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In vivo trial results of a novel ultrasonic cough stimulator
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Abstract—The aims of these double-blind in-vivo trials of a 
prototype ultrasonic cough stimulator (CoughStim™) were to 
establish (1) whether ultrasound (US) stimulation can be safely 
used to stimulate a cough, (2) the most efficient US frequency 
and power parameters to reliably stimulate a cough, (3) whether
single- or dual-sided stimulation is more effective, and (4) whether
a cough can be stimulated in adults unable to cough on demand.
Fifteen nondisabled volunteers (18–59 yr) and seven volun-
teers unable to cough on demand (85–102 yr) were recruited. 
Stimulation was applied to the neck unilaterally at eight fre-
quencies and two power levels and bilaterally at two frequen-
cies and three power levels. Vital signs were monitored during 
testing with no adverse responses. CoughStim stimulated a 
cough in all nondisabled subjects, 80% of subjects at 0.58 MHz 
and 9 W unilaterally and 75% of subjects at 0.58 MHz and 6 W 
bilaterally. Of the subjects unable to cough, 71 percent 
responded to bilateral stimuli (0.54 MHz and 6 W) with a 
strong cough. The CoughStim regularly and safely produced a 
moderately strong cough response in subjects with or without 
ability to cough and produced this effect without causing 
undue discomfort.

Key words: clinical trial, cough response, CoughStim™, 
cough stimulation, cough strength, in vivo, noninvasive, proto-
type, secretion removal, ultrasound.

INTRODUCTION

Clearing accumulated secretions from the airways is 
usually achieved by coughing [1–2]. Coughing is an 
accepted part of treatment for respiratory conditions 
where secretion removal is important, such as pneumo-
nia, chest infection, or atelectasis [1]. There are a number 

of clinical situations in which the ability to cough volun-
tarily is absent or diminished, which may predispose the 
patient to or prolong the effects of respiratory diseases 
[1]. For example, the patient may be in a vegetative or 
obtunded state due to comorbidity of an incapacitating 
illness, be sedated, or have altered consciousness due to 
medication and/or anesthetic [1]. Another reason that the 
ability to cough on demand may be diminished is pain 
inhibition, e.g., after rib fracture or thoracic and/or 
abdominal surgery [2]. Neurological conditions such as 
dysphasia or dyspraxia may also render a person unable 
to cough when there is an inability to understand and
execute the demand to cough voluntarily [1]. Cough 
reflexes might be absent or inhibited in patients with 
acquired brain injury when dysphagia is a presenting 
symptom [3]. Other examples include those with trau-
matic brain injury, dementia [1], and even those who are 
too young to comprehend an instruction, e.g., a neonate 
with cystic fibrosis [4]. Aspiration pneumonia due to lack 
of spontaneous cough in response to airway irritation is a 
further consequence of poor airway protection [2,5]. In 
these cases and more, the inability to cough on demand 

Abbreviations: PEFR = peak expiratory flow rate, QB = quiet 
breathing, SpO2 = partial pressure of oxygen, T = thoracic, US =
ultrasound.
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can predispose the patient to respiratory complications or 
retard treatment, adversely affecting patient outcomes.

Clinical removal of lung secretions in patients who 
are unable to cough when instructed can be difficult and 
invasive; it often requires the use of tracheal suction. 
Therapeutic bronchoscopy is also used to this end [6]. 
These interventions are uncomfortable and can be dis-
tressing for patients. Furthermore, repeated suction over 
a period of greater than 3 to 4 d may require the insertion 
of a nasotracheal or endotracheal airway to minimize air-
way trauma. In turn, this airway can cause insult if left in 
situ for longer than 2 wk [7], necessitating surgical mini-
tracheotomy to facilitate further suction [8]. All of these 
interventions have associated side effects and risks. 
Therefore, a noninvasive and comfortable method of 
stimulating a cough that is effective in assisting removal 
of secretions from the airways would be welcome.

The cough reflex is an important defense mechanism 
for the respiratory tract. Each cough begins with the stimu-
lation of the sensory nerve endings that function as cough 
receptors [2]. These are found in the upper and lower 
respiratory tract [9], specifically in the larynx, trachea, 
and bronchial mucosa [10]. Afferent stimulation that 
induces a cough in patients with upper respiratory tract or 
lung pathology is via mucosal irritation from sputum or 
mucosal inflammation [1,11]. Investigation of the cough 
reflex or assistance with airway clearance for patients 
with retained secretions has been achieved using artificial 
methods such as inhaling irritants [12], mechanically 
stimulating the mucosa by inserting a suction catheter 
[6,11], high-frequency chest wall percussion [13], exter-
nally applied mechanical vibrator [11], or electrical stimu-
lation of the tracheal mucosa [14]. All of these methods, 
except high-frequency chest wall percussion and mechani-
cal vibration stimulation of the neck in the region of the 
suprasternal notch, are invasive to the patient.

Anatomical studies have indicated that the middle 
ramus of the internal branches of the superior laryngeal 
nerve supplies the mucosa of the vestibule of the larynx 
and specifically the quadrangular membrane most likely 
conveys the afferent stimulus for the cough reflex [15]. 
Therefore, stimulating this area of the larynx to obtain a 
cough reflex is most appropriate. To that end, a new 
apparatus, the CoughStim™ cough stimulator (formerly 
known as the RESUSS-C device, Medivations; Brisbane, 
Australia), was developed. The CoughStim delivers an 
ultrasound (US) stimulus that is applied externally to the 
skin overlying the larynx. The ultrasonic vibrations pene-

trate into the larynx, whereupon they excite the irritant 
receptors in the laryngeal wall and rapidly adapting 
receptors in the tracheobronchial mucosa [16], stimulat-
ing a reflex cough in the patient.

US at a frequency of 1.0 MHz is commonly utilized 
during treatment application for soft tissue injury, e.g., by 
physiotherapists [17]. The frequency of ultrasonic waves 
and the power output determine the depth of tissue pene-
tration. There are physical properties of sound, namely 
refraction and reflection, that also affect the passage of 
US through tissues of various densities. The parameters 
and application method inherent to the CoughStim we 
examined during this investigation are similar to those 
currently used in the clinical percutaneous application of 
US to other sites of the body by physiotherapists.

The aim of this series of studies was to undertake con-
trolled in vivo testing of the prototype CoughStim device. 
Study 1 determined the reliability of US in stimulating a 
cough in nondisabled adults, determined the most effi-
cient frequency and power parameters of US to stimulate 
the cough, and established whether the cough stimulation 
was safe and tolerable to the subject. Study 2 determined 
whether single- or dual-sided stimulation was more effec-
tive in stimulating a cough. Studies 3 and 4 validated the 
results from studies 1 and 2 and determined whether the 
US stimulation could elicit a cough in adults “unable to 
cough” on demand and demonstrated that stimulated 
cough strength was sufficient to remove secretions.

METHODS

Subjects
We conducted studies 1 and 2 at the same time using 

the same group of subjects. Subjects included 15 nondis-
abled adults (8 female and 7 male) able to provide 
informed written consent and aged between 18 and 59 yr 
(mean: 32.3 yr). They had volunteered from the commu-
nity in response to advertisements on university notice 
boards and local newspapers. We excluded volunteers if 
they had any neuromusculoskeletal conditions that would 
affect the ability to cough, e.g., spinal cord injury, 
acquired brain injury, muscular dystrophy, or respiratory 
disease such as asthma or hay fever. We also excluded 
subjects if they had experienced a recent upper respira-
tory tract infection because this has been shown to 
increase the sensitivity to mechanical stimulation of the 
cough reflex [11].
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Study 3 comprised seven older subjects (6 female 
and 1 male) who were unable to cough on demand due to 
their medical conditions, including dementia and stroke, 
rendering them unable to obey verbal commands. We 
recruited them from an aged care facility in the Brisbane, 
Australia, area. The age of these participants ranged from 
85 to 102 yr (mean: 92.4 yr). We obtained informed con-
sent to participate from their legal guardians.

Study 4 included five nondisabled subjects (2 female 
and 3 male) aged from 19 to 44 (mean: 38.2 yr) who had 
not participated in studies 1 or 2. The subjects complied 
with the same inclusion and exclusion criteria as for stud-
ies 1 and 2.

Study Design
These studies were designed to test and validate the 

CoughStim prototype (Figure 1). 

Figure 1.
Application of CoughStim™ (Medivations; Brisbane, Australia) 

using bilateral ultrasound heads.

We used a double-
blinded intervention trial where the subjects and the 
investigator applying the US stimulus did not know the 
US parameter settings.

We included study 4 as a post-hoc study to validate 
the cough strength response to stimulation. The aim was 
to show that peak expiratory flow rate (PEFR) of a cough 
stimulated by the most effective US frequency and power 
demonstrated in the previous studies achieved an expira-
tory flow rate greater than the 160 to 270 L/min previ-
ously shown to be needed to clear secretions [18].

Measurements

Cough
The cough process consists of an inspiratory phase, 

compressive phase, and expiratory phase [19]. Therefore, 
the volume of air shifted in the expiratory phase will 
determine the size of the cough effort. Furthermore, chest 
excursion is quicker in a cough than in normal breathing. 
A simple noninvasive indicator of these thoracic move-
ments can be obtained using Respitrace (respiratory 
induction plethysmography). This equipment consists of 
a load cell that measures the changes in pressure that 
occur with change in volume of the thorax as indicated 
by chest expansion [20]. We positioned the Respitrace 
around the chest at the thoracic (T) T12 level.

Dekens et al. qualitatively graded cough as none, 
weak, normal, and strong [14]. We have graded the cough 
from 0 to 4, where 0 = no response; 1 = a simple throat 
clearing maneuver in response to US irritation; and weak, 
normal, and strong coughs are 2, 3, and 4, respectively. 
Recording the Respitrace measure of the thoracic expan-
sion provided quantitative support for accepting the quali-
tative scoring of the cough response. Figure 2 shows the 
change in the Respitrace recording between quiet breath-
ing (QB) and a normal cough response obtained from a 
nondisabled subject. We used the average displacement 
during QB as a baseline against which we measured the 
cough volume that was stimulated by the US stimulus. 
We compared the maximum slope of the curve, denoting 
the rate of change of the chest wall movement during the 
cough, with the maximum slope of the curve recorded 
during forced expiration maneuver of the peak expiratory 
flow effort (we instructed patients, using a Wright peak 
flow meter [Armstrong Medical Industries Inc; Lincoln-
shire, Illinois], to “blow out as hard and fast as you can 
until all your air is gone”).

For study 4, we compared the PEFR during a volun-
tary maximum cough with that achieved when using the 
most effective cough stimulating parameters determined 
in the previous studies. We used a portable peak flow 
meter to gather these data. This method of measuring 
cough has been shown to be reproducible and accurate 
when flows are >270 L/min [18], as expected in the non-
disabled subjects included here.

Perceived sensation during application of the US stimu-
lus was important to measure because application com-
fort was a high priority when designing the CoughStim 
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Figure 2.
Sample of Respitrace (respiratory induction plethysmography) 

curves illustrating difference between quiet breathing (QB) and 

coughing. Displacement of curve represents thoracic excursion 

of subject. Displacement is less during QB (a1–b1) than during 

coughing (a2–b2). Chest wall movement, and therefore depth of 

respiration, was greater during coughing than QB. Similarly, 

slope of Respitrace curve indicates rate of change of thoracic 

movement. Hence, steepest part of curve (estimated at c1 and 

c2) indicates period of most rapid chest wall movement. Due to 

powerful forced expiration involved in coughing maneuver, 

maximum slope of curve is far greater during coughing (c2) than 

during QB (c1).

prototype. We used a 5-point Likert scale of sensation
descriptors, where 0 = no sensation, 1 = slight, 2 = mild, 
3 = moderate, 4 = strong, and 5 = unbearable. A 5-point 
Likert scale has been shown to be as accurate as a visual 
analog scale with 2 anchor points or Borg scale with
12 fixed points when measuring a perceived effect [21].

Vital Signs
A possible undesirable side effect of US stimulation 

applied over the larynx is laryngeal spasm. To check for 
signs of such spasm, we performed a PEFR test at base-
line and between each cough stimulus event. There might 
also have been a vagus nerve stimulation response result-
ing in altered heart rate or blood pressure. We monitored 
these vital signs, as well as partial pressure of oxygen 
(SpO2) and respiratory rate, during and between stimuli 
for all subjects. We questioned all subjects regarding any 
lingering laryngeal irritation after each application and 
made a follow-up telephone call the day following the 
procedure to determine whether the subjects had experi-
enced any latent symptoms of laryngeal irritation or 

inflammation. These questions, along with the PEFR, 
were applied to nondisabled subjects only because the 
older subject group was unable to perform them ade-
quately. If we noted any adverse response, the interven-
tion would be stopped and the subject rested with vital 
signs monitored until they returned to preintervention 
levels and remained stable.

Predetermined indicators of adverse response for ces-
sation of intervention included signs of laryngeal spasm, 
reduction in forced expiratory volume >25 percent of 
pretest measurement, cardiac rhythm change ±25 percent 
of resting rate, change in respiratory rate >20 breaths/min 
or <5 breaths/min, or SpO2 < 90 percent. As a precaution 
against any physiological adverse reaction, we conducted 
the first phase of testing involving nondisabled subjects 
in the intensive care unit at Mater Hospital (Brisbane, 
Australia) with an intensivist in attendance.

Procedure
We positioned each subject in a reclined sitting posi-

tion on a bed with the head supported on pillows and a 
pillow under the knees to relax the abdominal muscles. 
We secured the Respitrace around the chest at the T12 
level and connected it to a laptop computer data recorder 
for continual monitoring of chest movement during all 
conditions measured. We secured the blood pressure cuff 
around the upper left arm and placed the oximeter probe 
on the right index finger.

We measured PEFR using a Wright peak flow meter 
before testing each condition of the US application and 
again 2 min after stimulation and the cough response 
ceased. These measurements were continued every 15 min
for 1 h after the final test condition was completed to 
ensure that we identified any delayed adverse response 
that might have occurred.

We tested the conditions of US stimulation in random 
order (computer generated). The subject and the investi-
gator applying the CoughStim were blinded to stimula-
tion order. These were changed between each stimulus 
condition by an assistant investigator who followed a 
predetermined random order that was different for each 
participant. The assistant also monitored the vital signs.

We applied US stimuli to the larynx in nondisabled 
subjects unilaterally at eight frequencies (0.54, 0.58, 
0.61, 0.74, 0.87, 0.98, 1.18, and 1.35 MHz) and two 
power levels (6 and 9 W) and bilaterally at 0.58 MHz and 
4 and 6 W. We repeated application of the stimuli in four 
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of the nondisabled subjects to determine stability of test-
retest results.

We chose the stimulation parameters found to be 
most comfortable and effective in stimulating a cough for 
nondisabled subjects to test in study 3 on subjects who 
were unable to cough. Modification of the equipment 
after completion of the nondisabled subject trials enabled 
bilateral stimulation at 0.54 MHz. Subjects in the unable 
to cough group were stimulated unilaterally at 0.54, 0.58, 
0.61, and 0.74 MHz and 0, 6, and 9 W and bilaterally at 
0.54 and 0.58 MHz and 0 and 6 W. We included a pla-
cebo application of 0 W to determine whether the touch 
of the sound head on the neck stimulated a cough. This 
would enable this aspect of stimulation to be considered 
in interpretation of results should a cough be elicited.

Between each frequency condition and each unilat-
eral or bilateral application, the subject rested so the 
investigators could be sure all the measurements and vital 
signs being monitored returned to prestimulation levels.

For the cough strength validation study, we posi-
tioned subjects as for the earlier studies. As previously, 
we applied a US stimulus using bilateral stimulation at 
0.54 MHz and 6 W. We chose these parameters consider-
ing nondisabled and unable to cough subjects’ results 
from studies 1 to 3. Prior to stimulation, five nondisabled 
subjects produced a maximum voluntary cough while 
PEFR was recorded with the portable peak flow meter. 
We measured PEFR the same way for coughs stimulated 
by the CoughStim. We also recorded the strength of the 
cough response.

Analysis
We used descriptive statistics to present the results. 

The proportion of the subjects exhibiting a cough 
response is reported for nondisabled and unable to cough 
subjects. We did not include cough strengths of 1 in the 
count because they did not represent a clinically adequate 
cough. Responses are reported to show comparison of 
stimulus parameters of frequency and power during uni-
lateral stimulation and for bilateral stimulation at one fre-
quency and two power levels. Perceived sensation is also 
reported. A quantitative confirmation of cough strength is 
provided by two sets of data. First, we report the maxi-
mum displacement of the Respitrace curve, which we 
then compared with the maximum displacement during 
QB; these data give a semiquantitative representation of 
the depth of the cough via the total thoracic excursion. 
Second, we report the maximum slope of the curve dur-

ing the cough effort, which we then compared with the 
maximum slope during the PEFR maneuver, giving an 
indication of the power of the cough via the speed of the 
chest wall movement.

We graphically presented raw data from study 4 com-
pared with the minimum expiratory flow rates for an 
effective cough. We also noted subjective cough strength. 
Using SPSS version 17 (IBM Corporation; Armonk, New 
York), we applied a paired t-test to determine difference 
in PEFR between voluntary and stimulated cough.

RESULTS

We monitored vital signs for all nondisabled and 
unable to cough subjects during testing and recorded no 
adverse responses. Table 1 shows the baseline results and 
the effect of stimuli, including the average duration of US 
stimulus until a cough was elicited.

Nondisabled Subject Group
The proportion of nondisabled subjects with a cough 

response to at least one stimulation was 100 percent. US 
at 0.58 MHz and 9 W stimulated a cough in 80 percent of 
nondisabled participants (12 of 15 subjects). The strongest
coughs were stimulated at 0.54 MHz and 0.58 MHz and
9 W with a mild to moderate sensory level at the higher 
frequency. A cough was stimulated within an average of 
2.9 s (range: 0.1–5.5 s) from commencement of stimula-
tion at 0.58 MHz and 9 W. A stimulation of 0.54 MHz 
and 9 W elicited a cough in 73 percent of subjects (11 of 
15 subjects) (Table 1). We performed bilateral stimula-
tion using paired power heads at 0.58 MHz and two 
power levels, 4 and 6 W, on 12 nondisabled subjects. We 
stimulated a cough in 75 percent (9 of 12) nondisabled 
subjects at 6 W compared with 40 percent with single-
sided stimulation at this parameter setting (Table 1).
Cough strength was a grade of 3 for a power level of 6 W 
and 2 for 4 W, while sensation was 2.50 at 6 W and 1.85 
at 4 W.

We confirmed the subjective data by thoracic expan-
sion as measured by the Respitrace. These curves showed 
a greater displacement during coughing than during QB. 
Furthermore, the maximum slope of the curve during 
coughing is reported and compared with the maximum 
slope of the curve during the PEFR maneuver. Table 2
shows these data for the nondisabled subject group. We 
stimulated the strongest average cough using unilateral 



1426

JRRD, Volume 49, Number 9, 2012
Mean ± standard deviation values for vital signs, percentage cough response, and duration of stimulus until cough response.

Parameter
PR 

(beats/min)
SBP 

(mmHg)
DBP 

(mmHg)
RR 

(breath/min)
SpO2 
(%)

PEFR 
(L/min)

Stimulus 
Duration 

Cough 
Response 

Power 
 (W)

Frequency 
(MHz)

Until 
Cough (s)

(%)

Baseline    — 74.0 ± 14.7 123.5 ± 11.6 69.4 ± 10.6 22.3 ± 4.6 99.3 ± 0.8 344.0 ± 150.0 — —

Unilateral Stimulation
6 0.54 81.0 ± 9.8 123.7 ± 16.4 69.3 ± 7.1 20.5 ± 5.1 99.4 ± 1.7 399.0 ± 178.0 2.7 ± 2.3 67
6 0.58 80.9 ± 10.0 121.9 ± 10.1 71.1 ± 11.9 20.9 ± 5.2 99.6 ± 0.5 382.9 ± 158.0 2.4 ± 1.8 40
6 0.61 75.0 ± 12.0 125.0 ± 9.5 69.7 ± 6.0 21.6 ± 3.2 99.6 ± 0.05 401.4 ± 161.0 4.3 ± 3.1 47
6 0.74 89.8 ± 17.0 117.5 ± 7.6 67.7 ± 4.0 19.0 ± 1.1 99.5 ± 0.6 386.7 ± 166.0 2.6 ± 3.3 40
6 0.87 79.5 ± 15.5 113.8 ± 11.3 65.8 ± 0.7 23.3 ± 2.8 99.7 ± 1.7 411.7 ± 146.0 3.4 ± 3.3 40
6 0.98 77.0 ± 7.1 119.3 ± 12.0 70.6 ± 2.8 21.7 ± 2.8 99.7 ± 1.0 446.7 ± 189.0 0.9 ± 0.6 20
6 1.18 80.0 ± 10.1 125.5 ± 14.9 70.0 ± 4.2 25.0 ± 2.7 98.5 ± 2.1 500.0 ± 226.0 2.2 ± 2.5 13
6 1.35 70.0 ± 5.8 136.0 ± 13.8 73.0 ± 5.1 24.0 ± 3.0 99.9 ± 0.1 460.0 ± 189.0 1.6 ± 1.6 7
9 0.54 78.2 ± 4.9 122.9 ± 1.4 70.1 ± 0.7 19.8 ± 12.7 99.6 ± 1.1 389.0 ± 168.0 2.9 ± 2.7 73
9 0.58 82.8 ± 13.4 123.4 ± 5.7 70.3 ± 2.1 22.0 ± 3.5 99.5 ± 0.6 390.0 ± 128.0 2.9 ± 1.6 80
9 0.61 81.3 ± 9.9 121.9 ± 2.8 71.3 ± 7.7 24.5 ± 1.4 99.1 ± 0.6 331.3 ± 121.0 3.1 ± 2.1 47
9 0.74 74.2 ± 14.9 114.7 ± 8.5 67.7 ± 1.4 21.3 ± 3.5 99.7 ± 0.2 396.7 ± 135.0 4.6 ± 3.2 40
9 0.87 80.9 ± 16.6 123.7 ± 13.5 76.5 ± 6.9 24.1 ± 6.3 99.0 ± 0.7 315.0 ± 98.5 3.7 ± 3.2 53
9 0.98 73.8 ± 11.2 122.0 ± 12.3 73.7 ± 5.3 22.7 ± 1.0 98.3 ± 2.0 345.0 ± 109.0 2.7 ± 2.9 40
9 1.18 78.2 ± 14.1 127.2 ± 12.6 75.3 ± 1.1 25.0 ± 5.8 98.5 ± 1.0 387.0 ± 192.0 5.2 ± 2.8 33
9 1.35 93.5 ± 2.1 128.5 ± 10.6 74.0 ± 7.1 24.0 ± 11.0 99.9 ± 0.0 400.0 ± 154.0 4.2 ± 5.2 13

Bilateral Stimulation
4 0.58 74.8 ± 0.8 119.3 ± 2.6 68.7 ± 2.5 20.1 ± 1.1 99.4 ± 1.0 382.5 ± 139.0 2.3 ± 1.8 40
6 0.58 78.4 ± 0.9 120.0 ± 0.4 71.1 ± 1.5 24.4 ± 7.2 99.4 ± 0.2 361.8 ± 27.1 2.3 ± 1.4 75

stimulation at a frequency of 0.58 MHz and 9 W with 
80 percent of responses 2 cough strength, 179.7 percent 
greater displacement of the curve than during QB, and 
the slope of the Respitrace curve being 106.8 percent of 
the PEFR effort slope. Bilateral stimulation at 0.58 MHz
and 6 W was also very effective, producing an effective 
cough in 75 percent of subjects with an average thoracic 
expansion displacement of nearly double QB and a slope 
89.9 percent as steep as the PEFR curve.

Unable to Cough Subject Group
We never generated a cough with the placebo appli-

cation of 0 W for the unable to cough subjects. Two sub-
jects in the group never responded to stimulation, unlike 
the nondisabled subjects who all responded to some stimu-
lus parameters. Unilateral stimulation elicited a cough in 
four of the seven subjects, although there was less consis-
tency of frequency or power stimulus to gain these 
responses. Of the participants in the group, 71 percent 
had a cough response when stimulated bilaterally at
0.54 MHz and 6 W. This represented five of the seven 

subjects, and cough strength was strong (a score of 4 in 
all except one subject, in which cough strength was 
weak). Three of the seven coughed when stimulated 
bilaterally at 0.58 MHz and 6 W. Three of the five sub-
jects (60%) who responded with a cough did so on 
retesting at 0.54 MHz and 9 W. Comparison of the slope 
of the Respitrace curve recorded during the cough and a 
PEFR effort was not possible due to the unable to cough 
subjects being unable to follow commands.

Cough Strength Validation Study
We elicited a cough at the first application in all sub-

jects. Figure 3 shows the PEFR for a maximum cough 
effort, stimulated cough, and rating of cough strength. 
These data are compared in Figure 3, with the 160 to
270 L/min flow rate considered the lowest threshold for a 
cough effective in clearing secretions [18]. The PEFR of 
the stimulated coughs achieved >90 percent of maximum 
voluntary cough effort in the three subjects with a cough 
strength rating of 4. Subjects 1 and 2 each coughed with a 
rated strength of 3 and achieved PEFR 80 and 61 percent 

Table 1.

DBP = diastolic blood pressure, PEFR = peak expiratory flow rate, PR = pulse rate, RR = respiratory rate, SBP = systolic blood pressure, SpO2 = partial pressure of 
oxygen.
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Stimulus
Power 

(W)
Frequency 

(MHz)
%SC 2* Sensation† 

(mean ± SD)
Displacement‡ 
(mean ± SD)

%Displacement/
QB Displacement§

Max SL¶ 
(mean ± SD)

%Max SL/ 
PEFR Max 

SL**

Unilateral 6 0.54 67 2.7 ± 0.8 79.6 ± 18.9 197.0 469.3 ± 270.0 71.4
Unilateral 6 0.58 40 1.8 ± 0.5 88.3 ± 35.3 218.6 402.5 ± 333.0 61.2
Unilateral 6 0.61 47 1.5 ± 0.6 77.3 ± 17.5 191.3 417.4 ± 310.0 63.5
Unilateral 6 0.74 40 1.8 ± 1.5 79.2 ± 23.8 196.0 279.3 ± 229.0 42.5
Unilateral 6 0.87 40 1.4 ± 2.0 101.2 ± 35.8 250.5 439.1 ± 590.0 66.8
Unilateral 6 0.98 20 0.9 ± 0.6 75.1 ± 43.9 185.9 162.4 ± 237.0 24.7
Unilateral 6 1.18 13 0.3 ± 0.7 72.5 ± 19.8 179.5 166.1 ± 224.0 25.3
Unilateral 6 1.35 7 0.3 ± 0.6 59.8 ± 50.3 148.0 166.1 ± 187.0 25.3
Unilateral 9 0.54 73 3.1 ± 0.7 97.1 ± 29.5 240.3 573.5 ± 372.0 87.2
Unilateral 9 0.58 80 2.3 ± 0.7 93.0 ± 28.7 230.2 701.9 ± 484.0 106.8
Unilateral 9 0.61 47 2.1 ± 1.4 76.7 ± 23.8 189.8 420.6 ± 370.0 64.0
Unilateral 9 0.74 40 1.9 ± 0.7 74.2 ± 32.8 183.7 397.0 ± 358.0 60.4
Unilateral 9 0.87 53 1.6 ± 1.4 71.8 ± 27.4 177.7 444.2 ± 427.0 67.6
Unilateral 9 0.98 40 1.6 ± 0.6 78.0 ± 21.9 193.1 351.0 ± 305.0 53.4
Unilateral 9 1.18 33 1.2 ± 1.5 72.2 ± 31.5 178.7 281.9 ± 208.0 42.9
Unilateral 9 1.35 13 0.9 ± 0.8 83.4 ± 38.3 206.4 174.4 ± 244.0 26.5
Bilateral 4 0.58 54 1.2 ± 0.4 100.5 ± 28.8 248.7 454.1 ± 341.0 69.1
Bilateral 6 0.58 75 1.7 ± 0.3 99.4 ± 34.3 246.0 590.4 ± 346.0 89.8
Peak Expiratory Flow Rate 109.9 ± 56.8 272.0 657.5 ± 404.0 100.0
Quick Breathing 40.4 ± 27.6 — 139.7 ± 79.5 —

of maximum, respectively. There was no significant
difference between the maximum voluntary cough and 
the stimulated cough (p = 0.09) where the mean ± stan-
dard deviations were 422.0 ± 72.2 and 354.0 ± 74.0 L/min,
respectively.

DISCUSSION

We achieved all aims of the clinical trials to test this 
new apparatus. The prototype CoughStim device is regu-
larly able to safely stimulate a moderately strong cough 
without undue discomfort in nondisabled adults, includ-
ing 80 percent at a specific frequency and power condi-
tion of 0.58 MHz and 9 W. Five out of seven subjects 
who were unable to cough responded with a cough from 
stimulation of 0.54 MHz and 6 W. The most effective 
parameter combinations for stimulating a cough for both 

subject groups were achieved with bilateral stimulation at 
0.58 or 0.54 MHz and 6 W. The quality of the cough 
these parameters facilitated was usually normal or strong, 
thus of a sufficient volume for secretion removal. The 
sensory stimulus was moderate and so quite tolerable for 
all subjects. No adverse reactions to blood pressure, pulse 
rate, respiratory rate, PEFR, or SpO2 occurred. We 
detected no symptoms of laryngeal spasm either during 
or after the testing procedure, and no subjects experi-
enced any latent symptoms of tracheal irritation.

The stimulation combination at 0.54 MHz and 6 W 
was shown to elicit a cough with a rated strength of 3 or 4 
in nondisabled subjects. Four of the five subjects 
achieved a PEFR >80 percent of their PEFR during a 
maximum voluntary cough, with the fifth subject achiev-
ing 61 percent of a maximum. This subject achieved a 
PEFR of 230 L/min, which is above the lower limit of the 
suggested 160 to 270 L/min flow rate for an effective 

Table 2.
Cough response to ultrasound stimuli: subjective data and Respitrace (respiratory induction plethysmography) analysis.

*Percentage of subjects who coughed at strength level of 2, subjective data.
†Subjective data.
‡Maximum displacement of Respitrace curve, giving semiquantitative representation of depth of respiration.
§Representation of depth of respiration compared with QB.
¶Maximum slope of Respitrace curve, giving semiquantitative representation of force of cough.
**Representation of cough strength compared with PEFR.
Max = maximum, PEFR = peak expiratory flow rate, QB = quiet breathing, SC = subjective cough strength, SD = standard deviation, SL = slope.
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Figure 3.
Expiratory flow rate of maximum (max) voluntary cough com-

pared with stimulated cough. Peak flow range above which 

cough is sufficient to clear secretions in humans indicated by 

box (160–270 L/min) [18].

cough. Furthermore, we found no statistical difference 
between stimulated and voluntary cough.

It is generally accepted that coughing is clinically 
important to clear mucosal secretions. Some subgroups 
of patients are physically unable to cough effectively, such
as those with neuromuscular disease or spinal cord injuries.
A device known as a mechanical in-exsufflator has been 
developed to assist these patients with lung clearance 
[22–23]. A device to elicit a cough in those who are corti-
cally unable to respond to a request to do so, as opposed 
to physically unable to do so, would be similarly useful.

We compared the qualitative results from previously 
reported studies of methods of eliciting a cough using 
noninvasive mechanical vibratory stimulation with a 
modified men’s shaver [11] or other methods including 
invasive electrostimulation of the trachea via an electrode 
inserted into the airway or stimulation by suction catheter 
[14] with the CoughStim prototype. The CoughStim results
suggest this new equipment is a viable alternative or 
adjunct to current practice, namely using a suction cathe-
ter for clinical application. This claim is strengthened by 
our results that demonstrate the stimulated cough strength 
is achieving a flow rate known to remove secretions.

A number of comparisons need to be drawn between 
the results of this clinical trial and those of previous stud-
ies. When the results from the noninvasive mechanical 
vibration study on 15 nondisabled subjects were com-
pared with the noninvasive CoughStim nondisabled sub-

ject group, Lee and Eccles achieved 8 of 15 subjects 
responding with a cough compared with 100 percent of 
subjects responding with a cough when stimulated using 
the CoughStim prototype [11]. Further, the application 
time was considerably longer than our average of 3 s to 
achieve this result. On the other hand, Dekens et al. com-
pared two invasive stimulatory methods of electro or 
mechanical (catheter) stimulation in ventilated patients 
with respiratory insufficiency [14]. They achieved a 
100 percent responsive cough that was qualitatively con-
sidered to be normal to strong with electrostimulation 
and considered it as safe and effective as mechanical 
stimulation using a suction catheter.

Patient comfort must be considered during airway 
clearance using invasive or noninvasive methods since 
these techniques have to be applied at regular intervals in 
patients unable to clear their own airways to prevent air-
flow obstruction. Lee and Eccles did not report level of 
comfort but instead looked at perceived need to cough 
[11]. Dekens et al. considered comfort or perceived sen-
sation during stimulation with the six conscious patients 
in the study feeling a mild tingling sensation during elec-
trostimuluation [14]. Our nondisabled subject group per-
ceived a moderate sensory level that was not uncomfortable
and so acceptable. Only Dekens et al. compared effec-
tiveness of sputum removal [14]. Their new method of 
cough stimulus had endotracheal suction, which is the 
usual method of secretion removal in patients unable to 
cough and expectorate unaided. Since removal of secre-
tions is the aim of coughing, this measure should also be 
included in further trials of the CoughStim apparatus. 
Another similarity between Dekens et al. [14] and our 
study is that the patient groups contained those who were 
unable to cough efficiently to remove secretions. There-
fore, these patients needed assistance to remove secre-
tions, unlike the subjects in Lee and Eccles, who reported 
a recent upper respiratory tract infection and thus were 
more likely to have hyperreactive airways and so be more 
responsive to respiratory tract stimuli [11].

There are limitations to this preliminary report of the 
clinical trials of the CoughStim prototype. More studies 
are needed to show that the device can comfortably stimu-
late a strong cough in patients with other pathologies, 
such as acquired brain injury or postanesthetic, where 
guarding of the airways is deficient or the cough reflex 
diminished. We also need to measure volume of sputum 
removed with coughing stimulated by the CoughStim 
compared with endotracheal suctioning in these and other 
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patient groups where assistance is required for airway 
clearance.

CONCLUSIONS

The CoughStim prototype has been shown to safely 
achieve a comfortable, strong cough in nondisabled sub-
jects and a small group of older adults who were unable 
to cough on demand. The results likely suggest a broad 
capacity for patient application, particularly those with 
respiratory conditions where noninvasive secretion removal
is important. The simplicity of application supports its 
introduction into practice.
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