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Abstract: Coughing is the primary defence mechanism against foreign bodies in the central airways
and can quantitatively be assessed by cough peak flow (CPF). We conducted a narrative review of the
literature on CPF, which is most commonly used for evaluating cough strength. This review regards
the method for measurement of CPF, the cough-related factors influencing CPF, the clinical significance
of CPF evaluation, and a novel cough strength prediction method using cough sounds. Furthermore,
this review presents various cutoff thresholds that predict extubation failure in patients on mechanical
ventilation, acute respiratory failure, and aspiration risk. The published clinical evidence of CPF
demonstrates reasonable diagnostic accuracy, predictive power, and validity, although additional
studies on the non-contact measurement of CPF via cough sounds with better-quality methodologies
are required.
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1. Introduction

Previous data have shown that 60% of community-acquired pneumonia and 87% of
hospital-acquired pneumonia patients are diagnosed with aspiration pneumonia [1]. Thus, detecting
the risk of aspiration pneumonia for early treatment is very important.

Evaluating cough strength is as effective as evaluating the swallowing function [2,3] for preventing
aspiration or aspiration pneumonia [4,5]. It has been suggested that researchers should focus on
approaches to improve coughing dysfunction, rather than developing new antibiotics, in order to
decrease mortality due to aspiration pneumonia in the elderly [6].

Cough peak flow (CPF) has been employed as a measure for evaluating cough strength and
the risk of cough dysfunction [7]. Many guidelines for the respiratory management of patients with
neuromuscular disease have been published by various academic societies and recommend CPF
measurement. The British Thoracic Society guidelines for the respiratory management of children
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with neuromuscular weakness recommended that CPF should be used as part of the assessment of
effective secretion clearance in children with neuromuscular disease over 12 years of age [8].

This review explains the measurement and evaluation method of CPF as a reflection of cough
strength, its related factors, and its clinical significance. Furthermore, a non-contact measurement
method for cough strength using cough sounds is introduced in this review.

2. Cough Mechanism and Related Factors Influencing CPF

European Respiratory Society guidelines show that coughing is a three-phase expulsive motor act
constituted by an inspiratory effort (inspiratory phase), followed by a forced expiratory effort against
a closed glottis (compressive phase) and then by opening of the glottis and rapid expiratory airflow
(expulsive phase) [9,10]. In addition, there is also the concept of a four-phase cough, including the
irritation phase, in which a cough reflex begins with the stimulation of an irritant receptor [11]. Figure 1
shows the four phases of a normal cough.
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positive association with the maximal inspiratory pressure, which is a marker of inspiratory muscle 
weakness in patients with cervical spinal cord injuries [18] and in males over 60 years old [19]. 

During the compression phase (Figure 1c), cough reflex nerve impulses cause glottal closure and 
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Figure 1. Four phases of a cough [11]. (a) Irritation phase. (b) Inspiration phase. (c) Compression
phase. (d) Expulsion phase. The blue arrows represent air flow. The black arrows represent movements
of each part. The white arrows represent airway closure. The brown parts represent mucus and foreign
material. The brown dots represent the movement of mucus and foreign material from the lower airway
to the upper airway. Modified from Cherniack RM, Naimark A: Respiration in health and disease,
Philadelphia, 1972, WB Saunders.

The inhalation cough challenge permits measurement of the sensitivity of the cough reflex during
the irritation phase (Figure 1a) [9]. In general, inhalation cough challenge testing uses capsaicin [12],
citric, and tartaric acid [13,14]. A recent study developed a testing device that can easily and
simultaneously measure the CPF and the time interval from the inhalation of an ultrasound-nebulized
solution of tartaric acid to the cough reflex to facilitate the evaluation of cough strength and cough
reflex sensitivity [3]. This study also reported that both the CPF and the time until the cough reflex
was significantly lower in patients with dysphagia than in normal subjects [3]; however, further
investigations are needed to clarify the relevance of these differences.

In the inspiration phase (Figure 1b), the cough centre generates a reflex stimulation of the
respiratory muscles to induce deep inspiration. Thus, the volume inspired before coughing (operating
volume) and the function of the inspiratory muscles are essential for coughing [15]. The functional
residual capacity is a strong and significant predictor of the operating volume (adjusted R2 = 0.45,
p < 0.01) [16]. In normal adults, the operating volume is approximately 3.4 L [16]. In addition, the
operating volume is an important determinant of the CPF [16,17], and the CPF has a significant positive
association with the maximal inspiratory pressure, which is a marker of inspiratory muscle weakness
in patients with cervical spinal cord injuries [18] and in males over 60 years old [19].

During the compression phase (Figure 1c), cough reflex nerve impulses cause glottal closure and
forceful contraction of the expiratory muscles. This compression phase normally lasts approximately
0.2 s. Furthermore, intrathoracic pressures during voluntary cough range from 58 to 214 cmH2O
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and are associated with the CPF [20]. To increase intrathoracic pressure for coughing, glottal closure
and expiratory muscle strength are important. The maximal expiratory pressure (MEP), an index of
expiratory muscle strength, is also associated with the CPF [18].

In the expulsion phase (Figure 1d), the glottis opens together with continued contraction of the
expiratory muscles, causing an expulsive flow of air from the lungs. Cough flow and dynamic airway
compression cause very large shear forces on the airway walls. As a result, mucus and foreign material
can be expelled from the lower airways to the upper airway.

As described above, CPF is a measure closely related to the four cough phases. Moreover, previous
studies have shown that CPF is related to age, vital capacity (VC) [18,19], height, weight [21], physical
activity, sex [22], and hand grip strength [19].

3. Clinical Significance of CPF Evaluation

3.1. Conventional CPF Measurement Methods

Figure 2 shows examples of conventional CPF measurement devices. Various spirometers [3,23–26]
and peak flow meters [24,26–30] are used for CPF measurement. Moreover, various flow sensors,
such as a pneumotachograph [21,23–25,31] that measures respiratory flow using differential pressure
sensors, a constant temperature hot-wire flow sensor (Figure 2a) [26,32] and an ultrasonic sensor [33],
are used in spirometers. In particular, the peak flow meter that can measure the flow rate using a
spring-loaded piston is most commonly used because of its small size and ease of use, enabling patients
to measure CPF by themselves (Figure 2b). However, Kulnik [34] raised a problem with the accuracy of
various peak flow meters compared with the that of the pneumotachograph and called attention to the
following points. It is important to recognize that, depending on the measurement instrument, absolute
values of CPF reported in literature may not be directly comparable. Similarly, peak flow meters should
be used with caution when measuring CPF in clinical practice, particularly with respect to directing
patient management, as this can be considered an off-label use of these instruments [34]. On the other
hand, the reliability and validity of some peak flow meters were verified. Thus, it is necessary to
understand the characteristics of various CPF measurement devices and select the appropriate device
depending on the user’s purpose.
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There are two types of accessories for CPF measurement: a mouthpiece and a face mask. These
accessories are attached to the peak flow meter or the flow sensor of the spirometer. Figure 2c shows the
face mask. Clinically, the face mask is used instead of the mouthpiece for CPF measurement because
patients with neuromuscular diseases have difficulty holding the mouthpiece with their mouth while
they cough, and cough air leaks from the corner of the mouth. The use of different mask sizes may
influence the airflow being measured because of the difference in capacity between various masks. A
previous study reported that there were no statistically significant differences in CPF among various
masks of different sizes [21]. However, there are no other reports on whether the use of different



Appl. Sci. 2020, 10, 2782 4 of 12

mask sizes for different participants can influence the cough airflow being measured. Thus, more
methodologically rigorous studies are needed to definitively identify the effect of the mask size on
CPF. Figure 2d shows an infection prevention filter. Although there are quite a few papers that do not
describe the use of infection prevention filters in the measurement method, the filter should be used.

The purpose and technique of CPF measurement should be explained to all participants before the
measurement; moreover, how to perform the measurement [21] should be demonstrated. Participants
are instructed to close the glottis after each insufflation and to coughing [27,28]. After one or two trial
attempts, participants are instructed to make a maximal effort and are closely watched to ensure no air
leakage from the gap between the mask and face. When using a mouthpiece instead of the mask, a
nose clip must be worn. To assess CPF, subjects perform a maximal cough effort after an as deep an
inspiration as possible.

3.2. Neuromuscular Disease

In a previous study of patients over 11 years of age with Duchenne muscular dystrophy (DMD)
published in 1997, Bach [35] showed that CPF could be used to assess the risk of DMD patients
developing acute respiratory failure because no patients with a CPF above 270 L/min developed acute
respiratory distress. In addition, a recent study involving thirty-four patients with amyotrophic lateral
sclerosis [36] reported that the CPF decline rate reflects the progression of bulbar and respiratory
dysfunction and is an independent prognostic factor for survival as, patients exhibiting a CPF decline
rate over 25% had a shorter overall survival (p < 0.0001). Moreover, in adults and probably also children
above 12 years of age, a CPF above 160 L/min is required to effectively clear secretions and maintain
airway patency [8] because patients with an assisted CPF under 160 L/min cannot be successfully
extubated or decannulated [27]. Even in patients with diseases other than neuromuscular diseases such
as pneumonia, asthma, and chronic obstructive pulmonary disease exacerbations, CPF is commonly
used to evaluate the cough strength to predict re-intubation in intensive care units (ICUs). Previous
studies have found that the optimal cutoff value for CPF was 35 L/min as reported by Beuret et al. [37],
60 L/min as reported by Smina et al. [7], and 62.4 L/min as reported by Duan et al. [38].

Manually mechanically assisted coughing that augments cough flow is often employed to reduce
the health risk. Forced exhalation can be augmented by pushing on the upper abdomen or chest wall in
synchrony with the patient’s own cough effort [39]. Glossopharyngeal breathing (GPB) and air stacking
can increase the lung volume and cough flow [40]. The maximum insufflation capacity (MIC) is the
maximum volume of air stacked within the patient’s lungs beyond the spontaneous vital capacity [8],
which is one of the determinants of CPF. The application of positive pressure with a self-inflating
bag and mask, an intermittent positive pressure breathing device, and a mechanical ventilator are
effective techniques to increase the MIC [39]. In addition, mechanical insufflation–exsufflation (MIE)
is used as a mechanical technique to assist in coughing. MIE and an oximeter are prescribed when
the patient’s maximum assisted CPF declines below 300 L/min [41,42]. Recent studies have reported
that MIE exsufflation (cough) flow (MIE-EF) correlates with upper airway patency [43,44] and that a
successful transition from invasive to noninvasive respiratory management requires an MIE-EF value
of at least 150 to 200 L/min [44].

To obtain an effective peak flow to expel airway secretions, we should appropriately select cough
assist techniques according to the patient’s condition. Generally, cough assist techniques should be
used to achieve a baseline CPF above 160 L/min [8,39]. However, several guidelines recommend that
cough assist techniques should be used in patients with neuromuscular disease when their CPF is
below 270 L/min [8,39] because DMD patients are at risk of developing acute respiratory failure when
their (assisted) CPF is below 270 L/min [35].

3.3. Risk Management in Aspiration Pneumonitis

The swallowing function and coughing are important to defend against aspiration pneumonia.
A previous study of 68 healthy subjects aged 20–91 years published in 2014 reported that swallowing
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function worsened with increasing age, with a significant decline after 80 years, and that a swallow
risk index correlated with increasing age [45]. Ageing is associated with both respiratory muscle
strength and CPF [22]. In a previous study of 55 dysphagic patients published in 2012, Bianchi [2]
showed that a CPF lower than 242 L/min predicted the development of pulmonary complications
with a sensitivity of 77% and a specificity of 83%; the positive and negative predictive values were
65% and 90%, respectively. Moreover, the latest research reported that CPF can be used as a predictor
of aspiration risk in elderly individuals with community-acquired pneumonia [46]. Therefore, CPF
measurement should be widely used as a screening test for preventing aspiration pneumonia in
the elderly.

4. Non-Contact Measurement of CPF via Cough Sounds

4.1. CPF Estimation Model Using Cough Sounds

CPF was measured using various devices (Figure 2). However, some medical facilities do not
provide these devices [25], and some studies have used a semiquantitative cough strength assessment
method [47,48]. Moreover, the complex setup of the device, including firm attachment of the facemask
and infection control filter to the patient, imposes a burden on both patients and caregivers. In addition,
the measured CPF can vary depending on the type of facemask and filter. Furthermore, the mask,
which should be firmly attached to the patient’s face to prevent air leakage, makes it difficult for the
subject to cough naturally and voluntarily.

These problems could be solved by the use of cough sounds. Several previous studies proposed
methods to monitor cough frequency using a microphone [49–51], and measurements of cough
frequency using cough sound were introduced by the European Respiratory Society guidelines in
2007 [9]. However, no other studies attempted to design cough sound measurements of CPF. Reportedly,
the relationship between air flow and the amplitude of breath sounds is linear at high flow rates [52,53].
It has also been reported that the sound amplitude during inspiration is proportional to the square
of the air flow velocity at the mouth [54]. Moreover, recent studies have shown that cough sounds
are associated with cough flow (Figure 3a) [55,56], and a method for estimating cough strength via
cough sounds has been developed using a model represented by an exponential equation [56], given
as follows:

CPF = α {exp (β · CPSL) − 1}, (1)

where α and β are constants, and CPSL is the cough peak sound pressure level. Figure 3b shows the
relationship between CPF and CPF predicted via cough sounds (CPS) calculated using Equation (1),
confirming a significant positive correlation (r = 0.920; p < 0.001) in young healthy participants. In
a previous study published in 2001, Smith H [57] showed that the cough sound pressure level is
94.30 ± 1.48 dB in patients with stroke and 106.11 ± 0.34 dB in nonstroke elderly patients screened for
the absence of pulmonary illness. Furthermore, the loudness of the cough sound may be an indicator
of the aspiration severity. Although the cough sound measurement methods used by Smith H et al.
and Umayahara et al. [56] differ, the cough sound range reported by Smith H et al. is consistent with
the loud region of the cough sound-measured value reported by Umayahara et al.

Figure 4 shows examples of simultaneously measured cough flow and cough sounds. A previous
study reported that the absolute error between CPFs and CPSs when the microphone distance from the
participant’s mouth was within 30 cm was significantly lower than that when the distance exceeded
30 cm [56]. Although cough flow and cough sounds were measured through different methods, both
responded to the initiation of the participant’s cough. The figure also indicates that the cough sound
appears faster than the cough flow. According to the European Respiratory Society guidelines on
the assessment of coughing [9], the cough sound is defined as having three phases: the explosive
phase, the intermediate phase, and the voiced phase. The cough sound pattern shown in Figure 4b is a
two-phase cough sound without a voiced phase.
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Figure 4. Examples of cough flow and cough sound in a young healthy participant [56]. (a) Cough flow.
The green line represents the cough flow measured by a flow sensor (Mobile aeromonitor AE-100i,
Minato Medical Science Co., Ltd., Osaka, Japan). (b) Cough sound amplitude. The grey line represents
the cough sound signals measured by the microphone (AT9903, Audio-Technica Corporation, Tokyo,
Japan). The digitized cough sound signals were band-pass filtered between 140 to 2000 Hz to minimize
artefacts. (c) Cough sound pressure level. The solid purple line represents the moving average with a
time window of 20 ms. The cough flow and sound measurement was performed with the participants
in a sitting position. The participants wore a face mask with an attached flow sensor. An electret
condenser microphone was installed 30 cm from the point where the face mask contacted the face and
was attached to the flow sensor.
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Moreover, the age term improves the CPF estimation accuracy [58]. The sound quality may
change with age, but its effect on CPF estimation can be compensated for by adding a proportional age
coefficient, as follows:

CPF = (α0 + α1 · age) {exp (β · CPSL) − 1}, (2)

where α0, α1 and β are constants, and age is the participant’s age. The CPF estimated by Equation (2) is
called CPS to distinguish it from CPF. Although height [56], body weight and BMI can also affect the
estimation accuracy [58], these physical characteristics reportedly have minimal effects on the CPF
estimation accuracy [58].

4.2. Non-Contact CPF Measurement Device

Figure 5 shows a non-contact cough strength measurement evaluation method based on cough
sounds. Cough sounds can easily be measured using various microphones [56]. The device incorporates
the CPF estimation model for mobile devices that enables cough sound recording and immediate
CPF estimation and provides a user interface allowing CPS history management [58]. This device
can facilitate a screening test to detect decreased cough strength in home medical care; however,
the reliability and validity of CPS have yet to be fully determined. Previous studies have not
fully considered the effects of disease and airway mucous because the participants were healthy
volunteers [55,56,58]. Furthermore, the cough sounds were measured in a quiet ordinary room. A
major problem with this method was the influence of sounds reflected from the walls and/or sound
attenuation. Therefore, it is necessary to verify the reliability and validity of CPS and improve the
accuracy of CPS estimation in patients for further clinical application.
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Figure 5. Non-contact cough strength evaluation method. The smartphone (iPhone 6 A1586; Apple,
Inc., Cupertino, CA, USA) was held in the left hand while the participant bent the elbow to 90 degrees
and the shoulder to 0 degrees and then rotated the arm internally to 45 degrees.

4.3. Evaluation of Cough Strength Using a Smartphone in the Elderly and in a Patient with Spinal
Muscular Atrophy

Figure 6 shows examples of elderly participants’ cough sound patterns measured using a
smartphone [58]. In the case shown in Figure 6a, although the respiratory function test showed vital
capacity (VC) and forced expiratory volume in one second/forced vital capacity (FEV1/FVC) values
exceeding the reference value, the cough strength values, such as CPS and CPF, were below the
reference value of 270 L/min. In the case in Figure 6b, both respiratory function and cough strength
exceeded the reference value. In these cases, the CPS was almost the same value as the CPF and could be
used to estimate cough strength. The evaluation of cough strength using a smartphone demonstrated
a median relative error of 13.55% in elderly participants and 6.19% in young participants [58].
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Figure 6. Examples of cough sound patterns in elderly participants [58]. The grey line represents the
measured cough sound signal. The solid light blue line represents the bandpass-filtered and rectified
sound signal. The solid purple 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 woman with
a measured CPF below the reference value of 270 L/min. The respiratory function test showed slightly
low values of %Vital Capacity (VC) = 83.5% and one second/forced vital capacity (FEV1/FVC) = 83.0%.
(b) Example of a 70-year-old man 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%.

Figure 7 shows changes in unassisted and volume-assisted cough sounds in a 20-year-old
man with spinal muscular atrophy. The low cough strength of this patient warranted access to
mechanically assisted coughing, such as mechanical insufflation–exsufflation, during intercurrent
respiratory infections. In this case, we attempted evaluate the cough strength using a smartphone
(iPhone 6) with reference to a method reported in a previous study [58]. With the assisted cough, the
cough sound amplitude could be clearly detected from the measured sound; however, the unassisted
cough yielded a very weak cough sound, which could result in difficulty detecting the cough sound
amplitude against noise.

The previous study did not fully consider cough sound frequencies, although breathing sounds
can be influenced by sound frequencies [21,22]. The estimation accuracy could thus be further improved
by considering the frequency domain. In addition, because the non-contact CPF measurement method
was aimed at the daily evaluation of coughing ability and risk screening, it is implicitly assumed to be
applicable to healthy or close to healthy users; however, application in users with a disease or airway
mucous is also expected.
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Figure 7. Changes in unassisted and volume-assisted cough sounds in a 20-year-old man with spinal
muscular atrophy. The patient used nasal noninvasive positive-pressure ventilation at night. His
VC and maximum insufflation capacity (MIC) values were 450 mL and 1050 mL, respectively. The
volume-assisted CPF was defined as CPF generated from maximum insufflation by air stacking. The
volume-assisted CPS was defined similarly. The unassisted and volume-assisted CPF values were
measured by an Access peak flow meter (Philips Respironics, Bend, OR, USA). The grey line represents
the measured cough sound signal. The solid light blue line represents the bandpass-filtered and
rectified sound signal. The solid purple line represents the moving average with a time window of 20
ms. The red circle represents the maximum point of the moving average. (a) Unassisted cough sound.
The unassisted CPF and CPS values were 80 L/min and 77.8 L/min, respectively. (b) Volume-assisted
cough sound. The assisted CPF and CPS values were 150 L/min and 135.6 L/min, respectively.

5. Conclusions

CPF was used as a predictor of extubation failure in patients on mechanical ventilation, acute
respiratory failure, and aspiration. It should be noted that there are various measurement devices and
accessories, such as face masks and/or filters, that affect CPF. Human factors, such as the patient’s
posture during measurement, are also unignorable. Therefore, these effects on measured CPF values
need to be definitively investigated. To improve the accuracy and reliability of CPF measurements,
including the CPF measurement method using cough sounds, a more detailed examination is required.

6. Patents

There is a patent resulting from the work reported in this manuscript. Y.U., Z.S., A.O. and T.T.
have written patents for cough strength evaluation devices, systems, methods and programs.
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