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An effective cough relies on the ability to take a slow deep
breath followed by the generation of high intrathoracic
pressure to promote dynamic airway compression and
increase expiratory airflow velocity to remove mucus and
other foreign debris.” When a person is unable to cough
effectively due to muscle weakness or lung disease,
techniques are required to either augment or assist

their ability to cough. A common respiratory therapy for

an ineffective cough is called Mechanical Insufflation -
Exsufflation or MIE therapy. MIE therapy devices mimic a
person’s natural cough with a simulated cough. A typical
simulated cough cycle includes applying a positive
pressure or insufflation to inflate the lungs, quickly followed
by negative pressure or exsufflation to remove the air and
mucus from the lungs, and a timed pause for the patient to
rest before the next cough cycle. MIE therapy can be used
with pediatric to adult patients in the Intensive Care, Acute
Care, and home care environments.

The general thought is that when MIE therapy is combined
with High Frequency Oscillations (HFO), it could enhance
lung volume on inhalation, recruit collapsed airways and
alveoli and improve cough efficiency. HFO superimposes
small compressions in pulmonary pressure and flow similar
to chest physiotherapy intended to assist in mobilizing
secretions from peripheral airways to larger conducting
airways so that they can be coughed up and expectorated.?
However, there is not a lot of clinical evidence to support
the efficacy of MIE therapy with HFO for airway clearance.

Many patients that receive MIE therapy for airway
clearance also require noninvasive or invasive mechanical
ventilation. It is common clinical practice to disconnect
patients from the ventilator in order to receive MIE therapy.

The abrupt disruption in ventilation can result in acute
lung deflation due to transient loss of Positive Inspiratory
Pressure (PIP) and Positive End-Expiratory Pressure
(PEEP). Repeated disconnection from mechanical
ventilation and acute deflation has been shown to result
in sustained changes in altered lung mechanics, hypoxia,
alveolar de-recruitment, reduced lung volume, increased
pulmonary edema and injury, and hemodynamic instability.®
Additionally, studies in critically ill subjects have shown
that by applying a negative pressure with suctioning to the
lungs, which is commonly done in combination with MIE
therapy, can produce a marked reduction in lung volume
and associated changes in arterial oxygenation.*®

ABM Respiratory Care has an innovative MIE device called,
BiWaze® Cough System. BiWaze Cough has a unique two
blower design unlike other MIE devices. The two blowers
are dedicated to driving and separating the inhaled and
exhaled airflow.

BiWaze Cough two blower design
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BiWaze Cough is lightweight (9 Ibs.) with a built-in lithium
ion battery. It can deliver MIE therapy along with HFO

to assist with breaking down and mobilizing retained
secretions. BiWaze Cough is designed to prevent lung
volume loss and derecruitment by applying a positive
pressure during the pause or ‘rest’ phase between
insufflation and exsufflation. The Positive Airway Pressure
(PAP) during the pause phase (aka PAP on Pause) feature
provides a distending pressure to stabilize the lung
volume immediately after a planned disconnection from
a ventilator and during exsufflation or suctioning. The
PAP on Pause could allow for improved lung mechanics,
gas exchange, and lung protection. By maintaining
airway pressure similar to PEEP, airways are stented
open following exsufflation. PAP on Pause is designed
to increase expiratory lung volume and generate a larger
inspiratory capacity which could have a beneficial effect
on improved cough efficiency. Additionally, PAP on Pause
applied between cough cycles could prevent airway
collapse, reduce airway resistance and allow better
recovery of retained pulmonary secretions.

We conducted studies in vitro to evaluate the effects of
BiWaze Cough on flow and pressure within a mechanical
lung model during assisted cough maneuvers at different
MIE Insufflation Pressure (IP) and Expiratory Pressure (EP)
settings both with and without PAP on Pause and HFO.
In addition to testing BiWaze Cough, we wanted to
compare performance to a widely used MIE device, the
CoughAssist T70 (Philips Respironics, Pittsburgh, PA).
The CoughAssist T70 also provides HFO to facilitate
mobilization of airway secretions but it does not provide
PAP on Pause.

Measurements were taken using a digitally controlled,
high-fidelity breathing simulator (ASL 5000; IngMar Medical,
Pittsburgh, PA), which uses a screw-drive-controlled
piston and mathematical modeling to simulate disease
specific pulmonary mechanics. Inspiratory and expiratory
resistance, linear and non-linear pulmonary compliance,
and chest wall mechanics can be set independently by the
user. An adult passive patient model was used to evaluate
the performance of each MIE device. The adult lung model
was configured with normal pulmonary compliance and
increased resistance to mimic airway obstruction from
retained secretions. A passive chest wall model (no
active breathing efforts) was used to ensure synchrony
and isolation of the assisted cough device performance
measurements independent of patient spontaneous
efforts. The ASL 5000 was configured with an intrinsic
lung resistance of 25 cmH,0/L/s, a lung compliance of
100 mL/cmH,0, and an uncompensated residual volume
(residual volume, RV) of 1.5 L. MIE therapy was delivered
to the ASL 5000 lung model using a 7.0 endotracheal tube
and a 15mm adaptor. Each MIE device was equipped with
a bacterial filter, patient circuit and evaluated for leaks
prior to testing. The ASL 5000 data output array provided
measurements of airway pressure, alveolar pressure, cough
flow acceleration (maximum change of slope in velocity
of the exp. flow curve), Peak Cough Flow (PCF, maximum
negative value of the slope for the expiratory flow curve,
aka Peak Expiratory Flow), as shown in Figure 1.

Figure 1: Pressure and flow measurements obtained from
the ASL mechanical lung model

Additional calculations were included to evaluate cough
efficiency based on the lung model measurements. The
Transairway Pressure gradient (AP) or driving pressure of
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a cough is based on the change in intrathoracic pressure at
peak lung inflation followed by rapid expulsion and pressure
release at the airway opening that generates high Peak
Expiratory Flows (PEF) during a cough. This Transairway
Pressure was calculated by taking the absolute difference
between alveolar pressure and airway pressure (Palv-Paw)
at IP and EP, respectively. The difference or ‘bias’ between
Peak Cough Flow and Peak Inspiratory Flow (APCF-PIF) was
calculated based on prior findings that greater increases
in this value have been shown to correlate with greater
mucus displacement from peripheral airways.®’” Descriptive
statistics were calculated as mean values for 20 breaths at
each testing condition.

We acquired raw data from the lung model and
reconstructed the airway and alveolar pressure and flow
over time to illustrate HFO waveforms and describe
differences in oscillatory output generated by the HFO
modality with both MIE devices.

Waveform Analysis

BiWaze Cough delivers a controlled gradient to reach
target alveolar pressures which results in a constant
square inhalation flow pattern and lower inspiratory flows
(Figure 2). The expiratory flow profile with Biwaze Cough
(Figure 2) shows a brief compression and release in the
expiratory flow and pressure waveform at the end of the
cough cycle that may be representative of valve closure
or flow being dispersed with the dual flow control of (two
blower design) BiWaze Cough.

Figure 2: Pressure and flow waveforms of BiWaze Cough
(PAP on Pause at 0 cmH,0)

CoughAssist T70 on the other hand provides a rapid onset
inspiratory pressure resulting in a decelerating flow waveform
(Figure 3) and higher inspiratory flow. BiWaze Cough showed
immediate and sustained airway pressure decay to -15 cmH,0
upon cough initiation; whereas CoughAssist T70 has a less
aggressive algorithm with initial airway pressure decay
to-12 cmH,0 and achieves -15 cmH,0 just prior to the
completion of the cough cycle (Figure 3).

Figure 3: Pressure and flow waveforms of CoughAssist T70

Measured Lung Parameters and Cough Efficiency

The lung model measurements obtained at different

IP/EP with BiWaze Cough and CoughAssist T70 are shown
in Table 1. The differences in the slope of the EP profile with
BiWaze Cough resulted in higher observed Transairway
Pressure, Flow Acceleration and Peak Cough Flow (PCF)
(Table 1). The combined lower PIF and higher PCF with
BiWaze Cough showed greater differences in APCF-PIF

at all settings than CoughAssist T70.

Flow Transairway

MIE PIF PCF APCF-PIF  Accel. Pressure
Device IP/EP (L/min) (L/min) (L/min) (mL/s?) (cmH,0)
BiWaze +20 30 106 76 72 32
T70 120 43 89 46 43 31
BiWaze +30 48 156 108 101 47
T70 +30 55 124 69 58 46
BiWaze +40 62 186 123 146 65
T70 140 69 173 104 92 63

Table 1: Effects of BiWaze Cough and CoughAssist T70 on
cough efficiency at similar IP and EP settings (no PAP on
Pause pressure).

BiWaze® Cough System — a bench study evaluation and comparison of cough efficiency 3



The application of PAP on Pause at 5 and 10 cmH,0
maintained similar cough efficiency values as BiWaze
Cough without PAP on Pause (see Table 2).

Pause Flow Transairway
Pressure PIF PCF APCF-PIF Accel. Pressure
IP/EP (cmH,0) (L/min) (L/min) (L/min) (mL/s?) (cmH,0)

+20 5 34 107 73 70 31
+20 10 31 109 77 71 31
+30 5 44 159 115 103 48
+30 10 48 158 111 102 47
+40 5 62 186 124 118 65
+40 10 66 186 119 159 61

Table 2: Effects of BiWaze Cough on cough efficiency with

different insufflation, exsufflation and PAP on Pause pressures.

In a series of multiple MIE therapy cycles with BiWaze
Cough, airway pressures, alveolar pressures, and volumes
were observed with and without PAP on Pause (Figure 4.1
and 4.2). The top graph in Figure 4.1 and 4.2 represents
airway pressure (orange) and alveolar pressure (yellow).
The bottom graph in Figure 4.1 and 4.2 represents volumes
(orange) and baseline lung volume (white).

Figure 4.1: IP/EP 20 cmH,0 with no PAP on Pause.

The Expiratory Reserve Volume (ERV) is 0 mL above lung
Residual Volume (RV), which predisposes patients to
alveolar collapse following each cough maneuver.

Figure 4.2: IP/EP 20 cmH,0 with PAP on Pause of 5 cmH.,0.
By placing the PAP on Pause pressure at 5 cmH,0, alveolar
and airway pressure is increased at baseline and there was
a 450% increase in ERV which would equate to an increase
in the Functional Residual Capacity (FRC). Once the PAP
on Pause pressure is applied initially in the first breath, it
is maintained throughout all coughs with effective Cough
Peak Flow (CPF).

The volume above residual volume (1.5 L) in the lung model,
or ERV, that contributes to the FRC is visible in Figure 4.2.
The ERV was 0 mL with no PAP on Pause and increased

to ~400 ml above RV due to the addition of PAP on Pause
of 5.cmH,0. The increased inspiratory airway and alveolar
pressures in Figure 4.2 demonstrate that applying a PAP
on Pause of 5 cmH,0, resulted in a nearly 4-fold increase
in ERV. This increase in ERV is translated to an increase in
FRC or end-expiratory lung volume in a human lung.

Application of HFO with MIE therapy

Descriptive waveform analysis of the High Frequency
Oscillation (HFQ) feature applied to cough cycles with
BiWaze Cough and CoughAssist T70 are shown in Figure 5
displaying pressures and flow and Figure 6 with the flows
removed in order to visualize the effects of HFO on airway
and alveolar pressures.

The BiWaze Cough generated consistent oscillatory
power throughout the cough cycle (IP + EP) and at
greater oscillatory flow and airway pressure force than
CoughAssist T70. Moreover, the oscillations in airway
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Figure 5: Pressure and flow waveforms of CoughAssist T70 Figure 6: Airway and alveolar pressure waveforms of

(top) and BiWaze Cough (bottom) with (no PAP on Pause). CoughAssist T70 (top) and BiWaze Cough (bottom)
showing HFO (no PAP on Pause) with flow data removed.

pressure and flow generated in the lung model were not

only lower with CoughAssist T70 but were highly variable Adding PAP on Pause with BiWaze Cough resulted in

throughout the cough cycle. Pressure transmission and incremental ‘stairstep’ increases in airway pressure
oscillatory amplitude was briefly reached at the end of the oscillations on inhalation that resulted in greater
inspiratory and expiratory phases with CoughAssist T70. transmission of flow and pressure during the MIE cough
The greater oscillatory output with BiwWaze Cough resulted maneuver (Figure 7). Increases in the PAP on Pause

in greater transmission of flow and oscillations in the pressure from 5-10 cmH,0 showed greater pressure
alveolar pressure waveform that were not apparent with transmission of the oscillations to the distal alveolar
the CoughAssist T70 (Figure 6). compartment (Figure 7).
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Figure 7: Pressure and flow waveforms for BiWaze Cough HFO
with PAP on Pause of 5cmH,0 (top) and 10 cmH,0 (bottom).

This is the first study to evaluate MIE performance between
BiWaze Cough and the widely used CoughAssist T70. The
BiWaze Cough showed greater Peak Cough Flow (PCF) and
lower Peak Inspiratory Flow (PIF) that resulted in higher flow
acceleration and APCF-PIF compared to CoughAssist T70
at identical MIE therapy settings. The PAP on Pause feature
with BiWaze Cough provided similar increases in PCF as
well as increases in Functional Residual Capacity (FRC)

or end-expiratory volume than without PAP on Pause. The
BiWaze Cough'’s High Frequency Oscillations (HFO) feature
controlled by the dual blower system resulted in greater
lung transmission of pressure and flow than with the single
blower system of the CoughAssist T70.

There is currently insufficient evidence to indicate whether
differences in MIE device performance in bench models
could translate to clinically meaningful differences in
outcomes in patients. Very few studies have investigated
the physiologic effects of MIE in critically ill patients, much
less compare different devices. Nonetheless, our bench
data show unique differences in flow and pressure delivery
between BiWaze Cough and CoughAssist T70 that could
generate interest for future research.

During a cough cycle, there is a rapid increase in positive
pressure during inhalation that is followed immediately

by a rapid airway depressurization. During a physiologic
cough the intrathoracic pressure gradient has been shown
to range from 30 to 160 cmH,0 in order to generate high
cough flows necessary for airway clearance.®® In our model,
similar Transairway pressures were generated that ranged
within 1-3 cmH, 0 between the two MIE devices. However,
the BiWaze Cough was shown to result in greater increases
in PCF in the lung model. Unlike the CoughAssist T70,
BiWaze Cough had a expiratory airway pressure plateau
that was sustained over the initial 2/3 of the exsufflation
which may explain why PCF and acceleration of gas during
EP were higher with BiWaze Cough. This pressure profile
compares well to the rapid deceleration in pressure followed
by plateau that has been previously described in subjects
with voluntary cough.® Interestingly, following the initial

2/3 of the cough cycle, the BiWaze Cough produced a distinct
positive pressure inflection and expiratory flow interruption
during exsufflation. This is reminiscent of the characteristic
partial glottic closure that is typically observed in a voluntary
cough." The reflex, first described by Williams in 18412 and
then extensively studied by Korpas and his colleagues™ in
the 1960s, is referred to as Expiratory Reflex (ER). The ER
consists of a glottal closure and forced expiration followed
by glottal opening and expulsive airflow, in response to
irritation (mechanical or chemical) of the vocal folds or
trachea. It is believed that the initial cough reflex and ER
that occurs later in the cough phase have quite different
functions: cough will clear the lower airways of debris
including mucus, while the ER will prevent aspiration of
expectorated material into the lungs.™ In one study, the

ER was referred to as “coughing peals” which were shown
to achieve similar mechanical effects as voluntary cough
(without ER) but were achieved in a much shorter duration
when ER was present.’® BiWaze Cough may provide realistic
mechanisms that could improve upon cough efficiency,
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especially in intubated patients who are unable to perform
glottal closure due to physical and mechanical limitations
of the endotracheal tube bypassing the vocal cords.

Reduced Peak Cough Flow (PCF) can be due to a number
of mechanisms including reduced respiratory muscle
strength, lack of coordination of glottic closure and
opening, airway obstruction and, age and activity related
changes." Generally, PCF > 160 L/min is sufficient to
eliminate airway debris and secretions during spontaneous
cough.”® In clinical practice, cough efficacy with mucus
expectoration may require higher PCF in weak or impaired
inspiratory and/or expiratory muscles. MIE therapy
attempts to increase PCF in patients with impaired cough
to assist with airway clearance. The BiWaze Cough achieved
values that coincided with this requirement (~160 L/min)
when IP/EP settings >20 cmH,0; whereas CoughAssist
T70 did not. The higher PCF resulted in nearly two-fold
greater increases in linear air flow velocities (acceleration)
with BiWaze Cough. Increased kinetic energy enhances
the removal of mucus adhering to the airway through
shearing." The ability to generate high flow velocities
needed to expel secretions forward with BiWaze Cough’s
Transairway Pressure could contribute to improved cough
efficiency by enhancing the rheological interaction between
flowing gas and mucus in the airways.®

Our findings showed BiWaze Cough generated large
differences in APCF-PIF based on how each of the
devices provide IP and EP during MIE assisted cough
maneuvers. BiWaze Cough was shown to deliver a
controlled gradient to reach target alveolar pressure
which resulted in a constant flow square inhalation flow
pattern and generation of lower inspiratory flow delivery
with Inspiratory Pressure (IP). The physiologic use of
linear flows during inhalation is common prior to initiating
a nautral cough in humans.® The peak flow increase at
the onset of IP with CoughAssist T70 based on the preset
pressure control level generated higher inspiratory flows.
As mentioned previously, high kinetic energy from high
velocity gas affects movement of secretions within the
airways. As such, there could be some benefit for applying
linear inspiratory flows over a longer inspiratory time in
order to reduce airflow velocities and prevent dislodgement
and displacement of airway secretions into the distal
airways prior to MIE cough maneuver.

In airway clearance studies with mechanical ventilation,
when PIF >PEF, an inspiratory flow bias may lead to
increased risk of embedding pulmonary secretions.”

The flow bias difference (PEF — PIF) between the peak
flows that may affect mucus transport by this mechanism
include inspiratory-expiratory air velocity, viscosity of
mucus, and thickness of the mucus layer.’> One animal
study reported mucus displacement only occurred once an
average PEF-PIF difference of 34 L/min was obtained.™

MIE is commonly applied with fast insufflation-exsufflation
pressures to achieve high Peak Expiratory Flow (PEF) in
order to assist airway clearance.?’?! Very little attention

is given to the fact that long inspiratory times (>1 sec.)
are needed in order to fill lung regions that have long time
constants due to high resistance from mucus impaction

or the fact that high Peak Inspiratory Flow (PIF) may
impair secretion removal.? Volpe et al.?" showed in a

MIE study in vitro that the PEF — PIF difference and MI-E
pressure gradient were significantly correlated with mucus
displacement, whereas the PEF was not. The PEF-PIF
difference observed from these prior studies is identical to
the PCF-PIF difference (APCF-PIF) generated in our studies
and is likely to be a key determinant for secretion clearance
with MIE that can be used to infer the efficacy of airway
clearance techniques in critical care patients in the future.

Investigators have reported that MIE maneuvers could be
optimized by applying slow lung insufflation, which could
reduce the PIF and, consequently, increase the expiratory
flow bias (APCF-PIF) to improve cough efficiency by
setting EP>IP.2° We demonstrated that BiWaze Cough was
shown to generate lower inspiratory flows and greater
PCF than CoughAssist T70 that did not rely upon having to
set separate IP and EP settings. Our findings with BiWaze
Cough showed large differences in APCF-PIF that coincided
with values of PEF-PIF differences (>34 L/min) that have
been shown to be effective for removing airway secretions.
The BiWaze Cough may provide major benefits for improving
MIE efficacy with assisted cough maneuvers.

There are several concerns regarding use of the MIE therapy
in critically ill patients which include risk of deterioration,
large airway collapse during exsufflation with high negative
pressures, and loss of Functional Residual Capacity (FRC)
with prolonged exsufflation time. In a recent review, this
limitation was addressed as a major concern that has not
been investigated properly; could the use of high EP reduce
the end-expiratory volume leading to hypoxemia and lung
injury or, on the contrary, does it cause airway collapse
that would prevent this from happening.?’ In addition to
the MIE therapy itself, critically ill patients with repeated
disconnection from the ventilator for MIE therapy and
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suctioning following therapy, the lungs are exposed to
rapidly changing conditions, and it could take some time for
patients to stabilize upon return to a mechanical ventilator
or noninvasive support. An additional feature of BiWaze
Cough that is not found in CoughAssist T70 is the option
to set PAP on Pause. We showed in a mechanical lung
model of airway obstruction that small increases in PAP
on Pause could translate to large increases in Expiratory
Reserve Volume (ERV) that could stabilize end-expiratory
lung volumes and Functional Residual Capacity (FRC)

in patients with poor pulmonary compliance following
disconnection from ventilatory support. This could have
a profound impact on patient stabilization and ability to
tolerate MIE therapy following disconnection from positive
pressure or suctioning or reducing airway collapse when
using high Expiratory Pressure (EP) with MIE therapy.

We provided some descriptive waveform analysis using
both BiWaze Cough and CoughAssist T70 High Frequency
Oscillations (HFO) while being applied to MIE therapy.

The BiWaze Cough showed consistent airway pressure and
flow oscillations throughout the entire cough cycle. The
CoughAssist T70 had lower amplitude pressure and flow
oscillations that were highly variable when compared to
BiWaze Cough. The ability to provide MIE therapy combined
with PAP on Pause and effective HFO represents an exciting
novel development in airway clearance with BiWaze Cough.

In summary, based on measurements in a simulated lung
model, the BiWaze Cough is effective in maximizing Peak
Cough Flow (PCF) and airflow velocity within a standard
range of pressure and time settings. Application of PAP on
Pause and effective HFO (due to the dual blower design)
are two features that are likely to result in more effective
airway clearance and improved FRC with BiWaze Cough.
These developments in MIE technology present greater
options for clinicians providing bedside airway clearance
therapy in patients with weak or ineffective cough.
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