
erformance in the ENS classifier when eight of the nine datasets
ere used as input. The reason for this could be its working princi-

le which combines multiple learners to obtain better performance.
uch improved performance was also observed in [52] which had
mplemented KNN, SVM, naïve bayes, decision tree and ENS clas-
ifiers for the classification of normal, wheeze and crackles. While
10–12,14] indicated better performance with the SVM classifier,
hese studies were not benchmarked with the ENS classifier and
one used IP features for the classification of wheeze sound accord-

ng to severity levels of asthma patients.
The classification results of this study were compared using

ther feature extraction techniques available in the literature –
th-order wavelet transform [63] (6 class normal and abnor-
al) and 6th-order AR [10] (2 class normal and wheeze).

nterestingly, the comparison results showed that IP features
erformed better than wavelet transform and AR. The overall
omparison on all datasets indicated the following improve-
ents in classifier performance measures; IP vs. wavelet transform

 ENS (�SENS = 17 ± 8%, �SPEC = 16 ± 9%, �PPR = 16 ± 6%), KNN
�SENS = 13 ± 12%, �SPEC = 13 ± 13%, �PPR = 15 ± 8%) and SVM
�SENS = 16 ± 15%, �SPEC = 16 ± 16%, �PPR = 17 ± 6%) and IP
s. AR – ENS (�SENS = 7 ± 8%, �SPEC = 8 ± 8%, �PPR = 8 ± 4%),
NN (�SENS = 2 ± 10%, �SPEC = 3 ± 10%, �PPR = 4 ± 7%) and SVM
�SENS = 5 ± 10%, �SPEC = 6 ± 12%, �PPR = 6 ± 6%). Furthermore,
hese methods also rely on the selection of frequency bands to
btain the features. In view of this, the comparisons results indi-
ate that the selected set of bands in our work appear to be more
uitable for the classification and identification of asthma severity
evels.

. Conclusion

The identification of asthmatic patients as mild, moderate and
evere during tidal breathing can be achieved through an analysis
f integrated power (IP) features. The findings prove that wheeze
ounds have different power spectral distributions in different
ands according to severity levels (mild, moderate and severe),

ocation (trachea and LLB) and phase (inspiratory and expiratory).
he IP �(SD) values of mild, moderate and severe wheeze sound
amples do not follow any specific and consistent pattern with
espect to severity level, but these behaviours show significant dif-
erences (p < 0.05) among asthmatic patients. The MANOVA results
evealed significance differences (p < 0.05) with large effect size in
ll datasets, including the LLB dataset. Furthermore, in the post hoc

est, most of the pairs were found to be significant in all datasets.
he performance of the ENS, KNN and SVM classifiers was found to
e above average. Overall comparisons exhibited improved classifi-
ation results for ENS. Among the nine datasets, trachea inspiratory

[

[

ing and Control 52 (2019) 302–311

(T-Inspir) indicated highest performance. The best PPR obtained for
the mild, moderate and severe classifications were 100% (KNN), 92%
(SVM) and 94% (ENS), respectively. The analysis of IP features indi-
cated that tracheal wheeze sounds are more responsive and precise
predictors of severity levels. Phase related observations indicated
that inspiratory and expiratory wheeze sounds are almost equally
informative for the identification of severity levels. In the future,
acoustic features, deep learning classification techniques and fea-
ture optimization can be implemented and analysed.
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