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Chapter 1 
Introduction 
 

1.1 Background and Purpose 

According to a survey by the Ministry of Health, Labor and Welfare on 

overtaking stroke, pneumonia is the third leading cause of death in Japan [1], 

and  66.8% of patients hospitalized for pneumonia are diagnosed with 

aspiration pneumonia [2]. A recent study among Japanese elderly people has 

shown that one of the risk factors for aspiration pneumonia is sputum suctioning 

[3]. Although repeated aspiration occurs due to dysphagia, pneumonia rarely 

develops if the aspirated substance is completely expelled from the airway by 

coughing. Thus, assessment of cough ability is important to identify the risk of 

aspiration pneumonia. Cough peak flow (CPF) is used to assess cough strength. 

However, there are some patients, including elderly patients with dementia, 

whose cough strength cannot be measured using the current device due to 

discomfort upon attachment [4]. Thus, cough sound can be examined to develop 

a novel simple cough strength evaluation method. Several studies have reported 

that the relationship between air flow and the amplitude of breath sound is 
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linear at a high flow rate condition [5,6]. It has also been reported that the sound 

amplitude during inspiration is proportional to the square of the air flow 

velocity at the mouth [7]. These studies indicate a relation between breath sound 

and air flow. Thus, in this study, we hypothesized that cough sounds are 

associated with cough flow and proposed a novel cough strength measurement 

method and mobile device using a CPF estimation model via cough sound. This 

study also investigated the optimal cough sound measurement method and the 

influence of participant height, gender, microphone type and age on the 

accuracy of the estimated CPF via cough sound (CPS). We compared the 

proposed model with polynomial functions to verify its effectiveness.  

To achieve the above objective, this study focused on the flowing areas: 

 Estimation of cough peak flow via cough sounds 

A CPF estimation model was formulated via cough sound. The 

relationship between cough sounds and cough flows was investigated 

using non-linear regression analysis (the Levenberg–Marquardt 

method).  

 Cough strength estimation accuracy 

In this study, we conducted experiments to verify the effects of the 

measurement condition of cough sound, microphone type, participant’s 

height, gender, body weight, BMI and age on CPF estimation accuracy.  

 Mobile cough strength evaluation device via cough sounds 

A user interface for mobile devices such as a smartphone was developed 

to record cough sounds and estimate cough strength in elderly people 
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using the proposed method. 

 

1.2 Related Works 

1.2.1 Importance of cough 

Cough can be an important defence mechanism to help clear excessive secretions 

and foreign substance from airways [8,9]. Figure 1.1 shows a normal cough 

mechanism. Cough is a three-phase expulsive motor action characterised by an 

inspiratory effort (inspiratory phase), followed by a forced expiratory effort 

against a closed glottis (compressive phase) and then opening of the glottis and 

rapid expiratory airflow (expulsive phase) [10]. In addition to mobilizing and 

expelling secretions, high pressures generated during a cough may be an 

important factor in re-expanding lung tissue [11].  

 
(a) (b) (c) 

Figure 1.1 Normal cough mechanism. (a) Inspiratory phase. (b) 
Compressive phase. (c) Expulsive phase.  
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There are several ways to evaluate cough. Cough visual analogue scores 

[12,13], cough specific health status questionnaires [9,14,15], cough reflex 

sensitivity measurement [16] and cough monitors [17] have been proposed as 

potential tools to assess cough. The inhalation cough challenge permits 

measurement of the sensitivity of cough reflex and assessment of the antitussive 

effects of specific therapies [18]. Cough monitor can assess cough frequency 

associated with cough sensitivity and cough specific health status in patients 

with chronic cough [19]. Cough strength is associated with predicting extubation 

in patients with weak cough and high possibility of re-intubation [20-22]. CPF 

(sometimes called PCF) is commonly used to assess cough strength [23-25], and 

also described in guidelines published by various academic societies [26-28]. 

Previous studies reported that at least 160 L/min of CPF is the minimum 

required to clear airway debris and necessary for the successful extubation or 

tracheostomy tube decannulation in patients with neuromuscular disease 

irrespective of ability to breathe [29,30]. Moreover, patients with a maximum 

assisted CPF below 270 L/min were also considered to be at risk of upper 

respiratory tract infections associated with respiratory failure [31]. In recent 

years, CPF has been investigated in elderly people by many researchers and has 

attracted attention as an indicator reflecting the airway clearance ability and 

aspiration pneumonia risk of the elderly [32,33]. Aspiration is an independent 

risk factor associated with the development of pneumonia [34], and a previous 

study has shown that 66.8% of patients hospitalized for pneumonia are 

diagnosed with aspiration pneumonia [2]. Therefore, early detection of 

aspiration pneumonia is critical for treatment. Ebihara et al. (2016) suggested 

that research efforts should focus on approaches to improve coughing 
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dysfunction, rather than develop new antibiotics, to decrease mortality due to 

aspiration pneumonia in the elderly [35]. To prevent aspiration pneumonia, the 

evaluation of cough ability is as important as that of swallowing. A CPF level 

lower than 242 L/min indicates the development of pulmonary complications in 

dysphagic patients with persistent tracheobronchial aspiration [33]. 

 

1.2.2 Conventional measurement method of cough ability and its 

disadvantage 

In previous studies, CPF was measured using various devices, such as peak flow 

meters, spirometers and pneumotachographs (Figure 1.2). However, some 

medical facilities do not provide these devices [22], and a semiquantitative cough 

strength assessment was sometimes used in some studies [36,37]. Moreover, the 

complex setup of the device, including firmly attaching the facemasks and 

infection control filters on the patient, imposes burdens on both patients and 

their caregivers (Figure 1.3). In addition, the measured CPF value can vary 

depending on the type of facemask and filter. Furthermore, the mask, which is 

firmly attached to the patient’s face to prevent air leakage, makes it difficult for 

the subject to cough naturally and voluntarily.  
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Figure 1.2 Cough peak flow measurement device. (a) Spirometer. (b) 
Peak flow meter. (c) Flow sensor. (d) Face mask. (e) infection control 
filter.  

 
Figure 1.3 Conventional method of cough strength measurement. 
Cough peak flow is assessed using a spirometer.  

 

1.2.3 Cough sound analysis 

Cough commonly has many characteristics such as non-productive cough 

without sputum, productive cough with sputum, a mixture of the two, 

temporary or not, and changing properties from the acute phase to the chronic 
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phase. In previous studies, cough characteristics are analysed based on the 

subjective interpretation of cough sound recordings and analysis of 

spectrograms [38-42]. Recording cough sound using a free-air microphone has 

been described as early as 1960 [43,44]. The cough sound signals were normally 

recorded using various microphones attached to the neck, the chest wall, or over 

the trachea [40]. Moreover, an automated classifier proposed in a previous study 

can determine whether human coughs generated by a given individual are 

spontaneous or voluntary [45], and recorded free field cough sounds can be used 

to identify several distinguishing features of acoustic signals [46]. These studies 

proposed methods to monitor cough frequency using a microphone, but not to 

monitor the cough strength. If the assessment of cough strength by cough 

sounds is feasible, it can be applied to patients in whom cough peak flow 

measurements using the current method are difficult. However, the relationship 

between cough flow and cough sounds has not yet been clarified. 

 

1.3 Outline of the Dissertation 

The thesis is organized as follows: 

In Chapter 2, the development of a novel cough strength evaluation 

method using cough sounds is described and an exponential model to estimate 

CPF from the cough peak sound pressure level (CPSL) is presented. Moreover, 

the effects of the measurement condition of cough sound, participant’s height 

and gender on CPF estimation accuracy were verified.  

Chapter 3 describes experiments conducted to verify the effects of three types of 
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microphones (ear-in microphone, mini speech microphone, and smartphone 

built-in microphone) on CPF estimation accuracy. 

In Chapter 4, the proposed CPF estimation model that takes into account 

the relationship between CPFs and cough sounds as well as age, body weight 

and BMI is presented. In addition, a user interface that incorporates the 

proposed CPF estimation model in mobile devices and enables cough sound 

recording, immediate CPF estimation, and estimated CPF history management 

was developed for future applications in clinics and home. 

Finally, Chapter 5 presents the conclusion of the dissertation and 

outlines some challenges and future work.   
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Chapter 2 
Estimation of Cough Peak 
Flow via Cough Sounds 
 

2.1 Introduction 
CPF is a measurement commonly used to evaluate cough strength, which reflects 

the ability to expel airway secretions [24,25,30,47-50] and can predict extubation 

[20,30] and reintubation outcomes [21,51,52]. Values of CPF below 160 L/min 

have been associated with ineffective airway clearance [24,29,30] and patients 

that can generate a CPF of more than 270 L/min have little risk of developing 

respiratory failure during upper respiratory tract infections [31]. In previous 

studies, CPF was measured using various devices, such as flow meters, 

spirometers and pneumotachographs. However, some medical facilities do not 

provide these devices [14]. Moreover, the complex setup of the device, including 

firmly attaching the facemasks and infection control filters on the patient [25], 

imposes burdens on both patients and their caregivers. In addition, the 

measured CPF value can vary depending on the type of facemask and filter. 

Therefore, we propose a novel simple system for evaluating cough 
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ability using cough sounds without the use of the facemask or the filter. Several 

previous studies have proposed methods to monitor cough frequency using a 

microphone [18,19,53-58], but not to monitor cough ability. If the assessment of 

cough ability by cough sounds is feasible, it can be applied to patients in whom 

cough peak flow measurements using the current method are difficult. However, 

the relationship between cough flow and cough sounds has not yet been 

clarified. 

In this study, we tested a hypothesis that cough sounds are associated 

with cough flow. Experiments were conducted to determine the optimal cough 

sound measurement method and to investigate the influence of microphone type 

and participant’s height and gender on the accuracy of the CPF estimated via 

cough sounds (CPS) in young healthy participants. The effectiveness of the 

proposed model was also verified by comparison with polynomial functions. 

 

2.2 Cough peak flow (CPF) estimation model 

2.2.1 Estimation formula of CPF using cough sounds 

This study proposes a CPF estimation model to assess cough strength. Details of 

the proposed model are described in this section. 

 The proposed model is expressed by the following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶 = α�𝑒𝑒𝛽𝛽∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (2.1) 

where α and β are constants and the CPSL represents the cough peak sound 

pressure level.  
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2.2.2 Relationship between CPF and cough peak sound pressure 

level (CPSL) by non-linear regression analysis 

The maximum cough sound was used because previous studies have identified a 

clear correlation between the peak flow and the maximal absolute breath sound 

[5,59]. The coefficients in the proposed model, that is Equation (2.1), was 

predetermined by non-linear regression analysis (the Levenberg-Marquardt 

method) using the mean square error between CPS and the measured CPF as the 

evaluation function. CPSL represents the cough peak sound pressure level. This 

model indicates that the relationship between CPF (CPS) and CPSL can be 

defined by a logarithm function. The next section describes the pre-processing 

method used to derive CPSL from cough sounds, which can be measured using a 

microphone.  
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Figure 2.1 Experimental methods. (a) Experiment 1 method. The cough 
flow measurement is performed with the participants in a sitting 
position. The participants wear a face mask with an attached flow 
sensor. Two microphones are installed 30 cm from the point of face 
mask contact with the face. Microphone 1 is attached to the flow sensor 
and microphone 2 is fixed to the microphone stand. (b) Experiment 2 
method. Microphones are installed 20 cm, 30 cm, 40 cm, 50 cm and 60 
cm away from the point of face mask contact with the face. (c) In-ear 
microphone. The in-ear microphone was used in experiment 3 and fixed 
at the right external auditory canal. (d) Mini speech microphone. The 
mini speech microphone was used in experiment 3. (e) Smartphone 
microphone: The smartphone microphone was used in experiment 3. 

 

2.2.3 Verification of microphone installation method 

Experiments 1 was conducted to determine the optimal cough sound 

measurement method. Cough sounds were measured using two microphones 
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(AT9903, Audio-Technica Corporation, Tokyo, Japan), simultaneously with 

cough flow. The sensitivity of the microphones was −42 dB (0 dB = 1 V/1 Pa, 1 

kHz). Both microphones were installed 30 cm away from the point of face mask 

contact with the face, but using different installation methods to test their 

efficacy; that is, microphone 1 was fixed to the flow sensor [38], whereas 

microphone 2 was fixed to the microphone stand, as shown in Figure 2.1a. 

 

2.3 Accuracy of Estimated CPF via Cough Sounds 
(CPS) 

2.3.1 Effect of microphone Distance from Sound Source 

Experiment 2 was conducted to determine the effect of the microphone distance 

from the sound source, that is, the participant’s mouth, on the accuracy of the 

estimated CPF via CPS in young healthy participants. Cough sounds were 

simultaneously measured using five microphones of the same type as in 

experiment 1. Each microphone was installed at 20 cm, 30 cm, 40 cm, 50 cm and 

60 cm away from the point of face mask contact with the face (Figure 2.1b). 

 

2.3.2 Effect of Height 

We hypothesized that the coefficient α increases proportionally with height and 

we represented α using a linear term related to height, as in the following 

equation: 
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𝐶𝐶𝐶𝐶𝐶𝐶 = (𝛼𝛼1 ∙ ℎ + 𝛼𝛼2)�𝑒𝑒𝛽𝛽∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (2.2) 

where h is the participant’s height and α1, α2 and β are constants. Data from 

microphone 1 used in Experiment 1 were also used for this experiment.  

 

2.3.3 Effect of Gender 

To determine the effect of gender on CPS, we divided the participants into male 

and female groups and coefficients α and β were calculated for each group using 

the Levenberg–Marquardt method. Moreover, Mann–Whitney’s U test was used 

to compare the coefficients between the two groups. Data recorded from 

microphone 1 in experiment 1 were used for this analysis.  

 

2.3.4 Comparison Between the Proposed Model and Polynomial 

Functions 

To verify the efficacy of the proposed model, we compared the model with first- 

to fourth-order polynomial functions, as in the following equations:  

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛼𝛼3 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, (2.3) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛼𝛼4 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 + 𝛼𝛼5 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, (2.4) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛼𝛼6 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝛼𝛼7 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 + 𝛼𝛼8 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, (2.5) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛼𝛼9 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 + 𝛼𝛼10 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝛼𝛼11 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 + 𝛼𝛼12 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, (2.6) 

where α3–α12 are constants. The Levenberg–Marquardt method was also used to 

determine the coefficient in the equations and the coefficient of determination, 
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and the 95% CIs were calculated. Data from microphone 1 in Experiment 1 were 

used for this analysis.  

 

Materials and Methods 

This study was conducted in accordance with the amended Declaration of 

Helsinki. The Hiroshima Cosmopolitan University Institutional Review Board 

(No. 2015031) approved the protocol and we obtained written informed consent 

from all participants for participation in the study and for the use of identifying 

information/images in online open-access publication. 

 

Participants 

A total of 73 young healthy participants who were screened for the absence of 

pulmonary illness (forced expiratory volume in 1 s of at least 70% of predicted) 

with no history of pulmonary disease were included in this study. The 

participants were non-smokers, were not taking any long-term prescription 

medications and did not have any other medical illnesses. The mean ± standard 

deviation age of the participants was 21.0 ± 1.2 years (range, 20 to 28 years). Table 

2.1 presents the baseline characteristics of the participants. It should be noted 

that the mean values (standard deviations) of body weight and BMI of Japanese 

who are over 20 years old are 66.8 (10.6) kg and 23.7 (3.2) % and 53.2 (8.7) kg and 

22.4 (3.4) % in males and females, respectively [60]; these values are almost the 

same as those of the participants in experiment 1.  
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Table 2.1 Characteristics of the participants. 

Variable Experiment 1  
(n = 33) 

Experiment 2  
(n = 7) 

Experiment 3  
(n = 33) 

Age, years 20.7 ± 1.0 22.0 ± 2.8 21.3 ± 0.4 

Male gender, n 21 5 20 

Height, cm 167 ± 7.9 167 ± 7.5 165 ± 8.4 

Body weight, kg 
(male, female) 

61.5 ± 12 
(66.0 ± 12, 53.7 ± 5.4) 

58.7 ± 9 
(61.0 ± 7.6, 53.0 ± 11.3) 

58.5 ± 11 
(64.5 ± 11.3, 51.0 ± 6.2) 

BMI, kg/m2 
(male, female) 

21.9 ± 3.2 
(22.4 ± 3.6, 21 ± 2.1) 

22.0 ± 2.8 
(21.2 ± 2.0, 20.3 ± 2.2) 

21.3 ± 0.5 
(21.4 ± 0.6, 20.9 ± 0.5) 

Values presented as mean ± standard deviation. 

 

Cough Flow Measurements 

Figure 2.1a shows the cough flow measurement method that was performed 

with the participants in a sitting position for all experiments. Participants wore a 

face mask with a flow sensor (Mobile Aeromonitor AE-100i; Minato Medical 

Science Co., Ltd., Osaka, Japan) attached. The measurement range of the flow 

sensor was 0–840 L/min and the measurement accuracy was within 3% of the 

indicated value. The cough flow signal was digitized using a 16-bit 

analogue-to-digital converter (PowerLab 16/35, ADInstruments, Inc., Dunedin, 

New Zealand) at a sampling rate of 100-kHz set by analytical software (LabChart 

version 8, ADInstruments, Inc., Bella Vista, Australia). CPF was calculated from 

the maximal value of cough flow data obtained under different experimental 

conditions. 
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Cough Sound Measurements 

Experiment 3: Cough sounds were measured using three types of microphones. 

An electret condenser microphone (ECM-TL3; Sony Corporation, Tokyo, Japan) 

(in-ear microphone) was attached to the right ear canal to measure cough sounds 

from the right external auditory canal, as shown in Figure 2.1c. The sensitivity of 

the microphone was −35.0 dB (0 dB = 1 V/1 Pa, 1 kHz). A headset mini speech 

microphone (ECM-322BMP; Sony Corporation, Tokyo, Japan) (mini speech 

microphone) was attached to the left ear, as shown in Figure 2.1d. The sensitivity 

of the microphone was −42.0 dB (0 dB = 1 V/1 Pa, 1 kHz). A smartphone (iPhone 

6 A1586; Apple, Inc., Cupertino, CA, USA) (smartphone microphone) was held in 

the left hand while the participants bent their elbow to 90° and their shoulder to 

0° and then rotated their arm internally to 45° (Figure 2.1e). Analogue cough 

sound data were converted into digital signals at a sampling frequency of 100 

kHz and stored on a personal computer using the same approach as in cough 

flow measurement. The digitized cough sound signals were bandpass filtered 

between 140 Hz to 2000 Hz to minimize artefacts caused by heart sounds and 

muscle interference. Cough sound signals were converted to absolute values. 

Subsequently, the absolute values of the waveform of cough sounds were 

smoothed using a 20-ms time window to extract the envelopes [42]. The CPSL 

value was calculated from the maximal value of the cough sound data obtained 

under different experimental conditions using LabChart version 8 software 

(Figure 2.2b,d,e). 
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Figure 2.2 Examples of cough flow and cough sounds measured by 
microphones 1 and 2. (a) Experimental data of cough flow signals in 
experiment 1. CPF, cough peak flow. (b) Experimental data of cough 
sound signals measured by microphone 1 attached to the flow sensor in 
experiment 1. (c) Experimental data of cough sound signals measured by 
microphone 2 fixed to the microphone stand in experiment 1. (d) 
Absolute values of cough sound measured by microphone 1. (e) 
Envelope of cough sound signals calculated from the absolute cough 
sound values measured by microphone 1. CPSL is defined as the 
maximum value of the envelope. 
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Experimental Protocols 

Experiments 1 and 2  

Participants’ voluntary coughs were measured under three different conditions: 

five times with maximal effort from a maximal inspiratory level; five times with 

maximal effort from a resting inspiratory level; and five times with slight effort 

from a resting inspiratory level. Thus, a total of 15 cough flows and cough 

sounds per participant were measured simultaneously. Therefore, the total 

cough sample size was 495. 

The participants were provided with sufficient instructions regarding the 

cough methods and had practice coughing sessions before the experiment. 

During the practice and experimental sessions, visual feedback of the 

flow-volume loop associated with inspiration and cough was provided in real 

time on a personal computer screen. In the measurement of slight cough, a 

physical therapist confirmed that minimum effort cough was performed with 

proper cough sounds. The participants were allowed enough rest time between 

each trial to reduce the effects of fatigue. 

Experiment 3 

Maximal voluntary coughing was performed three times after providing 

sufficient instructions to the participants regarding the cough method. The 

participants had enough rest between each trial to reduce the effects of fatigue. 

CPF and CPSL were determined as the maximum value of each set of measured 

values. 
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Statistical Analysis 

The Spearman’s rank correlation coefficient analysis was used to analyse the 

relationship between CPS and CPF and the estimation accuracy of CPS. In 

addition, the absolute error was calculated from CPS and CPF. The absolute 

reliability was investigated using the Bland–Altman analysis method to detect 

systematic bias, such as fixed and proportional bias. The Friedman test was used 

to compare the absolute error of different distances from the sound source to the 

microphone, and different microphone types. The Mann–Whitney U test was 

used to compare the absolute error between the gender groups. The Bonferroni 

test was used for post hoc analysis.  

All statistical tests in this paper assumed a significance level of 0.05 and 

analyses were performed using G*power (version 3.1.9.2; University Kiel, Kiel, 

Germany) and SPSS Statistics (version 24.0; IBM, Chicago, IL, USA). 

 

2.4 Results 

Relationships between CPF and CPSL and Verification of the 

Microphone Installation Method 

Figure 2.2 shows examples of cough flow and cough sounds measured by 

microphones 1 and 2 (Figure 2.1a). Although the cough flow and cough sounds 

were measured using different methods, both responded to the initiation of the 

participant cough almost simultaneously. Figure 2.3a shows the relationship 

between CPF and CPSL measured by microphone 1 attached to the flow sensor. 

The coefficients of Equation (2.1), determined by the Levenberg-Marquardt 
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method, are as follows: α = 5.67 (95% confidence internal (CI): 4.557 to 6.784) and 

β = 0.044 (95% CI: 0.042 to 0.046); the determination coefficient was 0.843. 

Therefore, the following estimation formula could be derived from CPSL 

measured by microphone 1: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 5.67(𝑒𝑒0.044𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1).  (2.7) 

Figure 2.3b shows the relationship between CPF and CPS, which 

confirmed a significant positive correlation (r = 0.920; P < 0.001; power, 100%). 

 

  
(a) (b) 

Figure 2.3 Estimation accuracy of Equation (2.7) calculated from the 
experimental data measured by microphone 1 attached to the flow sensor. 
(a) Relationship of CPF and CPSLmicrophone1. The solid lines represent the 
regression curves derived by fitting the coefficients in the proposed 
model using the Levenberg-Marquardt method based on CPF and 
CPSLmicrophone1. The dotted lines represent 95% confidence bands. CPF, 
cough peak flow; CPSLmicrophone1, cough peak sound pressure level by 
microphone 1. (b) Relationship between CPF and CPSmicrophone1. CPSmicrophone1, 
estimated cough peak flow calculated from CPSLmicrophone1. 
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In case of the experimental data measured by microphone 2 fixed to the 

microphone stand (Figure 2.1a), the Levenberg-Marquardt method showed that 

the coefficients obtained are as follows: α = 38.731 (95% CI: 24.071 to 53.391), β = 

0.026 (95% CI: 0.023 to 0.030); the determination coefficient was 0.455. The 

Spearman’s rank correlation coefficient analysis showed a significant positive 

correlation between CPF and CPS (r = 0.699; P < 0.001; power, 100%). The 

Bland-Altman plot of CPF and CPS did not show fixed bias but did show 

proportional bias (r = −0.453; P < 0.001; power, 100%). Thus, the estimation 

accuracy of Equation (2.7) calculated from the experimental data measured by 

microphone 1 was higher than that measured by microphone 2. 

 

Effects of Microphone Distance from the Sound Source on 

Estimation Accuracy 

The cough sounds were measured by five microphones in the same model as 

experiment 1. These microphones were installed at 20 cm, 30 cm, 40 cm, 50 cm 

and 60 cm from the point of face mask contact with the face of the participant 

(Figure 2.1b). Figure 2.4 shows the results of the experimental data for each 

distance and the correlation analysis between CPF and CPS. The determination 

coefficients were 0.864 for 20 cm, 0.841 for 30 cm, 0.619 for 40 cm, 0.556 for 50 cm 

and 0.554 for 60 cm. The correlation coefficients were 0.903 (P < 0.001; power, 

100%) for 20 cm, 0.909 (P < 0.001; power, 100%) for 30 cm, 0.775 (P < 0.001; power, 

100%) for 40 cm, 0.76 (P < 0.001; power, 100%) for 50 cm and 0.747 (P < 0.001; 

power, 100%) for 60 cm. The absolute errors were 40.5 ± 26.7 L/min for 20 cm, 

41.3 ± 30.6 L/min for 30 cm, 64.9 ± 46.2 L/min for 40 cm, 70.7 ± 49.0 L/min for 50 



2.5 DISCUSSION                                                                                     23 
 

 

cm and 72.0 ± 47.5 L/min for 60 cm. Figure 2.5 shows the results of the Friedman 

and Bonferroni tests between the absolute error of each distance. The Friedman 

test showed that there was a significant difference among the absolute errors (P < 

0.001). The Bonferroni test showed that the absolute errors were significantly 

lower for 20 cm and 30 cm than for 40 cm, 50 cm and 60 cm (P < 0.001). 

  
(a) (b) 

   
(c) (d) (e) 

Figure 2.4 Estimation accuracy in each measurement condition. (a–e): 
Scatter plots of the measured data and the regression results of the 
proposed model: CPSL20 cm to 60 cm, cough peak sound pressure level 
measured by each microphone installed 20 cm, 30 cm, 40 cm, 50 cm and 
60 cm from the point of face mask contact with the face; CPS20 cm to 60 cm, 
estimated cough peak flow calculated by CPSL20 cm to 60 cm. Solid lines 
represent regression lines derived from CPF and CPSL. The variation 
around the identity line is visibly reduced in graphs (a, b). 
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Figure 2.5 Comparison of the absolute error between each measurement 
condition. CPF, cough peak flow; CPS, estimated cough peak flow; * P < 
0.001. 

 

Effects of Microphone Type on Estimation Accuracy 

A total of 33 young healthy participants were included in experiment 3. Based on 

the measurement of cough sounds using the in-ear microphone, the mini speech 

microphone and the smartphone microphone, CPSin-ear, CPSmini-speech and CPSsmartphone 

were estimated, respectively.  

Figure 2.6 shows the results of the experimental data measured by each 

microphone and the correlation and regression analysis results between CPF and 

each CPS. The determination coefficients between CPF and each CPS estimated 

by the in-ear, mini speech and smartphone microphones were 0.763, 0.782 and 
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0.641, respectively. Significant positive correlations were found between CPF and 

each CPS (in-ear microphone: r = 0.895; P < 0.001; power, 100%, mini speech 

microphone: r = 0.879; P < 0.001; power, 100%, smartphone microphone: r = 0.795; 

P < 0.001; power, 99.9%). The absolute errors were 27.3 ± 22.6 L/min, 29.9 ± 27.4 

L/min and 38.8 ± 35.7 L/min for the in-ear, mini speech and smartphone 

microphones. The Friedman test showed that there were no significant 

differences among the absolute errors (P = 0.157). 

   
(a) (b) (c) 

Figure 2.6 The results of experiment 3. CPF, cough peak flow; CPSin-ear, 
estimated CPF calculated from cough sound measured using the in-ear 
microphone; CPSmini-speech, estimated CPF calculated from cough sound 
measured using the mini speech microphone; CPSsmartphone, estimated CPF 
calculated from cough sound measured using the smartphone 
microphone. (a) Relationship between CPF and CPSin-ear. (b) Relationship 
between CPF and CPSmini-speech. (c) Relationship between CPF and 
CPSsmartphone. 

 

Effects of Participant’s Height on Estimation Accuracy 

To consider the effect of height on the estimation accuracy of CPF, height 

parameters were introduced in the proposed model, such as Equation (2.2). The 

coefficients a1, a2 and β were determined by the Levenberg-Marquardt method 
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using the measured data of experiment 1 measured by microphone 1 attached to 

the flow sensor. This model yielded a determination coefficient of 0.843. The 

determined coefficients were as follows: a1 = −0.001 (95% CI: −0.012 to 0.01), a2 = 

5.767 (95% CI: 3.946 to 7.588) and β = 0.042 (95% CI, 0.04 to 0.044). 

 

Effects of Gender on Estimation Accuracy 

To consider the effect of gender on the estimation accuracy of CPF, the 

participants were divided into male and female groups and the coefficients of 

the proposed model, such as Equation (1), were determined for the respective 

groups. The coefficient α values were 8.3 ± 5.8 for the male group and 7.5 ± 5.4 

for the female group. The Mann-Whitney U test showed no significant difference 

in the coefficient α values between the male and female groups (P = 0.653). The 

coefficient β values 0.049 ± 0.027 for the male group and 0.044 ± 0.01 for the 

female group. The Mann-Whitney U test showed no significant difference in the 

coefficient β values between the male and the female groups (P = 0.506). 

 

Comparison between the Proposed Model and Polynomial 

Functions 

To demonstrate the efficacy of the proposed model, its estimation accuracy was 

compared with the polynomial functions without intercepts, such as Equations 

(2.3)–(2.6). The coefficients α3 to 12 were determined by the Levenberg-Marquardt 

method in the same manner as in the proposed model. Table 2.2 shows the 

determined parameters and statistical analysis results. The 95% CIs of all 
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coefficients in Equation (2.6) include 0, which indicates that the fourth-order 

polynomial function is redundant to estimate cough peak flow. Based on these 

results, the following analysis used our proposed model of Equation (2.1) and 

Equations (2.3)–(2.5). The absolute errors between CPF and CPS were 40.0 ± 41.8 

L/min in the proposed model, 89.7 ± 65.2 L/min in Equation (2.3), 43.7 ± 39.9 

L/min in Equation (2.4) and 98 ± 62.8 L/min in Equation (2.5). The Friedman test 

showed that there was a significant difference among the absolute errors (P < 

0.001). The Bonferroni test showed that the absolute error was significantly lower 

in the proposed model and Equation (2.4) than in Equations (2.3) and (2.5) (P < 

0.001). In addition, Figure 2.7 shows the corresponding Bland-Altman plot of the 

proposed model and Equation (2.4). The proposed model did not show fixed 

bias and proportional bias. However, Equations (2.4) did not show fixed bias but 

did show proportional bias (r = −0.343, P < 0.001). 

 
Table 2.2 Relationship between cough peak flow and cough peak 
sound pressure level using Equations (2.3)–(2.4). 

Estimation 
Equation Coefficient Estimated 

Value 
Standard 

Error 
95% CI Determination 

Coefficient Lower Upper 
Equation 

(2.3) α3 3.819 0.053 3.714 3.923 0.373 

Equation 
(2.4) 

α4 0.117 0.003 0.111 0.124 
0.822 

α5 −7.288 0.317 −7.910 −6.665 
Equation 

(2.5) 
α6 0.002 0.000 0.002 0.003 

0.843 α7 −0.326 0.054 −0.431 −0.220 
α8 13.013 2.249 8.132 17.895 

Equation 
(2.6) 

α9 0.019 0.000 −0.015 0.052 

0.844 
α10 −0.005 0.007 −0.019 0.008 
α11 0.355 0.617 −0.858 1.567 
α12 −7.198 18.431 −43.412 29.02 
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(a) (b) 

Figure 2.7 Bland-Altman plot of the measured and estimated cough 
peak flow. CPF, cough peak flow; CPS, estimated cough peak flow. (a) 
CPS estimated using our proposed model of Equation (2.1). (b) CPS 
estimated using Equation (2.4). Blue and black dots represent the 
difference between CPF and CPS. Bold black solid lines represent the 
mean difference between CPF and CPS. Green dotted lines represent the 
mean difference ± 2 standard deviation bands. Red lines represent the 
approximate straight line of the difference between CPF and CPS and the 
mean of CPF and CPS. 

 

2.5 Discussion 
To the best of our knowledge, this is the first study to develop a method for 

estimating cough strength via cough sounds using a model represented by an 

exponential equation. Analysis of the results of experiment 1 demonstrated that 

CPS calculated from the cough sound measured using microphone 1 attached to 

a flow sensor is estimated to have high accuracy. Moreover, the CPF estimation 

accuracy using microphone 1 is significantly higher than that using microphone 

2 fixed to the microphone stand. This is because microphone 1 was attached to 

the flow sensor, which maintained a fixed distance from the vocal cords but the 
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distance between microphone 2, which was attached to the microphone stand 

and the vocal cords could be changed by inspiratory and/or coughing-induced 

body motion. The decrease in the sound level Lp can be calculated by the distance 

from the sound source r1, r2 using the following equation: 

𝐿𝐿𝑝𝑝 = 20 log �𝑟𝑟2
𝑟𝑟1
�.  (1.8) 

The fact that the sound pressure level decreases with distance from the 

sound source indicates that body motion may be a cause of artefacts and, 

therefore, reduces estimation accuracy. Thus, to improve estimation accuracy, 

microphones should be installed on the body so that the microphones can 

maintain a constant distance from the sound source. Based on the results, we 

selected three types of wearable microphones (the in-ear microphone, the mini 

speech microphone and the smartphone microphone). 

In experiment 2, we found that the distance between the mouth, as a 

sound source and the microphone needs to be less than 30 cm. Sound 

propagation in a room is a combination of direct and reflected sound waves from 

surfaces and boundaries in the room [61]. In addition, the sound attenuates with 

increasing distance from the sound source, as shown in Equation (2.8). When the 

microphone is set at a distance more than 30 cm from the mouth, the measured 

cough sounds may be influenced by sounds reflected from the walls and/or 

sound attenuation. 

In experiment 3, we used three types of microphones (i.e., an in-ear 

microphone, a mini speech microphone and a smartphone microphone) to 

measure cough sounds. The strongest correlation between CPF and CPS was 

estimated using data obtained from the in-ear microphone. Thus, these 
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microphones could be introduced as simple and wearable cough strength 

measurement devices. 

In the respiratory function test, participant height is generally used to 

determine the normal level of respiratory function [62,63] and a relationship 

between CPF and height has been reported [64]. Based on these previous studies, 

we hypothesized that height affects CPS; however, in  

Equation (2), in which the coefficient α of Equation (2.1) was replaced by a linear 

function of height, the 95% CI of the multiplication coefficient α1 onto the height 

ranged from −0.112 to 0.02, including 0. This result indicates that height has a 

minimal effect on the CPF estimation accuracy. 

Previous studies have also suggested that normal respiratory function 

levels vary according to gender [62,63] and the CPF of male participants has been 

shown to be significantly higher than that of female participants [64]. Therefore, 

we hypothesized that gender can affect the coefficients in the estimation 

equation; however, no significant difference in estimation accuracy was found 

between male and female participants. This result demonstrates that gender also 

has a minimal effect on the estimation accuracy when adopting the proposed 

model, represented by Equation (2.1). 

We verified the prediction equation using first- to fourth-order 

polynomial functions. Several previous studies have reported that the 

relationship between air flow and breath sound amplitude is linear under high 

flow rate conditions [5,6]. It has also been reported that the sound amplitude 

during inspiration is proportional to the square of the air flow at the mouth 

[7,65]. Moreover, it was shown that the flow profile of inhalations can be 

estimated based on the logarithmic relationship between the acoustic envelope of 
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the inhalation sound and the flow volume [59]. In contrast, a strong linear 

correlation between cough sound and cough flow has also been reported [66]. 

Our study revealed a nonlinear relationship between cough sound and cough 

flow. Thus, cough sounds were proportional to the square of the cough flow; 

however, a proportional bias was found in the second-order polynomial function, 

as observed for Equation (2.4). The effectiveness of the proposed model, 

represented by the exponential function, such as Equation (2.1), was verified by 

the fact that it successfully eliminated this systematic bias. 

A major limitation of this study is that we did not fully consider the 

effect of age and disease, since the study participants were young Japanese 

healthy volunteers. In the respiratory function test, participant age is generally 

used to determine the normal level of respiratory function [62,63] and a 

relationship between CPF and age has been reported [64]. Also, the body weight 

or BMI of subjects may have impact on accuracy of estimated CPF. In addition, 

because the model was derived empirically in this study, its physiological and 

physical aspects must be addressed. Moreover, because the experimental results 

showed that maintaining a constant distance between the mouth, as a source of 

sound and the microphone is key to improving estimation accuracy, it will be 

necessary to develop a more suitable type of microphone. A wearable 

microphone, such as a piezoelectric bone conduction microphone, is one such 

candidate for application as the base technique. 
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2.6 Concluding Remarks 

This paper has proposed a nonlinear model for predicting the cough strength in 

young Japanese youth via cough sounds. Future studies should verify whether 

age, body weight and BMI influence the accuracy of the prediction model. If 

large variabilities in age, body weight and BMI that are to be expected in patients 

in the world are included and considered in the analysis, a practical device for 

assessing cough strength may be developed by employing the proposed model. 

The effects of age, body weight and BMI, the most suitable type of microphones 

and the physiological and physical explanations of the proposed model will be 

investigated in future work. 
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Chapter 3 
Effects of Microphone 
Type on Cough Strength 
Estimation 
 

3.1 Introduction 

Cough is an important protective mechanism that causes the central 

airways to be cleared of foreign materials and excess secretions [67]. Objective 

analysis of cough may provide a noninvasive method to identify aspiration risk 

[68,69], and it has been proposed that researchers should focus on techniques to 

improve coughing dysfunction, rather than develop new antibiotics, to decrease 

mortality due to aspiration pneumonia in the elderly [35]. To prevent aspiration 

pneumonia, the evaluation of the ability to cough is therefore as important as 

that of swallowing function.   

The assessment of cough effectiveness includes measurements of CPF 

[23,24,29-31,70]. Bach and Saporito concluded that the ability to generate CPF of 

at least 160 L/min is necessary for a successful extubation or tracheostomy tube 
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decannulation because an intercurrent upper respiratory tract infection and the 

inability to clear airway secretions trigger acute respiratory failure [29,30]. 

Patients that can generate CPF of more than 270 L/min have little risk of 

developing respiratory failure during upper respiratory tract infections [31].  

In the conventional CPF measurement method, a face mask is attached to 

a spirometer or a peak flow meter to prevent infection, and subjects are required 

to cough voluntarily. However, the disadvantage of this method is that the 

measured CPF changes depending on the type of face masks or bacterial filters. 

In addition, the mask, which is firmly attached to the patient’s face to prevent air 

leakage, makes it difficult for the subject to perform natural and voluntary cough. 

Therefore, this study has aimed to develop a simple evaluation system to 

assess the cough ability through cough sound without any face mask or bacterial 

filter. Several previous studies proposed methods to monitor cough frequency 

using a microphone in patients with asthma [38,39,54-58,71], but not for the 

cough ability. If the assessment of the cough ability through cough sound is 

feasible, it can be applied to patients in whom measurements of cough peak 

expiratory flow using the current method are difficult. In our previous studies, 

the relationship between CPF and the peak cough sound pressure level (CPSL) 

was assumed to be an exponential function. Using the proposed method, 

predicted cough peak expiratory flow CPS was calculated considering the effect 

of the subject height or gender [72]. However, the effects of the type of 

microphone on measured cough sounds and predicting CPS has not yet been 

verified. Therefore, this study aims to verify the effects of the type of microphone 

on CPS to develop a novel evaluation system.  
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3.2 Experimental Methods 

This study was conducted in accordance with the amended declaration of 

Helsinki. The Hiroshima Cosmopolitan University Institutional Review Board 

(No. 2015031) approved the protocol, and written informed consent was 

obtained from all participants. 

 

Participants 

A total of 25 young healthy subjects with no history of lung disease participated 

in the experiments. The mean ± standard deviation age of subjects was 21.0 ± 

0.2 years (range: 21 - 22 years), the mean height of subjects was 165.5 ± 8.7 cm, 

and the mean weight of subjects was 61.1 ± 12.4 kg. The absence of pulmonary 

disease was ascertained in advance by inquiry and pulmonary function test.  

 

Measurement method of cough flows 

Measurement of cough was carried out in a sitting position. To measure cough 

flow, participants wore a face mask with a flow sensor (Mobile aero monitor 

AE-100i; Minato Medical Science Co., Ltd., Osaka, Japan) attached. The 

maximum value of the obtained cough flow data was defined as CPF. The 

measurement range of the flow sensor was 0 - 840 L/min, and the measurement 

accuracy was within 3% of the indicated value. 

 

Measurement method of cough sounds 

Figure 3.1 shows the cough sound measurement method. Cough sound was 
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measured using three types of microphones. To measure cough sound through 

in-ear from the right external auditory canal, an electret condenser microphone 

(ECM-TL3; Sony Corporation, Japan) (in-ear microphone) was attached to the 

right ear canal (Figure 1a). The sensitivity of the microphone was -35.0 dB (0 dB ± 

1 V/1 Pa, 1 kHz). A headset mini speech microphone (ECM-322BMP; Sony 

Corporation, Japan) (mini speech microphone) was attached to the left ear 

(Figure 3.1b). The sensitivity of the microphone was -42.0 dB (0 dB ± 1 V/1 Pa, 1 

kHz). The cough sound signal was digitized using a 16 bit analog-to-digital 

converter (PowerLab16/35, ADInstruments, Inc., Dunedin, New Zealand) at a 

100 kHz sampling rate set by an analysis software (LabChart version 8, 

ADInstruments, Inc.). CPSL was calculated from the maximal value of the cough 

sound pressure level obtained from the different types of microphone. The 

smartphone (iphone6 A1586; Apple Inc., United States of America) (smartphone 

microphone) was held in the left hand while flexing the subject's elbow to 90° 

and the shoulder to 0°, and then internally rotating it to 45° (Figure 3.1c). 
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Figure 3.1 Types of microphones and measurement position. (a) In-ear 
microphone. (b) Mini speech microphone. (c) Smartphone microphone. 

 

To check the variation in the distance from the sound source to each 

microphone between subjects, we measured the distance from the edge of the lip 

to each microphone. In the case of the in-ear microphone, the distance from the 

microphone to the thyroid cartilage was measured.   

 

Protocol 

After giving sufficient cough method instruction to the subjects, maximal 

voluntary coughing was performed three times. Subjects had enough rest 

between each trial to reduce fatigue effects. CPF and CPSL were determined as 

the maximum value of each set of measured values.   
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Analysis 

The rank correlation coefficient of Spearman evaluates the relationship of 

the distance from the sound source to each microphone and the height. The 

relationship between CPF and CPSL was assumed to be an exponential function 

[72] as in the following equation:  

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝛼𝛼 ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�     (3.1) 

where α and β are constants. To establish a prediction formula for predicted CPF 

(CPS), the coefficients a1 and a2 in (1) were determined by non-linear regression 

analysis (Levenberg-Marquardt method) using CPF and CPSL obtained from 

each microphone. To verify the effect of the height (h) on CPS, the expression in 

(2) was proposed by including the height variable in (1) as follows:

𝐶𝐶𝐶𝐶𝐶𝐶 = (𝛼𝛼1 ∙ ℎ + 𝛼𝛼2) ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(3.2)∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�   (3.2) 

where α1, α 2, and β(3.2) are constants. To verify the prediction accuracy of CPS, the 

relationship between CPS and CPF was evaluated using the Spearman's rank 

correlation coefficient and regression analysis. In addition, the relative error was 

calculated from CPS and CPF. Absolute reliability was investigated using the 

Bland-Altman analysis method to detect systematic errors, such as the fixed error 

and proportional error [73]. The Friedman test was used to compare the relative 

error between different microphone types. CPSL and CPS obtained from the 

in-ear microphone were, respectively expressed as CPSLin-ear and CPSin-ear, those 

obtained from the mini speech microphone were expressed as CPSLmini-speech and 

CPSLmini-speech, and those obtained from the smartphone microphone were 

expressed as CPSLsmartphone and CPSsmartphone.   

All statistical calculations were carried out using the IBM SPSS Statistics 
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24 for Windows. A value of P < 0.05 was considered to be statistically significant. 

 

3.3 Results 

Relationship between distance from sound source to each 

microphone and height 

No significant correlation was found between the distance from the thyroid 

cartilage to the in-ear microphone, as well as the height (r = 0.177, P = 0.398). No 

significant correlation was found between the distance from the edge of the lip to 

the mini speech microphone, as well as the height (r = -0.046, P = 0.827).  A 

positive significant correlation was found between the distance from the lip to 

the smartphone microphone, as well as the height (r = 0.452, P = 0.023).   

 

Non-linear regression 

Figure 3.2 and Table 3.1 show the results of the non-linear regression analysis of 

the experimental data measured using each microphone. The determination 

coefficients of the in-ear microphone by Equations (3.1) or (3.2) were: R2 = 0.827 

and R2 = 0.829. The determination coefficients of the mini speech microphone 

by Equations (3.1) or (3.2) were R2 = 0.835 and R2 = 0.837. The determination 

coefficients of the smartphone microphone by Equations (3.1) or (3.2) were R2 = 

0.713 and R2 = 0.737. In all cases, the determination coefficients were slightly 

higher in Equation (3.2) with respect to the height variable.   
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 3.2 Results of non-linear regression analysis. (a) In-ear 
microphone. Non-linear regression using Equation (3.1). (b) Mini speech 
microphone. Non-linear regression using Equation (3.1). (c) Smartphone 
microphone. Non-linear regression using Equation (3.1). (d) In-ear 
microphone. Non-linear regression using Equation (3.2). (e) Mini speech 
microphone. Non-linear regression using Equation (3.2). (f) Smartphone 
microphone. Non-linear regression using Equation (3.2). 
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Table 3.1 Results of non-linear resression. 

Type of microphone Coefficient Estimated 
value 

95% CI Determination 
Coefficient Lower Lower 

In-ear microphone α 75.2 25.0 125.5 
0.827 

β(3.1) 0.020 0.014 0.026 
α1 0.092 -0.309 0.493 

0.829 α2 68.2 11.0 125.6 
β(3.2) 0.019 0.012 0.026 

Mini speech 
microphone 

α 127.2 44.1 210.3 
0.835 

β(3.1) 0.018 0.012 0.024 
α1 0.159 -0.507 0.826 

0.837 α2 114.6 18.9 210.3 
β(3.2) 0.017 0.010 0.024 

Smartphone 
microphone 

α 71.0 3.4 138.6 
0.713 

β(3.1) 0.022 0.013 0.031 
α1 0.344 -0.415 1.102 

0.737 α2 41.9 -33.0 116.8 
β(3.2) 0.019 0.009 0.030 

 

Accuracy of each predicted equation 

Figure 3.3 and Table 3.2 show the results of the correlation and regression 

analysis between CPS and CPF. A strong positive significant correlation was 

found between each CPS and CPF (r = 0.896 – 0.926). Specifically, the results of 

CPS predicted by Equation (3.2) using the in-ear microphone and the 

smartphone microphone strongly correlated with CPF (Table 3.2). Figure 3.4 

shows the results of the Bland-Altman method for assessing the agreement 

between CPS and CPF. In all cases, the Bland-Altman analysis showed no 

systematic error between CPS and CPF. 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 3.3 Results of the rank correlation coefficient of the Speaman 
analysis. (a) In-ear microphone. CPSin-ear was calculated using (3.1). (b) 
Mini speech microphone. CPSmini-speech was calculated using (3.1). (c) 
Smartphone microphone. CPSsmartphone was calculated using (3.1). (d) In-ear 
microphone. CPSin-ear was calculated using (3.2). (f) Mini speech 
microphone. CPSmin-speechi was calculated using (3.2). (f) Smartphone 
microphone. CPSSamartphone was calculated using (3.2). 
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Table 3.2 Results of the rank correlation coefficient of Spearman 

  Equation (3.1)  Equation (3.2) 
  CPSin-ear CPSmini-speech CPSsmartphone  CPSin-ear CPSmini-speech CPSsmartphone 

CPF r 0.915 0.926 0.891  0.923 0.919 0.915 
P < 0.001 < 0.001 < 0.001  < 0.001 < 0.001 < 0.001 
n 25 25 25  25 25 25 

 

  
(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 3.4 Results of the Bland-Altman method for assessing agreement 
between CPS and CPF. (a) In-ear microphone. (b) Mini speech 
microphone. (c)Smartphone microphone. (d) In-ear microphone. (e) Mini 
speech microphone. (f) Smartphone microphone. solid line: mean 
difference; dashed line: 95% confidence interval of difference. 
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Comparison results of the relative errors 

Figure 3.5 shows results of the comparison of the relative errors between each 

CPS and CPF. The relative errors were 4.6 ± 3.8% by the in-ear microphone in 

Equation (3.1), 4.9 ± 3.5% by the mini speech microphone in Equation (3.1), 5.9 ± 

4.9% by the smartphone microphone in Equation (3.1), 4.8 ± 4.0% by the in-ear 

microphone in Equation (3.2), 4.8 ± 3.6% by the mini speech microphone in 

Equation (3.2), and 5.4 ± 4.7% by the smartphone microphone in Equation (3.2). 

The Friedman test showed that there was no significant difference between the 

relative errors (P = 0.315).

 

Figure.3.5 Graph comparing the relative errors between different 
microphone types. Friedman test showed that there was no significant 
difference between the relative errors (P = 0.315). 
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3.4 Discussion 

This study predicted cough peak expiratory flow CPF through cough sound 

based on the knowledge that the respiratory flow rate is related to the breathing 

sound [5-7], and the relationship between CPF and CPSL can be expressed by an 

exponential function [72].  The results of the non-linear regression analysis 

confirmed high determination coefficients for the mini speech microphone, 

in-ear microphone, and smartphone microphone. To accurately measure cough 

sounds, it was necessary to keep a constant distance between the sound source 

and the microphones without changing the distance by coughing-induced body 

motion [72]. This is because cough sound decreases with distance from the 

sound source, and body motion causes artifacts, thereby reducing prediction 

accuracy. The decrease in sound level Lp can be calculated by the distance from 

the sound source r1, r2 using the following equation: 

𝐿𝐿𝑝𝑝 = 20 log(𝑟𝑟2/𝑟𝑟1)  (3.3) 

The distance from the sound source to the mini speech microphone fixed 

to the ear was closest and this distance was kept nearly constant, even when 

coughing-induced body motion occurred; this was the reason the highest 

determination coefficient was obtained. In the case of the in-ear microphone and 

the smartphone microphone, the distance from the sound source to these 

microphones may be changed depending on the subject's height. In particular, 

results of the correlation analysis showed the relationship between the distance 

from the lip to the smartphone and the height. Therefore, including the height 
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variable in (2) improved the accuracy of CPS for the conduction microphone and 

the smartphone microphone.  

 However, we did not consider the effect of age because all the 

participants were young volunteers. A relationship between CPF and age has 

been reported [64,74,75]. In addition, previous studies suggested that breath 

sound can be affected by sound frequency [5-7]. Therefore, the effects of age and 

cough sound frequency should be investigated in future studies. Moreover, 

previous studies have proposed methods to extract cough sounds from daily 

utterances, and clinical application is progressing [18,76,77]. Incorporating these 

methods to the proposed system may improve accuracy. For clinical application, 

it is necessary to incorporate such methods into our system to increase 

prediction accuracy.  

3.5 Concluding Remarks 

In this study, we proposed a novel cough ability evaluation system through 

cough sound, and conducted experiments to verify the effects of three types of 

microphones (in-ear microphone, mini speech microphone, and smartphone 

microphone) on estimated values of cough peak flow. The results of the 

non-linear regression analysis confirmed high determination coefficients for the 

three types of microphones investigated. Furthermore, including the height 

variable in the prediction equation improved the accuracy of CPS for the 

conduction microphone and the smartphone microphone. However, we did not 

consider the effects of age and cough sound frequency on CPS. These effects 



3.5 CONCLUDING REMARKS                                                                      47 
 

 

should be investigated in the future. Based on experimental results, we also plan 

to develop a simple cough ability evaluation system using smartphones that can 

be used for in-home care. 
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Chapter 4 
A Mobile Cough Strength 
Evaluation Device Using 
Cough Sounds 
 

4.1 Introduction 

Cough is an important defence mechanism for clearing excess secretions and 

foreign materials from airways [8,9]. Generally, cough peak flows (CPFs) are 

measured using a spirometer or a peak flow meter to assess cough strength 

because cough strength reflects the ability to clear secretions from the respiratory 

tract and indicates the aspiration risk. For example, it is unlikely that someone 

with a CPF greater than 270 L/min will develop acute respiratory distress [31]. 

Patients with a CPF greater than 160 L/min can manage ventilatory failure 

without tracheostomy [29,30]. Dysphagic patients with persistent 

tracheobronchial aspiration with a CPF less than 242 L/min have a high risk of 
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developing pulmonary complications [33]. Although previous studies have 

reported the importance of CPF as a measurement for assessing the ability to 

expel airway secretions, it requires a face mask and a bacterial filter firmly 

attached to the patient’s mouth, as well as configuration of a complex 

measurement instrument. This method imposes burdens on both patients and 

their caregivers and prevents daily CPF measurements in clinical practice. 

To solve this problem, our research group developed a CPF estimation 

method using cough sounds [72,78] by modelling the relationship between the 

cough sounds and flow rates. The method enabled the estimation of CPF without 

a face mask or bacterial filter and drastically simplified the measurement 

instrument configuration because the cough sounds can easily be measured 

using a microphone. However, the previous method did not fully consider the 

effect of age, body weight or body mass index (BMI), although relationships 

between CPF and age and body weight have been reported [64]. In addition, the 

previous method could not immediately present the estimated result to the 

patient, as it lacked a user interface. These limitations made it difficult to apply 

the proposed method in clinical practice. 

Therefore, this paper presents a newly proposed CPF estimation model 

that can account for the relationship between CPFs and cough sounds while 

considering age, body weight and BMI. In addition, aiming for future 

applications in the clinic and the home, we also present a user interface 

incorporating the proposed CPF estimation model for mobile devices that 

enables cough sound recording, immediate CPF estimation, and estimated CPF 

history management. Finally, we report the estimation accuracy of the proposed 

model implemented using a mobile device by performing experiments on young 
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participants (n = 33) and elderly participants (n = 25). 

4.2 Proposed device 

In this paper, we propose a CPF estimation model and user interface software for 

iOS version 11.4 to assess cough strength. The details of the proposed model and 

the user interface are described in this section. 

 

4.2.1 Model 

The proposed model is expressed by the following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �𝛼𝛼0,(1) + 𝛼𝛼1,(1) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎� ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(1)∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (4.1) 

where α0,(1), α1,(1) and β(1) are the parameters predetermined by a non-linear 

regression analysis (the Levenberg-Marquardt method) using the mean square 

error between the 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and the measured CPF as the evaluation function. 

The CPSL represents the cough peak sound pressure level. This model indicates 

that the cough peak flow (estimated CPF (𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )) and the CPSL are 

logarithmically related. The next section describes the preprocessing method 

used to derive the CPSL from cough sounds, which can be measured using a 

smartphone. 

 

4.2.2 Measurement protocol and preprocessing for cough sounds 

Cough sounds are measured using the microphone built into a smartphone 

(iPhone 6 A1586; Apple, Inc., United States of America), which is hereafter 

referred to as the smartphone microphone. While measuring cough sounds, the 
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user was required to hold the bottom of the smartphone in their right hand with 

the elbow flexed to 90 degrees, the shoulder at 0 degrees, and the elbow 

internally rotated to 45 degrees (Figure 4.1a, b). Figure 4.1a shows how to hold 

the smartphone and the location of the microphone. The smartphone screen was 

directed towards the participant’s mouth so that microphone was directed to the 

body of the user to avoid recording the sound of exhaled air. Figure 1c shows the 

flowchart for measuring and analysing cough sounds. The cough sound signals 

are digitized by the smartphone’s built-in 16-bit AD converter at a sampling rate 

of 48 kHz and saved in the native .wav format on the device. The recorded cough 

sound is then preprocessed as shown in the flowchart in Figure 1c. The digitized 

cough sound signals are bandpass-filtered between 140 and 2,000 Hz to 

minimize artefacts caused by heart sounds and muscle interference. 

Subsequently, the cough sound signals are rectified by calculating their absolute 

values and smoothed using a 20-ms time window to extract the envelope [42], 

which represents the cough sound pressure level. The value of the CPSL is then 

calculated from the maximal value of the envelope. The CPSL is then substituted 

into the proposed model, shown in Equation (4.1), to estimate the cough peak 

flow (CPSproposed). 
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      (a)             (b)                  (c)                  (d) 

Figure 4.1 Cough sound measurement protocol and software 
configuration. CPS represents the cough peak flow estimated using cough 
sounds. (a) The posture of a user while recording cough sounds. (b) The 
user interface for editing a personal profile. (c) The flow chart for cough 
sound preprocessing and cough peak flow (CPF) estimation. (d) The 
results display that demonstrates the graphs resulting from signal 
preprocessing and CPF estimation.

4.2.3 User interface software 

The proposed user interface is composed of three parts: the editorial part, the 

CPF estimation part, and the results display part. The interface starts from the 

editorial part, which prompts the user to complete their personal profile and 

proceed to record cough sounds. The CPF estimation part estimates the CPF 

from the recorded cough sounds using the proposed model. Finally, the 

estimated CPF is shown in the results display part. Each part of the interface is 

described below. 

Editorial part 

Figure 4.2 shows the editorial part. As the initial collection of the participant’s 
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𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝛼𝛼1 × 𝑎𝑎𝑎𝑎𝑒𝑒 + α2 × 𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽×𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1
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characteristics, this part prompts the user to input their name, age, sex, height 

and weight. BMI is automatically calculated from the height and weight. The 

editorial part can also record respiratory functions, such as the vital capacity 

(VC), forced vital capacity (FVC), forced expiratory volume in one second (FEV1), 

measured CPF, and results of an objective swallowing function test, such as the 

repetitive saliva swallowing test (RSST), which detects patients who experience 

aspiration [42,79,80]. The bottom of the screen shows the history of the estimated 

CPFs to inform the user of chronical changes in cough function. 

CPF estimation part: The CPF estimation part records the cough sounds, 

converting the cough sounds into the CPSL, and estimates the CPF as described 

in Sections 4.2.1 and 4.2.2. A user can record cough sounds by pressing the 

“RECORD” button, as shown in Figure 4.3. The CPS is then calculated when the 

"play" button at the upper right of the screen is pressed, as shown in Figure 4.3.  

 

Figure 4.2 Editorial part. This screen prompts the user to complete their 
personal profile. BMI, body mass index, BMI = body weight / height^2; VC, 
vital capacity; FVC, forced vital capacity; FEV1, forced expiratory volume 
in 1 s; RSST, repetitive saliva swallowing test. 
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Figure 4.3 Results display part. The blue solid line represents the 
measured cough sound signal. The light blue solid line represents the 
rectified sound signal. The purple solid line represents the moving 
average with a time window of 20 ms. The red dot represents the 
maximum point of the moving average.

 

Results display part 

Figure 4.3 shows the results display part. The waveform of the cough sounds, 
the rectified signal, the envelope and the maximum value of the envelope can 
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be confirmed from the graphs shown in the centre of the screen. The 
estimated cough peak flow (CPSproposed) is classified into four risk levels based 
on previously reported cut-off values [29-31,79], as shown below and in 
Figure 4.3: 

𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 > 465 L/min: Normal level 

270 L/min < 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≤ 465 L/min: Slightly below the normal level 

160 L/min < 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≤ 270 L/min: Difficult to discharge viscous sputum 

𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≤ 160 L/min: Difficult to discharge saliva 

 

4.3 Experiments 

4.3.1 Participants 

This study was conducted in accordance with the amended declaration of 

Helsinki. The Hiroshima Cosmopolitan University Institutional Review Board 

(No. 2015031) approved the protocol, and written informed consent was 

obtained from all participants. We performed experiments on 33 young 

participants (21.3 ± 0.4 years) and 25 elderly participants (80.4 ± 6.1 years) (Table 

4.1). The participants consisted of self-reported healthy individuals with no 

previous cardiovascular or pulmonary diseases. Before the cough sound 

measurements, we measured the %VC, FEV1, and FVC and excluded those 

participants with FEV1/FVC < 80% and those who could not perform the 

measurement. As the result, two elderly participants with FEV1/FVC < 80% were 

excluded, representing 3.3% of the all participants. 
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Table 4.1 Characteristics of the participants. 

Variable Young participants 
 (n = 33) 

Elderly participants 
(n = 25) P value 

Age, years 21.3 ± 0.4 80.4 ± 6.1 < 0.001   

Male sex, n 20 10 0.209 

Height, cm 164.6 ± 8.4 154.1 ± 8.3 0.093 

Body weight, kg 
(male, female) 

58.5 ± 11.6 
(64.5 ± 11.3, 51.0 ± 6.2) 

55.1 ± 11.9 
(58.6 ± 6.3, 53.4 ± 15.1) 0.156 

BMI, kg/m2 
(male, female) 

21.3 ± 0.5 
(21.4 ± 0.6, 20.9 ± 0.5) 

23.3 ± 4.1 
(22.5 ± 1.6, 24.0 ± 5.2) 0.216 

%VC, % 97.0 ± 8.9 91.5 ± 17.5 0.438 

FEV1/FVC, % 90.4 ± 7.6 91.8 ± 8.2 0.185 

Values presented are the number of participants or the mean ± S.D. of the 
corresponding parameters, unless otherwise stated. BMI, body mass 
index; VC, vital capacity; %VC, vital capacity expressed as a percentage 
of the predicted value; FEV1, forced expiratory volume in 1 s; FVC, forced 
vital capacity.

4.3.2 Methods 

Cough flow and sound measurement methods 

To measure cough flows, the participants wore a face mask with a flow sensor 

(Autospiro AS-507; Minato Medical Science Co., Ltd., Osaka, Japan) attached and 

performed coughing three times in a sitting position. The measurement range of 

the flow sensor was 0–840 L/min, and the measurement accuracy was within 3% 

of the indicated value. Hereafter, the measured CPF refers to the cough peak 

flow calculated from the maximal value obtained from the flow sensor. 

To measure cough sounds, the smartphone microphone was used. As 

explained in Section 2.2., the CPSL was calculated to estimate the CPF. The 
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proposed model was then compared with other possible equation forms to 

analyse the effects of age, height, weight and BMI on the estimation accuracy. It 

should be noted that the sex of the participants had a minimal effect on the CPF 

estimation accuracy, as we have previously reported [72,78]. Hereafter, we 

denote the CPF estimated by the proposed model as CPSproposed and those 

estimated by the model shown in Equations (4.2)-(4.6) explained in the following 

subsections as CPSX, where the subscript X distinguishes the model used. 

 

Models for age effect analysis 

We hypothesized that the CPSL is proportionally affected by age based on a 

previous study [64]. To validate this hypothesis, we compared the estimation 

accuracy with that of our previous model, expressed by Equation (4.2), in which 

the age effect is not included [72,78]. In addition, the proposed model was 

compared with the models that include the second- (Equation (4.3)) and 

third-order (Equation (4.4)) terms of the age variable, as follows:  

𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝛼𝛼 ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (4.2) 

𝐶𝐶𝐶𝐶𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎2 = �𝛼𝛼0,(4.3) + 𝛼𝛼1,(4.3) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛼𝛼2,(4.3) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎2� ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(4.3)∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (4.3) 

𝐶𝐶𝐶𝐶𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎3 = �𝛼𝛼0,(4.4)+𝛼𝛼1,(4.4) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛼𝛼2,(4.4) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝛼𝛼3,(4.4) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎3� ∙
�𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(4.4)∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, 

(44.) 

where α0,(Y) to α3,(Y) and β(Y) are constant parameters determined by the 

Levenberg-Marquardt method using the mean square error between the CPSX 

and measured CPF as the evaluation function; the subscript Y distinguishes the 

model. The 95% CIs are also calculated for each parameter. In addition, the 
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parameters included in Equation (4.2) are determined by calculating the CPS 

using a previous model, such as α = 70.98 and β = 0.022, based on our previous 

study [78]. The Wilcoxon signed-rank test was used to compare the absolute 

error between the previous and proposed models. Spearman's rank correlation 

coefficient analysis was used to assess the relationship between each CPSx and 

measured CPF. Absolute reliability was investigated using the Bland-Altman 

analysis method to detect systematic bias, such as fixed and proportional bias. 

 

Analysis of models for body weight, BMI and height  

We verified the effects of body weight, BMI and height on the prediction 

accuracy because a previous study reported that the CPF can depend on body 

weight and height [64]. In this study, we hypothesized that the body weight 

and/or BMI proportionally increases with increasing CPF and that the height 

proportionally decreases with increasing CPSL because taller participants have 

longer arms and the increased distance between the smartphone microphone 

held in the hands (Figure 1a) and the mouth attenuates the sound level. We 

included the terms for body weight, BMI, and height, as follows: 

𝐶𝐶𝐶𝐶𝑆𝑆𝑤𝑤𝑤𝑤 = �𝛼𝛼0,(4.1) + 𝛼𝛼1,(4.1) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛼𝛼𝑤𝑤 ∙ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 + 𝑎𝑎𝐵𝐵 ∙ 𝐵𝐵𝐵𝐵𝐵𝐵� ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(4.1)∙𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 1�, (4.5) 

𝐶𝐶𝐶𝐶𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡 = �𝛼𝛼0,(4.1)+𝛼𝛼1,(4.1) ∙ 𝑎𝑎𝑎𝑎𝑎𝑎� ∙ �𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽(4.1)∙{𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ା20 log(ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡 𝑑𝑑0⁄ )} − 1�, (4.6) 

where αw, αB, and d0 are constant parameters determined using the same method 

described in the previous section; weight, BMI and height represent the 

participant’s body weight, BMI and height, respectively; and α0,(4.1), α1,(4.1) and β(4.1) 

are the same values as those determined for the proposed model. The second 

term in the exponential function of Equation (4.6) (the height model) represents 
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the correction term for the attenuation related to the participant’s height. A 

decrease in the sound level Lp can be calculated by the distance (r, r0) between the 

sound source and the microphone, as follows: 

𝐿𝐿𝑝𝑝 = 20 log(𝑟𝑟 𝑟𝑟0⁄ ), (4.7) 

where r0 and r are constants. Thus, to correct the CPSL for additional sound 

attenuation, height was inserted in Equation (6) instead of r. In this analysis, the 

coefficient of determination and the 95% CI were calculated for comparison with 

the proposed model (Equation (4.1)). 

All statistical tests in this paper assumed a significance level of 0.05, and 

analyses were performed using G*power (version 3.1.9.2; University Kiel, 

Germany) and IBM SPSS Statistics 24.0 (IBM, Chicago, IL, USA). 

 

4.4 Results 

Parameter determination 

Table 4.2 shows the determined parameters. In the proposed model (Equation 

(4.1)), the coefficients α0, α1 and β are as follows: a0 = 42.90 (95% CI: 7.84 to 77.96), 

a1 = -0.282 (95% CI: -0.509 to -0.055), and β = 0.028 (95% CI: 0.020 to 0.037); the 

determination coefficient of the proposed model is 0.829. In Equations (4.3) and 

(4.4), the coefficients are determined in the same manner as in the proposed 

model. Equation (4.3) yielded a determination coefficient of 0.829. The 

determined parameters are as follows: a0,(4.3) = 42.32 (95% CI: 7.15 to 77.50), a1,(4.3) = 

-0.212 (95% CI: -0.713 to 0.289), a2,(4.3) = -0.001 (95% CI: −0.006 to 0.004) and β (4.3) = 

0.028 (95% CI, 0.020 to 0.037). The 95% CIs of the coefficients a1,(4.3) and a2,(4.3) in 
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Equation (3) include 0. Equation (4) yielded a determination coefficient of 0.832. 

The determined parameters are as follows: a0,(4.4) = 6.58 (95% CI: -70.33 to 83.49), 

a1,(4.4) = 2.366 (95% CI: -3.448 to 8.181), a2,(4.4) = 0.00 (95% CI: 0.00 to 0.001), a3,(4.4) = 

-0.048 (95% CI: −0.156 to 0.060), and β(4.4) = 0.028 (95% CI, 0.020 to 0.037). The 95% 

CIs of all parameters, except for β(4.4) in Equation (4.4), include 0. The 95% CI 

indicates that only α0,Y, α1,Y and βY are valid parameters because the 95% CIs of 

the other parameters include 0.  

 

Table 4.2 Determined parameters. 

Model Parameter Determined 
value 

Standard 
error 

95% CI Determination 
coefficient Lower Upper 

Equation 

(4.1) 

α0,(4.1) 42.90 17.50 7.84 77.96 

0.829 α1,( 4.1) -0.282 0.113 -0.509 -0.055 

β(4.1) 0.028 0.004 0.020 0.037 

Equation 
(4.3) 

α0,(4.3) 42.32 17.54 7.15 77.50 

0.829 
α1,(4.3) -0.212 0.250 -0.713 0.289 

α2,(4.3) -0.001 0.002 −0.006 0.004 

β(4.3) 0.028 0.004 0.020 0.037 

Equation 

(4.4) 

α0,(4.4) 6.58 38.34 -70.33 83.49 

0.832 

α1,(4.4) 2.366 2.899 -3.448 8.181 

α2,(4.4) 0.000 0.00 0.00 0.001 

α3,(4.4) -0.048 0.054 -0.156 0.060 

β(4.4) 0.028 0.004 0.020 0.037 
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Estimation accuracy 

Based on the determined parameters, the CPF estimation accuracy of the 

proposed model (Equation (4.1)) was verified. Figure 4.4a demonstrates the 

relationship between each CPSproposed and measured CPF in the young and elderly 

participants. To compare the CPF estimation accuracy of the proposed and 

previous models, Figure 4.4b shows a plot of the 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  against the 

measured CPF. Spearman's rank correlation coefficient analysis showed a 

significant positive correlation between the CPSproposed and measured CPF in both 

the young participants (r = 0.780; P < 0.001; power > 0.99) and the elderly 

participants (r = 0.750; P < 0.001; power > 0.99). For all participants, the 

Spearman's rank correlation coefficient is r = 0.913, with P < 0.001 and power > 

0.99, as shown in Figure 4.4a. In addition, Spearman's rank correlation coefficient 

analysis showed a significant positive correlation between the CPSprevious and CPF 

(young participants: r = 0.795; P < 0.001; power > 0.99, elderly participants: r = 

0.765; P < 0.001; power > 0.99, all participants: r = 0.314; P = 0.016; power, 0.68), as 

shown in Figure 4.4b. Moreover, in young participants, the Wilcoxon 

signed-rank test showed no significant differences in the absolute error between 

the CPSproposed and CPSprevious (6.19% vs 8.95%, P = 0.085) (Figure 5a); however, in 

the elderly participants and all the participants, the Wilcoxon signed-rank test 

showed significant differences in the absolute error between the CPSproposed and 

CPSprevious (13.55% vs 90.01%; P < 0.001, 9.96% vs 17.92%; P = 0.001, respectively) 

(Figure 4.5b, c). In addition, Figure 4.6 shows the corresponding Bland-Altman 

plots for the proposed and previous models. Neither model showed fixed bias, 

but both models showed proportional bias (r = −0.318; P = 0.015; power, 0.693, r = 

−0.523; P < 0.001; power, 0.991, respectively). 
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(a) 
 

(b) 

Figure 4.4 Estimation accuracy of CPSproposed and CPSprevious. (a) The 
CPF estimated by the proposed model (CPSproposed) against the measured 
CPF. (b) Plot of the CPF estimated by the previous model (CPSprevious) 
against the measured CPF. The red and blue circles represent the elderly 
and young participants, respectively. The linear regression lines are 
drawn for the groups of young and elderly participants, and the 
corresponding equations are shown in the upper part of each figure, 
where the green letters indicate the equation of the regression line for all 
participants. The right lower side shows the correlation coefficients and 
P values for each participant group. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.5 Comparison of the absolute error between the proposed and 
previous models. (a) Young participants, n = 33. (b) Elderly participants, n 
= 25. (c) All participants, n = 58. 
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(a) 

 
(b) 

Figure 4.6 Bland-Altman plots of the measured and estimated CPFs. (a) 
The estimation accuracy of the proposed model (CPSproposed). (b) The 
estimation accuracy of the previous model (CPSprevious). The horizontal line 
is the mean of the measured CPF and estimated cough peak flow (CPSX). 
The vertical line represents the difference between the measured CPF and 
CPSX. The bold black solid lines represent the mean differences between 
the CPF and CPSX, and the red dotted lines represent the mean 
differences ± 2 standard deviations. 

 

Effects of body weight and BMI on CPF estimation accuracy 

To consider the effects of body weight and BMI on the CPF estimation accuracy, 

Equation (4.5), which includes terms for body weight and BMI, was tested. The 

parameters aw, aB and d0 were determined as explained in Subsection 4.3.2 

Method (Models for Age Effect Analysis). The determined parameters are as 

follows: aw = 0.137 (95% CI: -0.021 to 0.295) and aB = -0.303 (95% CI: -0.717 to 

0.110). The 95% CIs of coefficients aw and aB in Equation (4.5) include 0, 

indicating that these parameters are not valid. Equation (4.5) yielded a 

determination coefficient of 0.839. 
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Effect of body height on CPF estimation accuracy 

The estimation accuracy of Equation (4.6), which includes a term for height in 

the exponential function, was tested. The determined parameter is d0 = 141.6 

(95% CI: 122.8 to 160.5). Equation (4.6) yielded a determination coefficient of 

0.833. Spearman's rank correlation coefficient analysis showed a significant 

positive correlation between the CPSheight and measured CPF (young participants: 

r = 0.797; P < 0.001; power > 0.99, elderly participants: r = 0.772; P < 0.001; power > 

0.99, all participants: r = 0.916; P < 0.001; power, 1), as shown in Figure 4.7a. In 

addition, Figure 4.7b shows the corresponding Bland-Altman plot of Equation 

(4.6). Equation (4.6) did not show fixed or proportional bias (r = −0.200; P = 

0.133). 
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(a) 

 
(b) 

Figure 4.7 Estimation accuracy of CPSheight. (a) CPSheight against the 
measured CPF. The linear regression lines are drawn for the young and 
elderly participant groups, and the corresponding equations are shown 
in the upper part of each figure, where the green indicates the equation 
of the regression line for all participants. The right lower part shows the 
correlation coefficients and p values for each participant group. (b) 
Bland-Altman plot of the measured CPF and CPSheight. The horizontal line 
is the mean of the measured CPF and CPSheight. The vertical line represents 
the difference between the measured CPF and CPSheight. The bold black 
solid lines represent the mean difference between the measured CPF and 
each CPSheight, and the red dotted lines represent the mean difference ± 2 
standard deviation bands. 

 

To compare the estimation accuracy of CPSproposed and CPSheight, the 

absolute error was calculated. The Wilcoxon signed-rank test showed no 

significant differences in the absolute error between CPSproposed and CPSheight (9.96% 

vs 8.44%; P = 0.195), as shown in Figure 4.8. 
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Figure 4.8 Comparison of the absolute error of the proposed and height 
models. n = 58. 

 

Examples of elderly participants 

Finally, we performed experiments using the proposed device, implementing the 

proposed model (Equation (1)). Figures 4.9a and b show examples of two elderly 

participants in which the measured CPFs were below and above the reference 

value of 270 L/min.  
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(a)                                       (b) 

Figure 4.9 Examples of elderly participants. The grey line represents the 
measured cough sound signal. The light blue solid line represents the 
bandpass-filtered and rectified sound signal. The purple solid line 
represents the moving average with a time window of 20 ms. The red 
circle represents the maximum point of the moving average. (a) Example 
of a 77-year-old female with a measured CPF below the reference value 
of 270 L/min. The respiratory function test showed slightly low values 
of %VC=83.5% and FEV1/FVC=83.0%, but these values exceed the 
reference value. (b) Example of a 70-year-old male with a measured CPF 
above the reference value of 270 L/min. The respiratory function test 
showed normal values of %VC=91.6% and FEV1/FVC=94.9%.
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4.5 Discussion 

Aiming to establish a method for evaluating cough ability that can be applied in 

daily clinical practice, we propose a model that can convert cough sounds into 

CPF values, and we developed a user interface for mobile devices, such as a 

smartphone, that makes it easy for both patients and caregivers to use the 

proposed method. To the best of our knowledge, this is the first study to clarify 

that CPF estimation using cough sounds requires a model involving the age 

factor. In addition, we found that including the height factor can slightly 

improve the estimation accuracy. 

We hypothesized that age affects the estimation accuracy of the CPF 

based on the fact that a previous study reported a relationship between the CPF 

and age [64]. Analysis of the age factor revealed that the proposed model, which 

includes a first-order term for age (see Equation (4.1)), is sufficient to estimate 

the CPF from cough sounds (see Figure 4.4a) and that second- or higher-order 

terms for age (see Equations (4.3) and (4.4)) can be ignored because the 95% CI of 

the determined parameters included 0 (see Table 4.2). A comparison of the 

absolute error between the proposed and previous models [72,78] (Equation 

(4.2)) showed significantly improved estimation accuracy among elderly 

participants for the proposed model (see Figure 4.4). This finding indicates that 

age has a major effect on the CPF estimation accuracy. The age factor may also 

reflect the relationship between the cough strength, vital capacity [62,63,80] and 

vocal fold function [81-85]. 

A previous study reported that the CPF depends on body weight and 

height [64]. Based on this previous study, we tested a model including terms for 
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body weight and BMI (see Equation (4.5)); however, the 95% CI of the 

determined parameters of these terms (αw and αB) included 0 (see Section 4.3), 

indicating that weight and BMI have minimal effects on the CPF estimation 

accuracy.

A previous study also reported that the distance between the mouth, 

which is the sound source, and the microphone needs to be less than 30 cm 

because the recorded cough sounds attenuate with increasing distance from the 

sound source [72]. In addition, recoded sounds are affected by reflection from 

walls because sound propagation in a room is a combination of direct and 

reflected sound waves from surfaces and boundaries in the room [61]. In the 

context of the daily applicability of the proposed method, the mobile device was 

handheld (see Figure 4.1a), and we did not precisely specify the distance 

between the mouth and the microphone. As a result, the median distance 

between the participant’s mouth and the smartphone microphone was 

approximately 37.50 cm, and the interquartile range was approximately 6.25 cm. 

This indicates that recorded cough sounds can be influenced by sound reflection 

and attenuation and that the distance varied among the participants. This could 

be one reason the Bland-Altman plot of the proposed model (see Figure 4.6a) 

showed proportional bias. One possible solution is to attach the microphone to 

the face to maintain a constant distance between the microphone and the sound 

source [72]. In this study, another solution was tested, in which the height term 

was included in the CPF estimation model to compensate for the attenuation (see 

Equation (4.6)) because there was a significant positive linear relationship 

between the participant’s height and the distance between the sound source 

(participant’s mouth) and the microphone (r = 0.688; P < 0.001; power > 0.99). We 
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found that this model successfully eliminated the proportional bias (see Figure 

4.7b). However, a comparison of the absolute error between the proposed model 

and the model including the height term showed no significant difference. 

Considering daily use, we adopted the model proposed in this paper, which 

does not require measuring the participant’s height. However, there is a 

possibility that the model including the height term is more suitable for different 

ethnic groups in which height varies greatly, as the participants in this study 

were Japanese and their height did not drastically vary (see Table 4.1). 

A major limitation of this study is that we did not fully consider cough 

sound frequencies, although previous studies have suggested that breath sounds 

can be influenced by sound frequencies [86,87]. The estimation accuracy could 

thus be further improved by considering the frequency domain. In addition, 

because the proposed method was aimed at the daily evaluation of cough ability 

and risk screening, it implicitly assumed to be applicable to healthy or close to 

healthy users. However, we are also expecting a person with a disease or airway 

mucous to use the proposed method. In this regard, we did not fully consider the 

effects of disease and airway mucous, since the participants were healthy 

volunteers. It is thus necessary to verify the proposed method in patients for 

further clinical application.

 

4.6 Concluding Remarks 

This paper presents a cough strength evaluation based on cough sounds 

considering the effect of age and designed for daily use in clinical practice along 

with a custom-designed user interface. The experimental results confirm that the 
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age term improves the CPF estimation accuracy and that height can also affect 

the estimation accuracy. This study found that body weight and BMI have 

minimal effects on the CPF estimation accuracy. This is unexpected result 

because previous studies [64] reported CPF correlate with body weight. This 

indicates that cough sound may carry information about body weight and allows 

CPF estimation without using weight as a parameter; this is a novel fact revealed 

by this study. The experiment results also revealed that cough strength can be 

evaluated in elderly people by using the proposed model and device. This 

finding indicates that the sound quality may change with age, but its effect on 

CPF estimation can be compensated by adding a proportional age coefficient; 

this is another novel finding of this study. Toward practical application, we plan 

to test the efficacy of the proposed model and the user interface software 

implemented on a mobile device for daily use during in-home care. 
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Chapter 5 
Conclusions 
 

This study proposed a CPF estimation model via cough sound for the 

development of a novel simple cough strength evaluation method based on the 

hypothesis that cough sounds are associated with cough flow, and investigated 

the microphone installation method, the effects of participant’s height, weight, 

BMI, age and microphone type on CPF estimation. We proposed a mobile cough 

strength evaluation device using the proposed model. The application of the 

proposed device to elderly people and improvement of the proposed model by 

considering age were presented in this dissertation.  

We proposed a nonlinear model represented by an exponential equation 

for predicting cough strength in Japanese youths via cough sounds, and 

investigated the relationship between cough sounds and cough flows and the 

effects of the measurement condition of cough sound as well as participant’s 

height and gender on CPF estimation accuracy, as presented in Chapter 2. The 

results confirmed that the proposed model estimated the CPF with high 

accuracy. The absolute errors between measured CPFs and estimated CPFs were 

significantly lower when the microphone distance from the participant’s mouth 
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was within 30 cm compared to when the distance exceeded 30 cm. Analysis of 

the model parameters showed that the estimation accuracy was not affected by 

the participant’s height or gender.  

We verified the effects of three types of microphones (in-ear microphone, 

mini speech microphone, and microphone built-in smartphone) on the CPF 

estimation accuracy, as presented in Chapter 3. From the non-linear regression 

analysis results, the determination coefficients were high (greater than 0.7) for 

the three types of microphones investigated. Furthermore, including the height 

variable in the revised prediction equation of CPF improved the CPF estimation 

accuracy of cough sounds recorded using the in-ear and smartphone 

microphones. 

In Chapter 4, we presented a cough strength evaluation device based on 

cough sounds considering the effect of age, which was designed for daily use in 

clinical practice along with a custom-designed user interface. Experimental 

results confirm that the age term improves the CPF estimation accuracy and that 

height can also affect the estimation accuracy. This study found that body weight 

and BMI have minimal effects on the CPF estimation accuracy. This is an 

unexpected result because previous studies reported that CPF correlates with 

body weight [64]. This indicates that cough sound may carry information on 

body weight and allows CPF estimation without using weight as a parameter; 

this is a novel finding of this study. Experimental results also reveal that cough 

strength can be evaluated in elderly people using the proposed model and 

device. This finding indicates that the sound quality may change with age, but 

its effect on CPF estimation can be compensated by adding a proportional age 
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coefficient; this is another novel finding of this study.  

The following are the directions for future research. First, the effect of 

cough sound frequencies should be considered. Previous studies have suggested 

that breath sounds can be influenced by sound frequencies [86,87]. The 

frequency domain of breathing sound is also related to the flow rate as reported 

in a previous study [18]. Thus, the estimation accuracy can be further improved 

by considering the frequency domain.  

Second, the effect of environmental sound and sound reflection should 

be also considered because the experiment was conducted in a dedicated room 

to minimize the influence of surrounding noise, and the participants sat away 

from the wall to minimize sound reflection. Sound propagation in a room is a 

combination of direct and reflected sound waves from surfaces and boundaries 

in the room [61].  

Third, it was implicitly assumed to be applicable to healthy or close to 

healthy users because the proposed method was aimed at the daily evaluation of 

cough ability and risk screening. However, it is also expected that the proposed 

method can be applied to a person with a disease or airway mucous. In this 

regard, we did not fully consider the effects of disease and airway mucous, since 

the participants in this study were healthy volunteers. It is thus necessary to 

verify the proposed method in patients for further clinical application.  

Moreover, the potential of the cough strength evaluation method via 

cough sound is explained. The results confirmed a high correlation between 

measured and estimated CPF, which verified the efficacy of the proposed 
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method. Moreover, analysing cough sounds can possibly enable the estimation 

of respiratory functions as well as CPFs because CPFs correlate with respiratory 

variables such as FVC, FEV1 and peak expiratory flow rate [64]. We plan to verify 

the efficacy of the proposed model and the user interface software implemented 

on a mobile device for daily use during in-home care. 

Finally, I am a physical therapist, who has been involved in respiratory 

care in patients with Duchenne muscular dystrophy for 20 years. During that 

period, the average life span of them has lengthened to a great extent by 

advances in respiratory care [88]. However, it is also a reality that many patients 

are still suffering from disability in the removal of sputum. It is my desire that 

this dissertation and future works will help reduce their suffering and improve 

the quality of their life.   

Publications concerning this dissertation are listed in the bibliography 

[72,78,89]. 
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