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BACKGROUND: Endotracheal suctioning is mandatory to prevent complications caused by the re-
tention of tracheal secretions. Endotracheal suctioning is often performed late, when patients show signs
of respiratory and hemodynamic alterations. We conceived a prototype device that, when synchronized
with the ventilator, automatically removes secretions collected below the endotracheal tube (ETT) cuff,
thus avoiding endotracheal suctioning. The aim of our investigation was to assess the performance of this
novel prototype in vitro. METHODS: Three studies were performed to examine the characteristics of
the prototype. We tested device’s ability to generate an effective artificial cough flow (artificial cough
maneuver) > 1 L/s by rapidly deflating the ETT cuff within the time of a sustained inflation (at 30 and
at 40 cm H,0) (cough flow study). We also tested the prototype’s ability to remove the fluid positioned
below the ETT cuff using saline dye (fluid removal study), and to prevent the aspiration of saline dye
from above the ETT cuff during the deflation phase of the ETT cuff (aspiration study). The trachea
model was positioned at 45° in the aspiration study, and horizontally in the other two studies. RESULTS:
In the cough flow study, the prototype provided an effective artificial cough maneuver, with a mean *
SD of 1.78 = 0.19 L/s (range, 1.42-2.14 L/s). The tracheal pressure after ETT cuff deflation never
decreased below the PEEP level. In the fluid removal study, the prototype cleared the fluid from below
the ETT cuff and the experimental trachea. No fluid was aspirated from the area above the ETT cuff
toward the lower airways. CONCLUSIONS: We conceived an system capable of automatically expelling
fluid from below the ETT cuff outside an experimental trachea by generating an artificial cough
maneuver. This system may decrease the use of endotracheal suctioning and its complications. Future
in vivo studies are needed to confirm this first in vitro evaluation. Key words: cough; ventilator-associated
pneumonia; mechanical ventilation; intubation; in vitro. [Respir Care 2019;64(4):372-383. © 2019 Daedalus
Enterprises]

Introduction

Healthy human lungs are extremely resistant to envi-
ronmental harms, despite continuous exposure to patho-
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gens, particles, and toxic chemicals in the atmosphere.
Humidification and filtration of the upper airways, muco-
ciliary clearance, and cough reflex protect lower airways
and guarantee resistance to potential exogenous insults.!
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In healthy humans, mucus is continuously removed from
distal to proximal airways by mucociliary clearance. Mu-
cus is first driven cephalad from the trachea, and it then
passes through the vocal cords and is swallowed. Endo-
tracheal intubation and mechanical ventilation consider-
ably impair airway defenses, increasing the risk of bacte-
rial colonization and ventilator-associated pneumonia.?3
The endotracheal tube (ETT) cuff, which allows positive-
pressure ventilation and prevents aspiration, compromises
mucociliary clearance by mechanically preventing the flow
of mucus toward the oropharynx.*> Therefore, secretions
accumulated in the trachea must be removed by endotra-
cheal suctioning. This is essential to prevent airway ob-
struction, which may lead to increased work of breathing,
deterioration of gas exchange, pulmonary infections, and
hemodynamic instability. However, premature endotra-
cheal suctioning is associated with patient distress and
pain, as well as severe respiratory and hemodynamic com-
plications.®

SEE THE RELATED EDITORIAL ON PAGE 487

We conceived a prototype system that, when synchro-
nized with a mechanical ventilator, removes secretions
collected below the ETT cuff of intubated patients, thus
avoiding the need for endotracheal suctioning. The proto-
type produces an artificial cough maneuver by briefly de-
flating and re-inflating the ETT cuff during the time of a
sustained inflation delivered by the mechanical ventilator.
During the ETT cuff deflation, the gas coming from the
inflated artificial lungs and from the ventilator rapidly flows
out of the artificial trachea around the deflated cuff, ex-
ploiting the difference of pressure between the airways
and the atmosphere. This air flow allows expulsion of the
secretions accumulated near the ETT tip around the ETT
cuff. The aim of this study was to evaluate the efficacy of
this new prototype in vitro.

Methods
Prototype Device

We designed and developed a prototype system (Fig. 1)
capable of timely and quickly deflating and re-inflating the
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Current knowledge

Intubated patients require endotracheal suctioning to
remove secretions from the trachea, which can eventu-
ally lead to ventilator-associated pneumonia. Endotra-
cheal suctioning is a procedure with several complica-
tions, and it is often performed late due to the absence
of early indicators. Thus, patients are also exposed to
complications due to secretion retention.

What this paper contributes to our knowledge

We conceived a prototype to automatically remove se-
cretions from below the endotracheal tube cuff and the
trachea by rapidly deflating the cuff within the time of a
sustained inflation (artificial cough maneuver). The artifi-
cial cough maneuver produces an effective expiratory flow
that cleared tracheal secretions and prevented aspiration.
Our invention might prevent the need for endotracheal
suctioning and its complications in patients who are intu-
bated and mechanically ventilated.

cuff of an ETT within the duration of a sustained inspira-
tion delivered by a mechanical ventilator. The prototype
consisted of an Arduino board with a pressure sensor con-
nected to the Y-piece of a breathing circuit and a mechan-
ical device able to quickly move the plunger of a 20-mL
syringe connected to the cuff lumen of an ETT.

When the pressure in the breathing circuit reaches a
threshold value (eg, 29 cm H,O or 39 cm H,0) during the
sustained inflation (30 and 40 cm H,O, respectively), a
pressure sensor activates a predetermined first-hold phase
(delay time). At the end of the delay time, a second pre-
determined hold phase (deflation time) is activated. Upon
activation of the deflation time, the device immediately
pulls back the plunger of the syringe to completely deflate
the ETT cuff. During the ETT cuff deflation, the gas flow
exits the trachea around the deflated cuff and is defined as
artificial cough flow. At the end of the deflation time, the
plunger is fully pushed back into the syringe within the
time of a sustained inflation maneuver (eg, 4 s).

Study Design

We performed three different studies to evaluate three
major aspects of the prototype. First was the cough flow
study, which evaluated the device’s efficacy in generating
an artificial cough flow > 1 L/s, a value deemed effective
to mobilize even the thickest secretions.” The pressure of
the ETT cuff was also recorded. We then performed the
fluid removal study, in which we evaluated the prototype’s
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Fig. 1. Design of the prototype and of the study setup. P = pressure.

ability to move all of the secretions and fluids positioned
close to the tip of the ETT (thus below the ETT cuff) to
above the ETT cuff. We then performed an aspiration
study evaluate the device’s efficacy in preventing aspira-
tion of secretions accumulated above the ETT cuff during
the deflation phase of the ETT cuff.

Cough Flow Study

An ETT (Mallinckrodt Hi-Lo; internal diameter 7.5 mm,
polyvinyl chloride cuff; Mallinckrodt, Staines-upon-
Thames, United Kingdom) was inserted into a horizontal,
transparent, rigid cylinder (25 cm long, 20 mm internal
diameter) used as a model of the human trachea. The ETT
was connected to the breathing circuit of a mechanical
ventilator (Hamilton-S1, Hamilton Medical AG, Bonaduz,
Switzerland). Between the ETT and the Y-piece of the
breathing circuit, we positioned a pneumotachograph to
measure ventilator flow and an airway pressure (P,,,) mea-
suring port. The distal portion of the model trachea was
connected through 2 side connectors to a second pneumot-
achograph to measure artificial respiratory system flow
and to a mechanical lung simulator (Dual Adult Test Lung
Simulator, Michigan Instruments, Grand Rapids, Michi-
gan) (Fig. 1). The first side door allowed measurement
of the pressure in the trachea (tracheal pressure, P,.,.,) and
the second door allowed insertion of a pressure line into
the trachea in a sealed manner. This pressure line was
connected a 20G needle previously inserted through the
ETT tip up to the ETT cuff to allow direct measurement of
the pressure inside the ETT cuff (cuff pressure, P ). The
ETT cuff seal was tested for each modified ETT. A silicon
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ring (3 cm long, 18 mm external diameter) was inserted
into the proximal side of the model trachea and wrapped
around the ETT to create a resistance to gas flow of ap-
proximately 4 cm H,O/L/s measured at 1 L/s of gas flow.
The cuff lumen of the ETT cuff was connected through a
3-way stopcock to a pressure transducer (balloon pressure,
P, and to the 20-mL syringe of the prototype. At the
start of each experiment, P,,;; measured at the end of ex-
piration was checked using a manual manometer and main-
tained at a pressure of 30 = 1 cm H,O.

The ventilator was set as follows: pressure controlled
ventilation with PEEP = 5 cm H,O, respiratory
rate = 7 respiratory cycles/min, and an inspiratory time
of 4 s. Two sustained inflation pressures were studied:
30 cm H,O and 40 cm H,O (inspiratory pressure of
25 and 35 cm H,O + PEEP 5 cm H,0, respectively). Four
delay times were tested: 400, 800, 1,200, and 1,600 ms.
Two deflation times were tested: 400 and 800 ms.

Three different lung simulator setups were tested: a nor-
mal pattern entailed compliance of 50 mL/cm H,O and an
airway resistance of 5 cm H,O/L/s; a high-resistance pat-
tern entailed compliance of 50 mL/cm H,O and airway
resistance 20 cm H,O/L/s; and a low-compliance pattern
entailed compliance of 30 mL/cm H,O and airway resis-
tance 5 cm H,O/L/s.

Pressure and flow waveforms of 5 consecutive respira-
tory cycles for each combination of variables (2 inspira-
tory pressures, 4 delay times, 2 deflation times, and 3 lung
simulator setups) were recorded with LabChart Pro v.8.1.5
(AD Instruments, Sydney, Australia). The 3 central respi-
ratory cycles were considered for statistical analysis. We
also recorded pressure and flow waveforms of 5 consec-
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utive respiratory cycles (2 inspiratory pressures and 3 lung
simulator setups), during which the prototype was not ac-
tivated (control breaths). Artificial cough flow was calcu-
lated as the sum of ventilator flow and lung simulator
expiratory flow. Volumes were calculated as the integral
of the flow waveforms.

Fluid Removal Study

The setup used for the cough flow study was used with-
out the P_,, measurement. Two mL saline solution mixed
with methylene blue were placed at the tip level of the
ETT. Three artificial cough maneuvers were performed for
each combination of variables (ie, 2 inspiratory pressures,
4 delay times, 2 deflation times, and 3 lung simulator
setups). At the end of each cough maneuver, the model
trachea was evaluated for the presence of saline dye below
the ETT cuff. The model trachea was then cleaned before
the start of a new artificial cough maneuver. We further
evaluated the efficacy of the artificial cough maneuver in
removing a known synthetic solution (0.5 mL) with stan-
dardized viscoelastic properties similar to human mucus,’
which was placed just below the ETT cuff. The synthetic
secretions were mixed with methylene blue and the con-
trast medium iobitridol (Xenetix 350, Guerbet, Villepinte,
France) in a ratio 20:1 and 4:1, respectively. We used the
most efficient setup (delay time = 1,600 ms, deflation
time = 800 ms, and P,,, = 40 cm H,0), which produced
the highest artificial cough flow and volume as shown in
the cough flow study. We performed 5 artificial cough
maneuvers for each of the 3 studied patterns of lung sim-
ulator setups (normal, high resistance, and low compli-
ance). We used computed tomography to scan the model
trachea and the ETT before and after the 5 artificial cough
maneuvers for each respiratory pattern. We then quantified
and compared the percentage of removal of the artificial
secretions versus baseline using dedicated software
(Maluna v.3.17, University of Mannheim, Gottingen, Ger-
many). Furthermore, we tested our prototype in a swine
model of cerebral death. The animal was ventilated in
prone position and placed on a horizontal plane. We in-
sufflated 5 radiopaque tantalum disks into the lower tra-
chea below the ETT cuff and studied their transit along the
airways through radiographic tracking as previously re-
ported.* To test our prototype in the pilot animal experi-
ment, we performed a single artificial cough maneuver at
P,, = 40 cm H,O, with a delay of 1,600 ms and a defla-
tion time of 800 ms. The pilot animal had healthy lungs.
Approval to perform the pilot animal test was waived due
to the use of a model of cerebral death.

Aspiration Study

The same setup used for the cough flow study was used,
with several exceptions: an ETT with a polyurethane cuff
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(internal diameter 7.5 mm; Halyard Health, Alpharetta,
Georgia) was tested, the model trachea was positioned at
45°, and 2 mL saline dye were positioned above the ETT
cuff (and not below the ETT cuff, as in the fluid removal
study). Three artificial cough maneuvers were performed
for each combination of variables (ie, 2 inspiratory pres-
sures, 4 delay times, 2 deflation times, 3 lung simulator
setups). The artificial trachea was evaluated for the pres-
ence of saline dye either below or above the ETT cuff,
during and at the end of each cough maneuver. The model
trachea was then cleaned before the start of a new artificial
cough maneuver.

Statistical Analysis

Continuous variables were described as mean = SD and
range. Multivariate ordinary least squares analysis was
used to examine the effect of the change of independent
variables (ie, delay time, deflation time, inspiratory pres-
sure, and lung simulator setups) on the change of the ar-
tificial cough flow and volume, which were dependent
variables. A post hoc analysis with the Tukey’s range test
was used to test the difference of artificial cough flow and
volume over the different delay times (400, 800, 1,200,
and 1,600 ms) and the lung simulator setups (healthy, low
compliance, and high resistance). A post hoc analysis with
the unpaired Student ¢ test was used to assess the differ-
ences in artificial cough flow and volume over different
deflation times (400 and 800 ms) and inspiratory pressures
(30 and 40 cm H,0). The correlation among the artificial
cough flow and the tracheal pressure measured immedi-
ately before the cuff deflation was tested using Pearson’s
correlation coefficient (r). Fluid volume change of the ar-
tificial secretions at the computed tomography assessment
after artificial cough maneuvers versus baseline in the 3 re-
spiratory patterns was tested using a l1-way analysis of
variance for independent measures. Statistical significance
was set at P < .05 (2-tailed). Statistical analyses were
performed using Microsoft Excel for Mac 2017, version
15.32 (Redmond, Washington), and JMP Pro 12 (SAS,
Cary, North Carolina).

Results
Cough Flow Study

Artificial Cough Flow. Figure 2 shows an exemplary
image of pressure and flow recorded waveforms with the
prototype on (Fig. 2A, 2B) and off (Fig. 2C, 2D). The
artificial cough flow was > 1 L/s throughout the entire
in vitro experiment. The overall artificial cough flow was
1.78 = 0.19 L/s (range, 1.42-2.14 L/s). All of the inde-
pendent analyzed variables significantly affected the arti-
ficial cough flow.

375



ARTIFICIAL COUGH TO REMOVE SECRETIONS BELOW THE ETT

60
5
n® 401 L
g 204
o -
g 07
o
v 20 A B
(@)
' -40 L
IS
S -60
o
> -804 — Pa
2 —— Puer |
L _100 - — Pus
o “— Phatoon
-120 T T T T T T
0 1 2 3 4 5 6 7
Time (s)
60
C
40
20 i% ‘ E
Q
T 0F
g
S -404
7]
173
Q60+
o
-80 — P
— P
-100 + — Pus
" Phaicon
-120 T T T T T T T
0 1 2 3 4 5 6 7
Time (s)

400

300

200

100

~-100

-200

-300

B — Flow lung simulator
—— Flow cough
1.5 1 — Flow vent
i
o
1
o 3
T =
E 3
~ o
2
=
0
N
10}
f
o
-1.5 T T T T T T
0 1 2 3 4 5 6 7
Time (s)
2
D — Flow lung simulator
—— Flow cough
1.5 1 — Flow vent
1 4
w
g 0.5
2
o 0
TR
-0.5 4
-1 4
-1.5 T T T T T T
0 1 2 3 4 5 6 7
Time (s)

Fig. 2. Pressure and flow waveforms of a respiratory cycle with the prototype on (A, B) and with the prototype off (C, D). The setup used
to record the waveforms was a high resistance pattern; delay time = 800 ms; deflation time = 800 ms; P,,, = 40 cm H,0. Lung simulator,
cough, and ventilator flows ae depicted in B and D. P,,, = airway pressure; P,,.., = tracheal pressure; P = cuff pressure; P, = balloon

pressure.

The artificial cough flow was 1.66 £ 0.12 L/s at P,
30 cm H,O and significantly increased up to 1.90 = 0.18 L/s
at P, 40 cm H,O (P < .001). The artificial cough flow
was 1.63 = 0.16 L/s with 400 ms of delay time, and this
increased significantly to 1.77 = 0.17, 1.84 = 0.17, and
1.89 = 0.17 L/s with 800, 1,200, and 1,600 ms of delay
time, respectively (P < .001). The artificial cough flow
was 1.77 = 0.20 L/s with 400 ms of deflation time, and
this increased significantly to 1.80 = 0.18 L/s with 800 ms
of deflation time (P < .001).

The artificial cough flow was 1.66 * 0.14 L/s with the
high-resistance pattern and increased up to 1.78 = 0.18
and 1.91 = 0.16 L/s with the healthy pattern and the
low-compliance pattern, respectively (P < .001) (Fig. 3).
The component of the artificial cough flow due to the lung
simulator expiratory flow was 23.1 = 7.4% with the high-
resistance pattern and 33.8 £ 9.9% and 41.9 = 5.0% with
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the healthy pattern and the low-compliance pattern, re-
spectively (P < .001).

The cough flow was highly correlated to the Py,
measured immediately before the cuff deflation (r = 0.85,
P < .001) (Fig. 4). Such correlation was positive by
analyzing each of the 3 patterns separately: r = 0.95,
0.89, and 0.95 in healthy, low-compliance, and high-
resistance patterns, respectively. During the cuff defla-
tion, the P, ., decreased to an average minimum value
of 19.1 = 3.5 cm H,O (range, 12.9-27.2 cm H,0). The
minimum value of P, during cuff deflation (12.9 cm
H,0) was measured with a sustained inflation pressure
of 30 cm H,O0, delay time 400 ms, deflation time 800 ms,
and high-resistance pattern.

Artificial Cough Volume. The overall artificial cough
volume was 1.26 = 0.35 L (range, 0.70—-1.88 L). All of
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Fig. 4. Correlation of artificial cough flow and tracheal pressure measured immediately before the endotracheal tube cuff deflation during
the 3 lung simulator setups: normal pattern, 50 mL/cm H,O compliance and 5 cm H,O airway resistance, B: low compliance pattern, 30
mL/cm H,O compliance and 5 cm H,O airway resistance, and C: high resistance pattern, 50 mL/cm H,O compliance and 20 cm H,0O airway
resistance. Linear regression with equation of the best-fit line, R2, and 2-sided P value.

the independent variables significantly affected the ar- The artificial cough volume was 1.14 = 0.32 L with
tificial cough volume. The artificial cough volume was 400 ms of delay time, and this increased significantly
1.18 = 0.31 L at P,, 30 cm H,O0, and this increased to 1.25 = 0.35, 1.31 £ 0.35, and 1.36 = 0.35 L/s with
significantly to 1.35 = 0.37 at P, 40 cm H,O (P < .001). 800, 1,200, and 1,600 ms of delay time, respective-
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resistance. Key shows deflation times.

ly (P < .001). The artificial cough volume was
0.95 = 0.12 L with 400 ms of deflation time, and this
increased significantly to 1.58 = 0.16 with 800 ms of
deflation time (P < .001). The artificial cough volume
was 1.22 = 0.31 and 1.23 = 0.38 L with the high-
resistance and the healthy patterns, respectively, and
this increased significantly to 1.34 = 0.34 with the
low-compliance pattern (P < .001) (Fig. 5).

The P, at end expiration was 309 = 1.1 and
30.8 = 1.7 cm H,O with the prototype active and non-active,
respectively (P = .69). The P_. at end inspiration was
38.7 = 2.2 and 37.5 * 2.9 cm H,0 with the prototype active
and non-active, respectively (P < .001).

With the prototype active, the P, at end expiration and
end inspiration were 29.8 = 0.9 and 37.7 = 2.2 cm H,0,
respectively. During the cuff deflation, the minimum Py,
values were —228.2 = 8 cm H,O, while during cuff in-
flation the maximum P, values were 285.3 = 17.1 cm
H,0.

Fluid Removal Study

All of the artificial cough maneuvers completely re-
moved the saline dye from below the ETT cuff (Fig. 6,
Supplemental Video 1; see the supplementary materials at
http://www.rcjournal.com). After performing a series of
5 artificial cuff maneuvers, synthetic secretions below the
ETT cuff where effectively cleared from below the ETT
cuff (Fig. 7). The volume of synthetic secretions removed
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by 5 artificial cuff maneuvers was 80 = 5%, 70 = 10%,
and 63 = 5% in the low compliance, normal, and high
resistance patterns, respectively (P < .001). The fluid vol-
ume change was determined with computed tomography
assessment after artificial cough maneuvers vs baseline in
all 3 respiratory patterns. In the swine model, all of the
insufflated tantalum disks reached the ETT cuff within
7 min of performing the artificial cough maneuver. After
performing 1 artificial cough maneuver, all of the tantalum
disks were ejected from the lower trachea and were visible
above the ETT cuff. We could assess the gradual move-
ment of the tantalum disks from the lower airways across
the deflated ETT cuff up to the upper airways (Fig. 8,
Supplemental Video 2; see the supplementary materials at
http://www.rcjournal.com).

Aspiration Study

No leakage of saline dye or synthetic secretions was
observed during any of the tested artificial cough maneu-
vers (Fig. 9, Supplemental Video 3; see the supplementary
materials at http://www.rcjournal.com).

Discussion
We designed and tested in vitro a prototype system to
perform an automated artificial cough maneuver in a re-

spiratory system setup that simulated intubated and me-
chanically ventilated patients. This goal of this technology
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Fig. 6. Fluid-removal study with saline dye. (A) Setup preparation with placement of 2 mL saline dye with methylene blue below the inflated
ETT cuff. (B) Prototype on: at the end of the delay time, the ETT cuff was rapidly deflated. A tracheal gas flow was generated from the lower
airways outside the trachea, simultaneously dragging the saline dye. (C, D). The artificial cough flow effectively removes the tracheal fluid
during the deflation time. (E) The ETT cuff was then inflated again. (F) After the artificial cough maneuver, with the ETT cuff inflated, no saline

dye was present below the ETT cuff. ETT = endotracheal tube.

is to remove accumulated secretions below the ETT cuff
without manual endotracheal suctioning.

Our experimental in vitro investigation suggests that the
prototype was able to timely deflate and re-inflate the ETT
cuff within the time of a sustained inflation delivered by
the mechanical ventilator (ie, an artificial cough maneu-
ver); that the gas flowing around the deflated cuff toward
the glottis removed all of the saline dye below the ETT
cuff from the trachea during deflation of the ETT cuff
within the time of an artificial cough maneuver, and most
of the synthetic secretions after a series of 5 artificial
cough maneuvers; and that the prototype prevented aspi-
ration across the ETT cuff during the deflation time of the
artificial cough maneuver.

Our prototype, applied with a currently used ventilator,
was able to effectively provide adequate expiratory flow
within the time of a sustained inflation maneuver. This gas
flow, intended to mimic the expiratory flow generated
during the human cough reflex, was generated by the flow
coming from the ventilator plus the expiratory flow com-
ing from the lung simulator.
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Li Bassi et al® found that different inspiratory and ex-
piratory flows in intubated pigs could play a role in mucus
transport via 2-phase, gas-liquid flow mucus clearance.
They showed that an expiratory flow of 0.72 L/s coupled
with an inspiratory flow of 0.17 L/s, resulting in a net
difference of approximately 0.5 L/s, significantly improved
the mucus clearance. In an in vitro study, Volpe and col-
leagues’ showed that a flow of 0.5 L/s could move fluid
secretions, and a flow of 1 L/s was required to move
thicker secretions positioned in an in vitro model of an
experimental trachea. Therefore, because the expiratory
flow produced by our prototype ranged between 1.42—
2.14 L/s, our artificial cough maneuver may clear even the
thickest secretions accumulated below the ETT cuff.

In our experimental study, the simulation of different
patients with high resistance and low compliance showed
the lowest and the highest artificial cough flow, respec-
tively. As expected, the use of sustained inflation at a
higher pressure (40 cm H,O) delivered a higher cough
flow compared to the sustained inflation at a lower pres-
sure (30 cm H,0). We also observed that a prolonged
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Fig. 7. Fluid removal study with artificial secretions. (A) Setup preparation with placement of 0.5 mL synthetic solution with standardized
viscoelastic properties similar to human mucus. (B) Effect on fluid removal after the first, (C) second, (D) third, (E) fourth, (F) fifth, and last
artificial cough maneuver. (G) Axial section view of the secretions below the ETT cuff by the computer tomography evaluation at baseline

and (H) at the end of the series of 5 artificial cough maneuvers.

Fig. 8. Fluid removal study in a pig, which was the first in-vivo animal experiment. Fluoroscopic images were taken immediately after placing
6 tantalum disks below the ETT cuff (A) and 7 min after performing the artificial cough maneuver (C). (B, D) The ETT tube (blue line), ETT
cuff (light blue line), trachea (red line), and tantalum disks (yellow dots) were superimposed on panels A and B, respectively. ETT = en-

dotracheal tube.

delay time up to 1,600 ms is an effective strategy to guar-
antee a higher expiratory flow compared to shorter delay
times. This finding can be explained by the longer infla-
tion time of the lung simulator, which results in a higher
peak expiratory flow. On the other hand, the increase of
the deflation time did not lead to a clinically relevant
higher cough flow because, during the artificial cough
maneuver, the peak expiratory flow occurs within the first
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400 ms of the deflation time. Furthermore, our study showed
that the difference of the pressure in the ETT cuff was
clinically irrelevant when measured with the prototype on
and off, at the end of inspiration. This finding suggests that
no leakage of volume from the ETT cuff was present
during the artificial cough maneuver.

For more than than 20 years, a number of studies have
tried to address the urgent need to effectively remove se-
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Fig. 9. Aspiration study. (A) Setup preparation with placement of 2 mL saline dye with methylene blue above the inflated ETT cuff. (B)
Prototype on: at the end of the delay time, the ETT cuff was rapidly deflated. A tracheal gas flow was generated from the lower airways
outside the trachea, simultaneously dragging the saline dye. (C, D) No leakage was visible throughout the entire deflation time; the artificial
cough removed the tracheal fluid from below the ETT cuff outside the experimental trachea. (E) The ETT cuff was then inflated again. (F)
After the artificial cough maneuver, with the ETT cuff inflated, no saline dye was present either above or below the ETT cuff. ETT = en-

dotracheal tube.

cretions from the lower airways in mechanically ventilated
patients. Among various strategies, continuous subglottic
aspiration,” Mucus Shaver,'® and Mucus Slurper!! have
proven effective in removing secretions from the trachea
or from within the inner surface of the ETT. Despite this
progress, clinical practice has not changed substantially,
and suctioning of endotracheal secretions still remains the
standard of care.'? A sawtooth pattern on the flow-volume
loop and auscultation of respiratory crackles can help the
health care provider determine the need for endotracheal
suctioning. However, indications for endotracheal suction-
ing are based mostly on signs of clinical deterioration due
to secretion retention, such as hypoxemia, ineffective spon-
taneous cough, or acute respiratory distress.® As a result,
endotracheal suctioning is performed in mechanically ven-
tilated patients mainly after they have experience the po-
tentially severe consequences of ineffective mucus clear-
ance. This suggests that clinical indicators for secretion
removal are late signs. Furthermore, endotracheal suction-
ing is not without its complications. These include hypox-
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emia, bronchospasm, increased intracranial pressure, and
hemodynamic alterations.® Endotracheal suction has been
described as the most stressful experience at 6 months in
a post-ICU recollections study.!3

We previously showed the advantage of using an air-
way sounds analyzer (TBA Care) to detect the presence
of tracheal secretions in intubated and mechanically ven-
tilated patients.'* The integration of such a device with
our prototype could be useful in determining the right
timing and frequency of these artificial cough maneuvers.

Our prototype system performs artificial cough maneu-
vers that effectively removed synthetic secretions accumu-
lated in the model trachea below the ETT cuff. This pro-
totype appears to be clinically promising on the basis of
the confirmation of its in vitro effectiveness and the in vivo
experiment that analyzed the progression of the tantalum
disks across the ETT cuff. Its action is timely and might
allow automatic and frequent removal of secretions, thus
avoiding the need to rely on late clinical indicators to
determine the need for endotracheal suctioning. This tech-
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nology may substitute for the use of endotracheal suction-
ing and may prevent the hazards of endotracheal suction-
ing and secretion retention.

Endotracheal suctioning is a manual technique and can
lead to injuries of the bronchial epithelium. Different pre-
clinical!>!¢ and clinical studies!” have associated endotra-
cheal suctioning with necrosis and inflammation of the
tracheobronchial wall, loss of cilia, increased production
of mucus, transient bacteremia, and lower airway contam-
ination. Our findings suggest that an automatic system
able to produce an artificial cough maneuver could prevent
external sources of colonization and inflammation, such as
the use of suction catheters and their direct damage to the
bronchial epithelium. Moreover, the prompt and constant
removal of secretions from the trachea, achieved by mim-
icking normal mucociliary clearance of the bronchial ep-
ithelium, could prevent the back flow of secretions toward
the lungs, thus preventing ventilator-associated pneumo-
nia* and reducing the dispersion of cytokines.!8-20 Although
standard ETT cuffs are not designed for repeated inflations
and deflations, which is necessary in the artificial cough
maneuver, no damage was evident during the experiments.
Although this was not a safety study, we hypothesize that
the artificial cough maneuver should not lead to tracheal
injury for 2 reasons: during the decrease of tracheal pres-
sure, the capillary flow should increase, which might help
mucosal perfusion; and the prototype system has been con-
ceived to keep the maximum pressure within the cuff al-
ways equal to the pressure that would be reached during
normal breaths. However, the effects of repeated inflation
and deflation on the tracheal epithelium will have to be
addressed in future in vivo studies.

The idea of using lung hyperinflation to mobilize bron-
chial secretions dates back almost 50 years.?! At that time,
the technique was manual and did not involve the deflation
of the ETT cuff, and the expiratory flow was centered
within the inner diameter of the ETT and could only be
guaranteed by the passive elastic recoil of the respiratory
system (ie, the mechanically ventilated patient) or active
patient expiration (in spontaneous breathing) with the ad-
dition, in some cases, of manual chest compressions.??

Li et al.?? recently conceived a strategy of subglottic
secretion drainage above the ETT cuff to address the issue
of ventilator-associated pneumonia caused by the leakage
of colonized subglottic secretions across the ETT cuff to
the lower airways. The authors developed a manual tech-
nique that effectively removed subglottic secretions above
the ETT cuff and prevented aspiration by deflating the
ETT cuff and producing a high peak expiratory flow around
the ETT cuff by a resuscitation bag.??

Our prototype provides 2 further advancements com-
pared to the technique proposed by Li et al.,?* which was
aimed at removing subglottic secretions above the ETT
cuff. Primarily, our technology is automated. Thanks to
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pressure and time sensors, the prototype can be used as a
stand-alone device and synchronized with the respiratory
cycle, or it can be inserted into a commercially available
ventilator and be activated according to clinical indica-
tions determined by a physician or respiratory therapist.
This development may be cost-effective and may contrib-
ute to a significant reduction of the work load of both
respiratory therapists and nurses in the ICU. Second, our
prototype is aimed at reducing the secretions on both sides
of the ETT cuff. Specifically, our research assessed the
prototype’s performance in the removal of fluid below the
ETT cuff, proving its efficacy in the timely clearance of
secretions that neither continuous subglottic suctioning nor
endotracheal suctioning clear.

This experimental in vitro investigation has some lim-
itations that should be considered. First, the prototype sys-
tem did not work properly with an abnormal cuff-leak
test?* in the presence of significant edema of the tracheo-
bronchial mucosa. Second, the time of cuff deflation may
be a potential risk for patient extubation; for this reason,
careful preventive measures should be considered to avoid
the risk of ETT dislocation. Third, where there is a risk
that the patient may contaminate the health care provider,
a closed system of endotracheal suctioning should be con-
sidered.

Conclusions

We conceived a prototype system capable of effectively
removing secretions from below the ETT cuff by gener-
ating an artificial cough maneuver in an in vitro model and
in the first in vivo animal experiment. This system could
decrease the use of endotracheal suctioning and its com-
plications, and it may reduce clinician work load if proven
safe and effective in vivo. Future studies are needed to
assess the role of the artificial cough maneuver in humans
and to compare this new prototype with endotracheal suc-
tioning in terms of outcomes and cost-effectiveness.
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