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16 Abstract: Cough peak flow (CPF) is a measurement to evaluate the risk of cough dysfunction and
17 can be measured using various devices, such as spirometers. However, complex device setup and
18 the face mask required to be firmly attached to the mouth impose burdens on both patients and
19 their caregivers. Therefore, this study develops a novel cough strength evaluation method using
20 cough sounds. This paper presents an exponential model to estimate CPF from the cough peak
21 sound pressure level (CPSL). We investigated the relationship between cough sounds and cough
22 flows and the effects of a measurement condition of cough sound, microphone type, and
23 participant’s height and gender on CPF estimation accuracy. The results confirmed that the
24 proposed model estimated CPF with a high accuracy. The absolute error between CPFs and
25 estimated CPFs were significantly lower when the microphone distance from the participant’s
26 mouth was within 30 cm than when the distance exceeded 30 cm. Analysis of the model parameters
27 showed that the estimation accuracy was not affected by participant’s height or gender. These
28 results indicate that the proposed model has the potential to improve the feasibility of measuring

29 and assessing CPF.

30 Keywords: Cough sound; Cough peak flow; Microphone; cough ability; cough strength; Bone
31 conduction microphone; smartphone

33 1. Introduction

34 Cough peak flow (CPF) is a measurement commonly used to evaluate the cough strength, which
35  reflects the ability to expel airway secretions [1-7], and can predict the extubation [7,8] and
36  reintubation outcomes [9-11]. Values of CPF below 160 L/min have been associated with infective
37  airway clearance [6,7,12], and patients who can generate a CPF of more than 270 L/min have little
38  risk of developing respiratory failure during upper respiratory tract infections [13]. In the previous
39 studies, CPF was measured with various devices, such as flow meters, spirometers, and
40  pneumotachographs. However, not all medical facilities provide these devices [14]. Moreover, the
41  complex device setup, including firmly attaching the facemasks and infection control filters on the
42 patient [1], imposes burdens on both patients and their caregivers. In addition, the measured CPF
43 value can vary depending on the type of facemask and filter.

44 Therefore, we propose a novel simple evaluation system for evaluating cough ability using
45  cough sounds without the use of the facemask or the filter. Several previous studies have proposed
46  methods to monitor cough frequency using a microphone [15-22], but not to monitor cough ability.
47  If the assessment of the cough ability by cough sounds is feasible, it can be applied to patients in
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48  whom obtaining cough peak flow measurements using the current method is difficult. However, the
49  relationship between cough flow and cough sounds has not yet been clarified.

50 This study tested the hypothesis that cough sounds are associated with cough flow, and we
51  propose a cough flow prediction model using cough sounds based on our previous work [23].
52 Experiments were performed to determine the optimal cough sound measurement method and to
53 investigate the influence of microphone type and participant height and gender on the accuracy of
54 the estimated CPF via cough sounds (CPS) in young healthy participants. The effectiveness of the
55  proposed model was also verified by comparison with polynomial functions.

56 2. Materials and Methods

57  2.1. Ethics statement

58 This study was conducted in accordance with the amended Declaration of Helsinki. The
59  Hiroshima Cosmopolitan University Institutional Review Board (No. 2015031) approved the
60  protocol, and written informed consent for study participation and publication of identifying
61  information/images in an online open-access publication was obtained from all participants.

62 2.2. Participants

63 A total of 73 young healthy participants who were screened for the absence of pulmonary illness
64  (forced expiratory volume in 1 second of at least 70% of predicted) with no history of pulmonary
65  disease were included in this study. The participants were non-smokers, were taking no long-term
66  prescription medications, and did not have any other medical illnesses. The mean + standard
67  deviation age of the participants was 21.0 + 1.2 years (range, 20 to 28 years). Table 1 shows the baseline
68  characteristics of the participants.

69 Table 1. Characteristics of the participants.
Variable Experiment1 (n=33) Experiment2(n=7) Experiment3 (n=233)
Age, years 20.7+1.0 22.0+2.8 21.3+04
Male gender, n 21 5 20
Height, cm 167 +7.9 167 +£7.5 165+ 8.4
Body weight, kg 61.5+12 58.7+9 58.5+11
BMI, kg/m2 21.9 + 3.2 22.0+2.8 21.3+0.5

70 Values presented as means + standard deviations.

71

72 2.3. Cough flow measurements

73 Figure 1a shows the cough flow measurement method that was performed with the participants
74 in asitting position for all experiments. Participants wore a face mask with the flow sensor (Mobile
75 Aeromonitor AE-100i; Minato Medical Science Co., Ltd., Osaka, Japan) attached. The measurement
76  range of the flow sensor was 0-840 L/min, and the measurement accuracy was within 3% of the
77  indicated value. The cough flow signal was digitized using a 16-bit analogue-to-digital converter
78 (PowerLab 16/35, ADInstruments, Inc., Dunedin, New Zealand) at a 100-kHz sampling rate set by
79  analytical software (LabChart version 8, ADInstruments, Inc.). CPF was calculated from the maximal
80  value of the cough flow data obtained under the different experimental conditions.

81
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82 Figure 1. Experimental methods. (a): Experiment 1 method. The cough flow measurement is
83 performed with the participants in a sitting position. The participants wear a face mask with an
84 attached flow sensor. Two microphones are installed 30 cm from the point of face mask contact with
85 the face. Microphone 1 is attached to the flow sensor, and microphone 2 is fixed to the microphone
86 stand. (b): Experiment 2 method. each microphone is installed 20 cm, 30 cm, 40 cm, 50 cm, and 60 cm
87 away from the point of face mask contact with the face. (c): Bone conduction microphone. The bone
88 conduction microphone was used in experiment 3 and fixed at the right external auditory canal. (d):
89 Mini speech microphone. The mini speech microphone was used in experiment 3. (e): Smartphone
90 microphone: The smartphone microphone was used in experiment 3.
91
92 2.4. Cough sound measurements
93 Figure 1 shows the cough sound measurement method that was performed with the participants
94 in a sitting position for all experiments.
95 Experiment 1. Cough sounds were measured using two microphones (AT9903, Audio-Technica

96  Corporation, Tokyo, Japan), simultaneously with cough flow. The sensitivity of the microphones was
97  -42dB (0dB =1 V/1 Pa, 1 kHz). Both microphones were installed 30 cm away from the point of face
98 mask contact with the face, but by different installation methods to test their efficacy; that is,
99  microphone 1 was fixed to the flow sensor [24], and microphone 2 was fixed to the microphone stand,
100 as shown in Figure 1a.
101 Experiment 2. Cough sounds were simultaneously measured using five microphones of the same
102 type as in experiment 1. Each microphone was installed at 20 cm, 30 cm, 40 cm, 50 cm, and 60 cm
103 away from the point of face mask contact with the face (Figure 1b).
104 Experiment 3. Cough sounds were measured using three types of microphones. To measure
105  cough sounds via bone conduction from the right external auditory canal, an electret condenser
106  microphone (ECM-TL3; Sony Corporation, Japan) (bone conduction microphone) was attached to the
107  right ear canal (Figure 1c). The sensitivity of the microphone was -35.0 dB (0 dB =1 V/1 Pa, 1 kHz). A
108  headset mini speech microphone (ECM-322BMP; Sony Corporation, Japan) (mini speech
109  microphone) was attached to the left ear (Figure 1d). The sensitivity of the microphone was -42.0 dB
110 (0 dB =1 V/1 Pa, 1 kHz). The smartphone (iPhone 6 A1586; Apple, Inc, USA) (smartphone
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111 microphone) was held in the left hand while the participant bent their elbow to 90 degrees and their
112 shoulder to 0 degrees and then rotated their arm internally to 45 degrees (Figure 1le). In the same
113 manner as the cough flow method, analogue cough sound data were converted into digital signals at
114  a sampling frequency of 100 kHz and stored on a personal computer. The digitized cough sound
115  signals were bandpass filtered between 140 to 2,000 Hz to minimize artefacts caused by heart sounds
116  and muscle interference because wearable microphones were used in experiment 3. The CPSL value
117  was calculated from the maximal value of the cough sound data obtained under the different
118  experimental conditions using LabChart version 8 software.

119 2.5. Experimental protocols

120 Experiments 1 and 2. Participants’ voluntary coughs were measured under three different
121 conditions: five times with maximal effort from a maximal inspiratory level; five times with maximal
122 effort from aresting inspiratory level; and five times with slight effort from a resting inspiratory level.
123 Thus, a total of 15 cough flows and cough sounds per participant were measured simultaneously.
124 Therefore, the total cough sample size was 495. The participants were allowed to cough at their own
125  arbitrary intervals.

126 Experiment 3. After providing sufficient instructions regarding the cough method to the
127  participants, maximal voluntary coughing was performed three times. The participants had enough
128  rest between each trial to reduce the effects of fatigue. CPF and CPSL were determined as the
129 maximum value of each set of measured values.

130  2.6. Statistical analysis

131 The relationship between CPF and cough sound was assumed to be in a form of exponential
132 function, as in the following equation:

CPF = a(efcPst — 1), 1)

133 where a and f§ are constants, and CPSL is the maximum cough sound. The Levenberg-Marquardt
134 method was used to determine the coefficients in the proposed model; equation (1) and the 95% CI
135  of each coefficient, respectively. The Spearman's rank correlation coefficient analysis was used to
136  analyse the relationship between CPS and CPF and the estimation accuracy of CPS. In addition, the
137  absolute error was calculated from CPS and CPF. Absolute reliability was investigated using the
138  Bland-Altman analysis method to detect systematic bias, such as fixed and proportional bias. The
139 Friedman test was used to compare the absolute error of the different distances from the sound source
140  to the microphone and the different microphone types. The Mann-Whitney U test was used to
141  compare the absolute error between the gender groups. The Bonferroni test was used for the post hoc
142 analysis.

143 The effect of participant’s height on the proposed model. We hypothesized that coefficient «
144  proportionally increases with height, and we represented a using a linear term related to height, as
145  in the following equation:

CPF = (a; - h + a,)(eF Pt — 1), )

146  where h represents participant’s height, and a1, a2 and B are constants. The data from microphone 1
147  used in experiment 1 were also used for this experiment.

148 The effect of participant’s gender on the proposed model. To determine the effect of gender on CPS,
149  we divided participants into male and female groups, and coefficients @ and B were calculated for
150  each group using the Levenberg-Marquardt method. Moreover, Mann-Whitney's U test was used to
I51  compare the coefficients between the two groups. The data recorded from microphone 1 in
152 experiment 1 were used for this analysis. Finally, we verified the efficacy of the proposed model by
153 comparison with first- to fourth-order polynomial functions, as in the following equation:

CPF = a, - CPSL, 3)
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CPF = a, - CPSL? + a5 - CPSL, )
CPF = ag, - CPSL? + a, - CPSL? + ag - CPSL, (5)
CPF = ay - CPSL* + ay, - CPSL? + a, - CPSL? + a5 - CPSL, (6)

154  where as12 are constants. The Levenberg-Marquardt method was also used to determine the
155  coefficient in the equations and the coefficient of determination, and the 95% CIs were calculated.
156  The data from microphone 1 in experiment 1 were used for this analysis.

157 All statistical tests in this paper assumed a significance level of 5%, and analyses were performed
158  using G*power (version 3.1.9.2; University Kiel, Germany) and SPSS Statistics (version 24.0; IBM,
159  Chicago, IL, USA).

160 3. Results

161 3.1. Experiment 1: Relationships between CPF and CPSL and verification of the microphone installation
162 method

163 Figure 2 shows examples of cough flow and cough sounds measured by microphones 1 and 2
164  (Figure 1a). Although the cough flow and cough sounds were measured using different methods,
165  both responded to the initiation of the participant cough almost simultaneously. Figure 3a shows the
166  relationship between CPF and CPSL measured by microphone 1 attached to the flow sensor. The
167  coefficients of equation (1), determined by the Levenberg-Marquardt method, are as follows: a = 5.67
168  (95% confidence internal (CI): 4.557 to 6.784) and B = 0.044 (95% CI: 0.042 to 0.046); the determination
169  coefficient was 0.843. Therefore, the following estimation formula could be derived from CPSL
170  measured by microphone 1:

CPF = 5.67(e®044CPSL _ 1), @)

171  Figure 3b shows the relationship between CPF and CPS, which confirmed a significant positive
172 correlation (r = 0.920; p <0.001; power, 100%).

173
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174 Figure 2. Examples of cough flow and cough sounds measured by microphones 1 and 2. (a):
175 Experimental data of cough flow signals in experiment 1. CPF, cough peak flow; (b): Experimental
176 data of cough sound signals measured by microphone 1 attached to the flow sensor in experiment 1.
177 (c): Experimental data of cough sound signals measured by microphone 2 fixed to the microphone
178 stand in experiment 1.

179
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Figure 3. Estimation accuracy of equation (7) calculated from the experimental data measured by
microphone 1 attached to the flow sensor. (a): Relationship of CPF and CPSLumicrophonei. 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 CPSLumicrophonei. The dotted lines represent 95%
confidence bands. CPF, cough peak flow; CPSLuicropionet, cough peak sound pressure level by
microphone 1. (b) Relationship between CPF and CPSmicrophonet. CPSmicrophone1, estimated cough peak flow
calculated from CPSLumicrophonel.

In case of the experimental data measured by microphone 2 fixed to the microphone stand (Fig
1a), the Levenberg-Marquardt method showed that the coefficients obtained are as follows: @ =38.731
(95% CI: 24.071 to 53.391), p = 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 (7) calculated from the experimental data measured by microphone
1 was higher than that measured by microphone 2.

3.2. Experiment 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 1b). Figure 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 cm, and 72.0 +
47.5 L/min for 60 cm. Figure 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).

d0i:10.20944/preprints201806.0139.v1
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Figure 4. Estimation accuracy in each measurement condition. (a)-(e): Scatter plots of the measured
data and the regression results of the proposed model: CPSLz0cm-60an, 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; CPSzoan-60an, estimated cough peak flow calculated by CPSLaoan-60am. Solid
lines represent regression lines derived from CPF and CPSL. The variation around the identity line is
visibly reduced in graphs (a) and (b).
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Figure 5. Comparison of the absolute error between each measurement condition. CPF, cough peak
flow; CPS, estimated cough peak flow; *, p <0.001.

3.3. Experiment 3: Effects of microphone type on estimation accuracy.

A total of 33 young healthy participants were included in experiment 3. Measuring cough
sounds using the bone conduction microphone, the mini speech microphone, and the smartphone
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222 microphone, CPSbone-conduction, CPSmini-speech, and CPSsmarphone Were estimated, respectively. Figure 6
223 shows the results of the experimental data measured by each microphone and the correlation and
224  regression analysis results between CPF and each CPS. The determination coefficients between CPF
225  and each CPS estimated by the bone conduction, mini speech, and smartphone microphones were
226  0.763, 0.782, and 0.641, respectively. Significant positive correlations were found between CPF and
227  each CPS (bone conduction microphone: r = 0.895; p < 0.001; power, 100%, mini speech microphone:
228  r=0.879; p < 0.001; power, 100%, smartphone microphone: r = 0.795; p < 0.001; power, 99.9%). The
229  absolute errors were 27.3 + 22.6 L/min, 29.9 + 27.4 L/min, and 38.8 + 35.7 L/min for the bone
230  conduction, mini speech, and smartphone microphones. The Friedman test showed that there were
231  no significant differences among the absolute errors (p = 0.157).

232
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233 Figure 6. The results of experiment 3. CPF, cough peak flow; CPSpone-conduction, estimated CPF
234 calculated from cough sound measured using the bone conduction microphone; CPSumini-
235 speech, estimated CPF calculated from cough sound measured using the mini speech
236 microphone; CPSsmartphone, estimated CPF calculated from cough sound measured using the
237 smartphone microphone; (a): Relationship between CPF and CPSeoneconduction. (b):
238 Relationship between CPF and CPSpini-speeci. (c): Relationship between CPF and CPSsmart.
239
240  3.4. Effects of participant’s height on estimation accuracy.
241 To consider the effect of height on the estimation accuracy of CPF, height parameters were

242 introduced in the proposed model, such as equation (2). The coefficients al, 42, and B were
243  determined by the Levenberg-Marquardt method using the measured data of experiment 1 measured
244 by microphone 1 attached to the flow sensor. This model yielded a determination coefficient of 0.843.
245  The determined coefficients were as follows: a1 = -0.001 (95% CI: -0.012 to 0.01), a2 = 5.767 (95% CI:
246  3.946to 7.588), and B = 0.042 (95% CI, 0.04 to 0.044).

247  3.5. Effects of gender on estimation accuracy.

248 To consider the effect of gender on the estimation accuracy of CPF, the participants were divided
249  into male and female groups, and the coefficients of the proposed model, such as equation (1), were
250  determined for the respective groups. The coefficient & values were 8.3 + 5.8 for the male group and
251 7.5 + 5.4 for the female group. The Mann-Whitney U test showed no significant difference in the
252 coefficient a values between the male and female groups (p = 0.653). The coefficient g values 0.049 +
253 0.027 for the male group and 0.044 + 0.01 for the female group. The Mann-Whitney U test showed no
254  significant difference in the coefficient f values between the male and the female groups (p = 0.506).

255 3.6. Comparison between the proposed model and polynomial functions.

256 To demonstrate the efficacy of the proposed model, its estimation accuracy was compared with
257  the polynomial functions without intercepts, such as equations (3) to (6). The coefficients as12 were
258  determined by the Levenberg-Marquardt method in the same manner as in the proposed model.
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Table 2 shows the determined parameters and statistical analysis results. The 95% Cls of all
coefficients in equation (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 (1) and equations (3) to (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 (3), 43.7 + 39.9 L/min in
equation (4), and 98 + 62.8 L/min in equation (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 (4) than in equations (3)
and (5) (p <0.001). In addition, Figure 7 shows the corresponding Bland-Altman plot of the proposed
model and equation (4). The proposed model did not show fixed bias and proportional bias. However,
equations (4) did not show fixed bias, but did show proportional bias (r = -0.343, p <0.001).

Table 2. Relationship between cough peak flow and cough peak sound pressure level using
equations (2) to (4).

Estimation Coefficient Estimated Standard 95% CI Determination
equation value error Lower Upper  coefficient
Equation (3) as 3.819 0.053 3.714 3.923 0.373
Equation (4) Qs 0.117 0.003 0.111 0.124 0.822
as -7.288 0.317 -7.910 -6.665
Equation (5) ae 0.002 0.000 0.002 0.003 0.843
az -0.326 0.054 -0.431 -0.220
as 13.013 2.2485 8.132 17.895
Equation (6) as 0.019 0.000 -0.015 0.052 0.844
aw -0.005 0.007 -0.019 0.008
an 0.355 0.617 -0.858 1.567
an -7.198 18.431 -43.412 29.016

n = 33 participants.
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Figure 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 (1); (b):
CPS estimated using equation (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.
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280 4. Discussion

281 To the best of our knowledge, this is the first study to develop a method for estimating cough
282  strength via cough sounds using a model represented by an exponential equation. Analysis of the
283  results of experiment 1 demonstrated that CPS calculated from the cough sound measured using
284  microphone 1 attached to a flow sensor is estimated to have high accuracy. Moreover, the CPF
285  estimation accuracy using microphone 1 is significantly higher than that using microphone 2 fixed to
286  the microphone stand. This is because microphone 1 was attached to the flow sensor, which
287 maintained a fixed distance from the vocal cords, but the distance between microphone 2, which was
288  attached to the microphone stand, and the vocal cords could be changed by inspiratory and/or
289  coughing-induced body motion. The decrease in the sound level L, can be calculated by the distance
290  from the sound source r1, 72 using the following equation:

Ly = 20log (2). 8)

291 The fact that the sound pressure level decreases with distance from the sound source indicates
292 that body motion may be a cause of artefacts and, therefore, reduces estimation accuracy. Thus, to
293 improve estimation accuracy, microphones should be installed on the body so that the microphones
294  can maintain a constant distance from the sound source.

295 In experiment 2, we found that the distance between the mouth, as a sound source, and the
296  microphone needs to be less than 30 cm. Sound propagation in a room is a combination of direct and
297  reflected sound waves from surfaces and boundaries in the room [25]. In addition, the sound
298  attenuates with increasing distance from the sound source, as shown in equation (8). When the
299  microphone is set at a distance more than 30 cm from the mouth, the measured cough sounds may
300  be influenced by sounds reflected from the walls and/or sound attenuation.

301 In experiment 3, we used three types of microphones (i.e., a bone conduction microphone, a mini
302  speech microphone, and a smartphone microphone) to measure cough sounds. The strongest
303  correlation between CPF and CPS was estimated using data obtained from the bone conduction
304  microphone. Thus, these microphones could be introduced as simple and wearable cough strength
305  measurement devices.

306 In the respiratory function test, participant height is generally used to determine the normal
307  level of respiratory function [26,27], and a relationship between CPF and height has been reported
308  [28]. Based on these previous studies, we hypothesized that height affects CPS; however, in equation
309  (2), in which the coefficient a of equation (1) was replaced by a linear function of height, the 95% CI
310  of the multiplication coefficient a1 onto the height ranged from -0.112 to 0.02, including 0. This result
311  indicates that height has a minimal effect on the CPF estimation accuracy.

312 Previous studies have also suggested that normal respiratory function levels vary according to
313 gender [26,27], and the CPF of male participants has been shown to be significantly higher than that
314 of female participants [28]. Therefore, we hypothesized that gender can affect the coefficients in the
315  estimation equation; however, no significant difference in estimation accuracy was found between
316  male and female participants. This result demonstrates that gender also has a minimal effect on the
317  estimation accuracy when adopting the proposed model, represented by equation (1).

318 We verified the prediction equation using first- to fourth-order polynomial functions. Several
319  previous studies have reported that the relationship between air flow and breath sound amplitude is
320  linear under high flow rate conditions [29,30]. It has also been reported that the sound amplitude
321  during inspiration is proportional to the square of the air flow at the mouth [31]. Similar to these
322 previous studies, cough sounds were proportional to the square of the cough flow in our study;
323 however, a proportional bias was found in the second-order polynomial function, such as equation
324 (4). The effectiveness of the proposed model, represented by the exponential function, such as
325  equation (1), was verified by the fact that it successfully eliminated this systematic bias.

326 A major limitation of this study is that we did not fully consider the effect of age since the study
327  participants were young healthy volunteers. In the respiratory function test, participant age is
328  generally used to determine the normal level of respiratory function [26,27], and a relationship
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329  between CPF and age has been reported [28]. Therefore, the effects of age should be investigated in
330  future studies.

331 5. Conclusions

332 This study has developed a system for assessing the cough ability via cough sounds. Future
333 studies should verify whether age influences the accuracy of the prediction model. Since cough
334 sounds can be recorded conveniently with the microphones used in this study, a practical device for
335  assessing cough ability could be developed by employing the proposed method.
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