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Abstract—To develop a novel cough ability evaluation system
through cough sounds, this study verified the effects of three
types of microphones (bone conduction mic, mini speech mic,
and smartphone mic) on the estimated cough peak flow. From
the results of the non-linear regression analysis, the determina-
tion coefficients showed high values (greater than 0.7) for the
three types of microphones investigated. Furthermore, for the
cough sounds recorded with the bone conduction mic and the
smartphone mic, including the height variable in the revised
prediction equation of the cough peak flow improved the accu-
racy of the estimated cough peak flow.

I. INTRODUCTION

Cough is an important protective mechanism that causes
the central airways to be cleared of foreign materials and
excess secretions [1]. Objective analysis of cough may pro-
vide a noninvasive method to identify aspiration risk [2, 3],
and it has been proposed that researchers should focus on
techniques to improve coughing dysfunction, rather than de-
velop new antibiotics, to decrease mortality due to aspiration
pneumonia in the elderly [4]. 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 meas-
urements of cough peak expiratory flow (Qmax) [5-10]. Bach
and Saporito concluded that the ability to generate Qmax Of at
least 160 L/min is necessary for a successful extubation or
tracheostomy tube decannulation because an intercurrent
upper respiratory tract infection and the inability to clear air-
way secretions trigger acute respiratory failure [6] [10]. Pa-
tients that can generate Qmax Of more than 270 L/min have little
risk of developing respiratory failure during upper respiratory
tract infections [7].
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In the conventional Qmax Measurement method, a face
mask is attached to a spirometer or a peak flow meter to pre-
vent infection, and subjects are required to cough voluntarily.
However, the disadvantage of this method is that the measured
Qmax 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 eval-
uation 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 [11-18], 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 Qmax and the peak cough sound pressure level (Lmax)
was assumed to be an exponential function. Using the pro-
posed method, predicted cough peak expiratory flow Qpredicted
was calculated considering the effect of the subject height or
gender [19]. However, the effects of the type of microphone
on measured cough sounds and predicting Qpredicted has not yet
been verified. Therefore, this study aims to verify the effects
of the type of microphone on Qpredgicted t0 develop a novel
evaluation system.

Il. METHODS

This study was conducted in accordance with the
amended declaration of Helsinki. The Hiroshima Cosmopol-
itan University Institutional Review Board (No. 2015031)
approved the protocol, and written informed consent was
obtained from all participants.

A. Subjects

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.

B. Measurement method of cough flows

Measurement of cough was carried out in a sitting position.
To measure cough flow, subjects wore a bag valve mask with
a flow sensor (Mobile aero monitor AE-100i; Minato Medical



Figure 1.
conduction microphone; b) mini speech microphone; c) smartphone
microphone.

Types of microphones and measurement position: a) bone

Science Co., Ltd., Osaka, Japan) attached. The maximum
value of the obtained cough flow data was defined as Qmax.
The measurement range of the flow sensor was 0 - 840 L/min,
and the measurement accuracy was within 3% of the indicated
value.

C. Measurement method of cough sounds

Fig. 1 shows the cough sound measurement method. Cough
sound was measured using three types of microphones. To
measure cough sound through bone conduction from the right
external auditory canal, an electret condenser microphone
(ECM-TL3; Sony Corporation, Japan) (bone conduction mic)
was attached to the right ear canal (Fig. 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 mic) was attached to the left
ear (Fig. 1b). The sensitivity of the microphone was -42.0 dB
(0 dB =1 V/1 Pa, 1 kHz). The cough sound signal was digit-
ized using a 16 bit analog-to-digital converter (Pow-
erLab16/35, ADInstruments, Inc., Dunedin, New Zealand) at
a 100 kHz sampling rate set by an analysis software (LabChart
version 8, ADInstruments, Inc.). Lmax 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 mic) was held in the left hand while flexing the
subject's elbow to 90° and the shoulder to 0°, and then in-
ternally rotating it to 45° (Fig. 1c).

To check the variation in the distance from the sound source
to each microphone between subjects, we measured the dis-
tance from the edge of the lip to each microphone. In the case
of the bone conduction mic, the distance from the microphone
to the thyroid cartilage was measured.

D. 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. Qmax and Lmax Were determined as the maxi-
mum value of each set of measured values.

E. 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 Qmax and
Lmax Was assumed to be an exponential function[19] as in the
following equation:

Q max = a1 {exp (a2 Lmax) — 1}, 1)

where a; and a; are constants. To establish a prediction for-
mula for predicted Qmax (Qpredictea), the coefficients a; and a; in
(1) were determined by non-linear regression analysis (Le-
venberg-Marquardt method) using Qmax and Lmax Obtained
from each microphone. To verify the effect of the height (H)
on Qpredicted, the expression in (2) was proposed by including
the height variable in (1) as follows:

Q max = (h1 H + h2) {exp (hs Lmax) -1}, 2

where hy, hy, and hs are constants. To verify the prediction
accuracy of Qpredicted, the relationship between Qpredicted and
Qmax Was evaluated using the Spearman's rank correlation
coefficient and regression analysis. In addition, the relative
error was calculated from Qpredicted and Qmax. Absolute relia-
bility was investigated using the Bland-Altman analysis
method to detect systematic errors, such as the fixed error and
proportional error [20]. The Friedman test was used to com-
pare the relative error between different microphone types.
Lmax and Qpredicted Obtained from the bone conduction mic were,
respectively expressed as Lgmax and Qg predicted, those obtained
from the mini speech mic were expressed as Lm max and Qm
predicted, and those obtained from the smartphone mic were
expressed as Ls max and Qs predicted-

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

I1l. RESULTS

A. 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 bone conduction mic, 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 mic, as well as the height (r = —0.046, p = 0.827).
A positive significant correlation was found between the dis-
tance from the lip to the smartphone mic, as well as the height
(r=0.452, p=0.023).

B. Non-linear regression

Fig. 2 and Table | show the results of the non-linear re-
gression analysis of the experimental data measured using
each microphone. The determination coefficients of the bone
conduction mic by (1) or (2) were: R? = 0.827 and R? = 0.829.
The determination coefficients of the mini speech mic by (1)
or (2) were R? = 0.835 and R? = 0.837. The determination
coefficients of the smartphone mic by (1) or (2) were R? =
0.713 and R? = 0.737. In all cases, the determination coeffi-
cients were slightly higher in (2) with respect to the height
variable.
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Figure 2.  Results of non-linear regression analysis. (a) Bone conduction mic. Non-linear regression using (1). (b) Mini speech mic. Non-linear
regression using (1). (¢) Smartphone mic. Non-linear regression using (1). (d) Bone conduction mic. Non-linear regression using (2). (€) Mini speech mic.
Non-linear regression using (2). (f) Smartphone mic. Non-linear regression using (2).

TABLE I. RESULTS OF EACH NON-LINEAR REGRESSION

95% confidence interval

Type of microphone Coefficient Estimate R?
Lower bound Upper bound
a 75.246 25.037 125.456
0.827
a, 0.020 0.014 0.026
Bone conduction mic h1 0.092 -0.309 0.493
h2 68.236 10.964 125.509 0.829
hs 0.019 0.012 0.026
a 127.183 44.069 210.296
0.835
a, 0.018 0.012 0.024
Mini speech mic h1 0.159 -0.507 0.826
ha 114.603 18.905 210.301 0.837
hs 0.017 0.010 0.024
a 70.983 3.377 138.590
0.713
a 0.022 0.013 0.031
Smartphone mic h1 0.344 -0.415 1.102
ha 41.907 -33.079 116.893 0.737

hs 0.019 0.009 0.030
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Figure 3.

Results of the rank correlation coefficient of the Speaman analysis. (a) Bone conduction mic. Qg prediceds Was calculated using (1). (b) Mini

speech mic. Qw prediced Was calculated using (1). (c) Smartphone mic. Qs pregicies Was calculated using (1). (d) Bone conduction mic. Qg pregicted Was calculated
using (2). (f) Mini speech mic. Qu predgicies Was calculated using (2). (f) Smartphone mic. Qs predgictes Was calculated using (2).

TABLE II. RESULTS OF THE RANK CORRELATION COEFFICIENT OF SPEARMAN
Eq. (1) Eq. (2)
Qs predicted Qwm predicted Qs predicted Qs predicted Qwm predicted Qs predicted
r 0.915 0.926 0.891 0.923 0.919 0.915
Quax p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
n 25 25 25 25 25 25

C. Accuracy of each predicted equation

Fig. 3 and Table Il show the results of the correlation and
regression analysis between Qpredicted @Nd Qmax. A Strong pos-
itive significant correlation was found between each Qpredicted
and Qmax (r = 0.896 — 0.926). Specifically, the results of Qpre.
dicted predicted by (2) using the bone conduction mic and the
smartphone mic strongly correlated with Qmax (Table I1). Fig.
4 shows the results of the Bland-Altman method for assessing
the agreement between Qpredictea aNd Qmax. In all cases, the
Bland-Altman analysis showed no systematic error between
Qpredicted aNd Qmax.

D. Comparison results of the relative errors

Fig. 5 shows results of the comparison of the relative er-
rors between each Qpredicted and Qmax. The relative errors were
4.6 + 3.8% by the bone conduction mic in (1), 4.9 + 3.5% by
the mini speech mic in (1), 5.9 + 4.9% by the smartphone mic
in (1), 4.8 £ 4.0% by the bone conduction mic in (2), 4.8 +
3.6% by the mini speech mic in (2), and 5.4 = 4.7% by the
smartphone mic in (2). The Friedman test showed that there

was no significant difference between the relative errors (p =
0.315).
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Figure 5.  Results of the Bland-Altman method for assessing agreement between Qpredices aNd Qmax (S0lid line: mean difference; dashed line: 95%

confidence interval of difference): a) bone conduction microphone; b)
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Figure4.  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) .

IV. DISCUSSION

This study predicted cough peak expiratory flow Qmax
through cough sound based on the knowledge that the res-
piratory flow rate is related to the breathing sound [21-23],
and the relationship between Qmax and Lmax can be expressed
by an exponential function [19]. The results of the non-linear
regression analysis confirmed high determination coefficients

mini speech microphone; c) smartphone microphone; d) bone conduction

for the mini speech mic, bone conduction mic, and
smartphone mic. 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 [19]. 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 L, can be calculated by
the distance from the sound source r, r2 using the following
equation:

Lp =20 log (r2/ry). 3)

The distance from the sound source to the mini speech mic
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 bone conduction mic and the
smartphone mic, 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
variable in (2) improved the accuracy of Qpredicted fOr the
conduction mic and the smartphone mic.

However, we did not consider the effect of age because all
the participants were young volunteers. A relationship be-
tween Qmax and age has been reported [24-26]. In addition,
previous studies suggested that breath sound can be affected



by sound frequency [21-23]. Therefore, the effects of age and
cough sound frequency should be investigated in future stud-
ies. Moreover, previous studies have proposed methods to
extract cough sounds from daily utterances, and clinical ap-
plication is progressing [27-29]. 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.

V. CONCLUSION

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 (bone con-
duction mic, mini speech mic, and smartphone mic) on esti-
mated 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 Qpredictea fOr the conduc-
tion mic and the smartphone mic. However, we did not con-
sider the effects of age and cough sound frequency on Qpre-
dicted- These effects 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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