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BACKGROUND: The CoughAssist is a mechanical insufflator-exsufflator designed to assist airway
secretion clearance in patients with ineffective cough. The device may benefit intubated and tra-
cheotomized patients. We assessed the impact of various artificial airways on peak expiratory flow
(PEF) with the CoughAssist. METHODS: We measured PEF and pressure at the airway opening
in a lung model during insufflation-exsufflation with the CoughAssist, at 3 set pressures: 30/-30,
40/-40, and 50/-50 cm H,O0, first without (control), and then with different sizes (6.5 to 8.5 mm
inner diameter) of endotracheal tube (ETT) and tracheostomy tube (6, 7, and 8 mm inner diameter),
compliance settings of 30 and 60 mL/cm H,O, and resistance settings of 0 and 5 cm H,0O/L/s). We
analyzed the relationship between PEF and pressure with linear regression. RESULTS: With
compliance of 30 mL/cm H,O and 0 resistance the slope of the control relationship between PEF
and pressure was statistically significantly greater than during any conditions with ETT or tra-
cheostomy tube. Therefore, in comparison to the control, the relationship of PEF to pressure
significantly went in the direction from top to bottom as the ETT or tracheostomy tube became
narrower. The findings were the same with compliance of 30 mL/cm H,O and resistance of 5 cm H,O/
L/s. With compliance of 60 mL/cm H,O the highest set pressure values were not achieved and some
relationships departed from linearity. The control slope of the relationship between PEF and
pressure with compliance of 60 mL/cm H,O and 0 resistance did not significantly differ with any
ETT or tracheostomy tube. CONCLUSIONS. The artificial airways significantly reduced PEF
during insufflation-exsufflation with CoughAssist; the narrower the inner diameter of the artificial
airway, the lower the PEF for a given expiratory pressure. Key words: insufflator-exsufflator; airway
secretion clearance; cough; mechanical ventilation; intubation; tracheostomy; airways; peak expiratory
flow; PEF; endotracheal tube. [Respir Care 2011;56(8):1108—-1114. © 2011 Daedalus Enterprises]

Introduction

Cough efficacy is a main determinant of successful extu-
bation, morbidity, and mortality in intensive care unit pa-
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tients.! Expiratory flow is an important determinant of airway
secretion clearance. Cough can be impaired in patients with
neuromuscular weakness, the main cause of which is critical
illness neuromyopathy.2 Therefore, methods to improve cough
efficacy are important because they facilitate weaning from

SEE THE RELATED EDITORIAL ON PAGE 1217

mechanical ventilation and improve patient outcomes.
Cough augmentation techniques require closure of the glot-
tis prior to the cough, and invasive tubes do not allow
glottal closure. However, high expiratory flow is still a
determinant of passive mucus expulsion in the presence of
tracheal tubes.
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Mechanical insufflation-exsufflation improves airway
secretion clearance in patients with neuromuscular disease
receiving noninvasive ventilation,3¢ and insufflation-ex-
sufflation increases peak cough flow more than other cough
enhancement methods.”

In intensive care unit patients receiving invasive me-
chanical ventilation, the endotracheal tube (ETT) or tra-
cheostomy tube hinders insufflation-exsufflation by sub-
stantially increasing resistance to air flow. The narrower
the inner diameter of the ETT or tracheostomy tube, the
greater the flow resistance.

To our knowledge, there have been no studies on the
impact of ETT or tracheostomy tube on insufflation-ex-
sufflation. In a bench study we investigated the effect of
various sizes of ETT and tracheostomy tube on the peak
expiratory flow (PEF) during insufflation-exsufflation. We
hypothesized that insufflation-exsufflation PEF would be
impaired by artificial airways and that the extent of the
impairment would depend on the size of the ETT or tra-
cheostomy tube.

Methods
Equipment

The setup included a new CoughAssist (Respironics
France, Carquefou, France) that was fully checked by the
manufacturer prior to the present investigation; a 2-com-
partment test lung (Training and Test Lung, Michigan In-
struments, Grand Rapids, Michigan) with adjustable com-
pliance and parabolic resistors that mimic airway resistance;
a pneumotachograph (Fleish 4, Fleish, Lausanne, Switzer-
land) and its data-acquisition system, a straight connector
(VBM Medizintechnik, Sulz, Germany) to measure pres-
sure at the airway opening (P,.); new ETTs (Hi-Lo,
Mallinckrodt, Athlone, Ireland) (inner diameters of 6.5,
7.0, 7.5, 8.0, and 8.5 mm); and new tracheostomy tubes
(Mallinckrodt, Athlone, Ireland) (inner diameters of 6.0,
7.0, 8.0 mm). The pneumotachograph’s measurements were
linear in the flow range —10 to 10 L/s. The P, port was
connected to piezoresistive transducers (BD Gabarith, Vogt
Medical Vertrieb, Karlsruhe, Germany). The signal was
amplified, sent to an analog/digital converter (MP150,
Biopac Systems, Goleta, California), and recorded at 200 Hz
(Acgknowledge, Biopac Systems, Goleta, California).

Protocol

The experiments were performed in our pulmonary func-
tion test laboratory, at room temperature and in room air.
Before the experiments the piezoresistive transducers were
calibrated with a rotameter flow meter (Martin Médical,
Lyon, France) for flow, and with a manometer (Compan-
ion, Puritan Bennett, Indianapolis, Indiana) for P,.
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We tested 4 sets of lung mechanics conditions, in a
random order, with each ETT or tracheostomy tube: com-
pliance settings of 30 mL/cm H,O (C30) and 60 mL/
cm H,O (C60), and resistance settings of 0 (R0O) and
5 cm H,O/L/s (RS). For the RO condition the resister was
not attached to the setup. For each set of conditions we
recorded a control condition in which the pneumotacho-
graph and P, port were directly attached to the test lung
and no ETT or tracheostomy tube or resister was inserted
into the test lung.

Insufflation and exsufflation were triggered automati-
cally at the highest inspiratory flow, with an inspiratory/
expiratory ratio of 3/1, and a 1-second pause between
expiration and inspiration. We tested inspiratory/expira-
tory pressures of 30/-30, 40/-40, and 50/-50 cm H,0, in
that order, for each condition.

We performed at least 5 insufflations and exsufflations
in each condition (Fig. 1). Once recording was stable, we
recorded the last 5 respiratory cycles for the analysis. The
change in lung volume was calculated with the numerical
integration of the flow signal.

Data Analysis

The experiments involved 108 combinations (4 mechan-
ical conditions X 9 control and artificial airways X 3 set
pressures). With 5 repetitions of each condition there were
540 measurements. The combinations were entirely inde-
pendent of each other. We decided to analyze each of the
4 conditions separately. The main outcome measure was
PEF. We assumed that the measured expiratory maximum
P,, might differ from the corresponding set pressure, so
our analysis focused on the linear relationship between
PEF and expiratory maximum P, . The primary outcome
was the slope, and the secondary outcome was the inter-
cept of the relationship between PEF (on the Y axis) and
maximum P, (on the X axis). Basically, PEF should in-
crease with increasing P,.. Since the P,, values on the
X axis are negative, any increase in PEF with more neg-
ative values of P,, will result in a negative slope for a
given artificial airway. The intercept is the value of PEF
extrapolated back to a maximum P, of 0. The slope and
intercept were obtained with a linear model, which also
showed how PEF varied with maximum expiratory P,
under the fixed effect of an ETT or tracheostomy tube.

Each ETT or tracheostomy tube relationship was com-
pared to the control condition. A reduction in the slope
between the control and any given artificial airway means
a lower increase in PEF for the same amount of change in
P, with that artificial airway, which results in a less neg-
ative slope. This finding is expected with any increase in
resistance, as it occurs with the reduction in the inner
diameter of the artificial airway. The comparison of 2
regression lines is done as follows. If the 2 regression lines
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Fig. 1. Schematic graphs of regression lines fitted between peak
expiratory flow and maximum expiratory pressure at the airway
opening with the control setup and with an artificial airway. A: Par-
allel lines with equal slopes and unequal intercepts. B: Unequal
slopes and equal intercepts. C: Unequal slopes and unequal in-
tercepts.

(the control line and the artificial airway line) are parallel,
as in Fig. 1A, there is a reduction in both the slope and the
intercept with the artificial airway, as compared to control.
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Fig. 2. Regression analysis of the relationship of peak expiratory
flow to maximum expiratory pressure with set compliance of 30 mL/
cm H,O and 0 added resistance, with (A) 5 sizes of endotracheal
tube (ETT) and (B) 3 sizes of tracheostomy tube (Trach). We made
5 measurements in each condition.

That means that the control has a consistently higher PEF
than the artificial airway, but that the rate of change with
respect to P, is the same between them. If the 2 regression
lines have different slopes (the control line has a greater
slope) but a common intercept, as in Fig. 1B, that means
that the control and artificial airway start with the same
PEF but PEF changes with respect to P, at a higher rate
with the control than with the artificial airway. If the 2
regression lines have different slopes and different inter-
cepts, as in Fig. 1C, the 2 curves intersect, which means
that the relationships between PEF and P, are different
between the control and the artificial airway.

The slope and intercept values are expressed as mean
and 95% CI. The correlation coefficient (r) was used in the
regression analysis. The analysis was carried out with sta-
tistics software (R 2.9.0, R Foundation for Statistical Com-
puting, Vienna, Austria). P < .05 was set as the threshold
for statistical significance.

Results
The relationships between PEF and maximum P, were

linear with all the ETTs and tracheostomy tubes (Fig. 2).
The control slope was significantly greater (ie, more neg-
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Table 1. Intercept and Slope of the Relationships Between Peak
Expiratory Flow and Pressure at the Airway Opening With
Compliance Set at 30 mL/cm H,O and No Added
Resistance

Table 2.  Intercept and Slope of the Relationships Between Peak
Expiratory Flow and Pressure at the Airway Opening With
Compliance Set at 30 mL/cm H,O and Resistance Set at
5 cm H,O/L/s

Intercept (L/s) Slope (cm H,O/L/s)

Mean 95% CI Mean 95% CI

Intercept (L/s) Slope (cm H,O/L/s)

Mean 95% CI Mean 95% CI

Control 1.763

Endotracheal Tube
6.5 mm 0.924*
7.0 mm 1.149%*
7.5 mm 1.202%
8.0 mm 1.272%
8.5 mm 1.524*

Tracheostomy Tube
6.0 mm 1.153*
7.0 mm 1.455%
8.0 mm 1.582%

1.566 to 1.960  —-0.048 -0.053 to —0.043
0.629t0 1.219  -0.032*  -0.039 to —0.025
0.855to 1.442  -0.032*  -0.039 to —0.025
0.855t0 1.548  -0.036*  —0.044 to —0.028
0.957 to 1.587  -0.039*  -0.046 to —0.031
1.220to 1.828  -0.037*  -0.044 to —0.030

0.839to 1.467 -0.030* -0.038 to —0.023
1.150to 1.759  -0.035*%  -0.042 to —0.028
1.281t0 1.883  -0.041*  -0.048 to —0.034

* P < .001 vs control for all differences.

Control 1.596

Endotracheal Tube
6.5 mm 0.893*
7.0 mm 1.163*
7.5 mm 0.806*
8.0 mm 1.457*
8.5 mm 1.392%*

Tracheostomy Tube
6.0 mm 1.072*
7.0 mm 1.254%*
8.0 mm 1.420%

0.434t0 1.758  -0.037 -0.041 to —-0.033
0.679 to 1.107  -0.029*  -0.035 to —0.024
0.934t01.392 -0.027* -0.033 to —0.022
0.572t0 1.039  -0.039 —0.045 to —-0.033
1.243t0 1.670  -0.030*  -0.035 to —0.025
1.168 to 1.616  -0.032*  -0.037 to —0.026

0.844 t0 1.301  -0.029*  -0.034 to —0.023
1.035t0 1.473  -0.033*  -0.038 to —0.027
1.196 to 1.645 -0.035*  -0.040 to —0.030

* P < .001 vs control.

ative) than that of any ETT or tracheostomy tube (Ta-
ble 1). The same was true for the intercept. Thus, the ETT
or tracheostomy tube shifted the relationships of PEF to
maximum P, down, in comparison with control. Further-
more, the smaller the inner diameter of the artificial air-
way, the lower the PEF for a given maximum P, (see
Fig. 2).

The relationships between PEF and maximum P, were
linear for each ETT and tracheostomy tube (data not shown).
The control slope was statistically significantly greater (ie,
more negative) than the control except for the 7.5-mm
ETT (Table 2). The control intercept was significantly
greater than with every ETT or tracheostomy tube (see
Table 2). There were similar downwards shifts from the
control in the relationships between PEF and maximum
P,, with the narrowing of the ETT or tracheostomy tube
(data not shown).

The relationships between PEF and maximum P, were
non-linear with the 7.5-mm ETT (Fig. 3). The control
slope for the relationship between PEF and maximum P,
did not differ with any ETT or tracheostomy tube (Ta-
ble 3). The control intercept was significantly greater than
that with all except the 7.5-mm ETT (see Table 3).

The relationships between PEF and maximum P,, were
non-linear with the 8.0-mm ETT, the 8.5-mm ETT, and
the 7.0-mm tracheostomy tube (Fig. 4). The control slope
for the relationships between PEF and maximum P, was
significantly lower (ie, less negative) with the 7.5-mm
ETT and significantly higher (ie, more negative) with the
6.0-mm tracheostomy tube (Table 4). The control intercept
was significantly higher than with the 6.5-mm ETT, the
7.5-mm ETT, the 6-mm tracheostomy tube, or the 8-mm
tracheostomy tube (see Table 4).
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Fig. 3. Regression analysis of the relationship of peak expiratory
flow to maximum expiratory pressure with set compliance of 60 mL/
cm H,O and 0 added resistance, with (A) 5 sizes of endotracheal
tube (ETT) and (B) 3 sizes of tracheostomy tube (Trach). We made
5 measurements in each condition.

Discussion

PEF during insufflation-exsufflation with the CoughAs-
sist was reduced by the ETTs and tracheostomy tubes.
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Table 3.  Intercept and Slope of the Relationships Between Peak Table 4.  Intercept and Slope of the Relationships Between Peak
Expiratory Flow and Pressure at the Airway Opening With Expiratory Flow and Pressure at the Airway Opening With
Compliance Set at 60 mL/cm H,O and No Added Compliance Set at 60 mL/cm H,O and Resistance Set at
Resistance 5 cm H,O/L/s

Intercept (L/s) Slope (cm H,O/L/s) Intercept (L/s) Slope (cm H,O/L/s)
Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
Control 1.869 1.648t02.090  —0.055 -0.060 to —0.049 Control 1.512 1.349t0 1.676  -0.043  —0.047 to -0.039

Endotracheal Tube
6.5 mm 1.090*
7.0 mm 0.767*
7.5 mmf  —6.299
8.0 mm 1.131*
8.5 mm 1.024*

Tracheostomy Tube
6.0 mm 0.829*
7.0 mm 1.061*
8.0 mm 1.539*

0.775t0 1.404  -0.040 —0.050 to —0.030
0.351t0 1.184  -0.060 —0.075 to —-0.046
-9.876 t0o -2.723  -0.054 -0.078 to -0.030
0.330t0 1.931  -0.056 —0.068 to —0.044
0.576t0 1.472  -0.054 -0.068 to —0.040

0.403t0 1.255  -0.054 —0.075 to -0.034
0.348t0 1.774  -0.047 —0.054 to —0.039
1.236t0 1.841  -0.046 —0.054 to —0.039

* P < .001 vs control.
T Relationship not linear.

Endotracheal Tube
6.5 mm 1.119*
7.0 mm 0.951%*

0.903 to 1.335 -0.035 -0.042 to -0.028

0.697 to 1.205 -0.045 -0.053 to -0.036
7.5 mm 0.558%* 0.208 to 0.907 -0.067* —0.078 to —0.055
8.0 mmf -0.736  -1.310t0o-0.162 -0.111 -0.131 to -0.092
8.5 mmf -65.320 -78.850t0-51.789 -2.200 -2.637to-1.762

Tracheostomy Tube
6.0 mm 1.146%*
7.0 mmf -1.151
8.0 mm 1.405%*

0.905to 1.387  —0.037* —0.044 to -0.029
-1.869 t0 -0.434 -0.125 -0.148 to -0.101
0.859t01.952  -0.044 —-0.059 to —0.028

* P < .001 vs control.
T Relationship not linear.
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Fig. 4. Regression analysis of the relationship of peak expiratory
flow to maximum expiratory pressure with set compliance of 30 mL/
cm H,O and set resistance of 5 cm H,0/L/s, with (A) 5 sizes of
endotracheal tube (ETT) and (B) 3 sizes of tracheostomy tube
(Trach). We made 5 measurements in each condition.

Although this result is expected, as acknowledged in the
manufacturer’s specifications, this is the first systematic
in vitro assessment of the performance of the CoughAssist
in the presence of artificial airways.
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Effects of Artificial Airways on Peak Flow During
Exsufflation

It has been recognized for some time that artificial air-
ways increase airway resistance,® so greater pressure is
required to generate a given air flow. Therefore, breathing
spontaneously through an artificial airway induces a spe-
cific work of breathing.'® The normal cough function is
expected to be impaired by an artificial airway, by increas-
ing the airway resistance and thus reducing the expiratory
flow, and by preventing glottis closure and thus reducing
the cough pressure. In 8 healthy volunteers intubated with
a 8.0-mm ETT, in whom maximum voluntary coughing
was initiated after inspiration to total lung capacity, the
maximum cough pressure and total volume expelled were
similar to the control values, but the flow was significantly
lower than control.!! Thus, tracheal intubation does not
impair pressure, despite preventing glottic closure. The
effect of the CoughAssist was not assessed in those sub-
jects. Inintubated patients a spontaneous cough PEF thresh-
old value of 1 L/s was consistently found to predict extu-
bation failure.!-'?> Again, the effect of CoughAssist was not
assessed in those patients. In tracheally intubated and me-
chanically ventilated patients with neuromuscular diseases,
much higher assisted PEF threshold values predicted ex-
tubation failure,!? as discussed below. Before assessing
in vivo the performance of the CoughAssist in intubated
patients, and given the lack of systematic data in this field,
we decided to carry out this bench study to investigate the
effects of artificial airways on PEF generated by this de-
vice at different lung compliance and resistance.

RESPIRATORY CARE ® AucusT 2011 VoL 56 No 8



PERFORMANCE OF THE COUGHASSIST INSUFFLATION-EXSUFFLATION DEVICE

Table 5.  Expected Expiratory Pressure* to Reach Assisted Peak Expiratory Flow of 2.7 L/s Computed With the Constants in Tables 1 Through 4

Compliance 30 mL/cm H,O
Resistance 0 cm H,O/L/s

Compliance 30 mL/cm H,O
Resistance 5 cm H,O/L/s

Compliance 60 mL/cm H,O
Resistance 0 cm H,O/L/s

Compliance 60 mL/cm H,O
Resistance 5 cm H,O/L/s

Control 20 (17-22) 30 (28-56)
Endotracheal Tube
6.5 mm 55 (52-60) 61 (58-66)
7.0 mm 48 (47-50) 57 (54-61)
7.5 mm 42 (42-42) 49 (48-50)
8.0 mm 37 (36-38) 41 (41-41)
8.5 mm 32 (29-34) 41 (41-42)
Tracheostomy Tube
6.0 mm 51(49-54) 57 (54-60)
7.0 mm 35(34-37) 44 (44-45)
8.0 mm 27 (24-29) 37 (36-37)

* Values are mean and 95% CI cm H,O.
7 Not applicable: not computed because of deviation from linearity.

15 (12-17) 28 (27-29)
40 (38-44) 46 (43-49)
32 (31-33) 39 (38-41)
NAT 32(32-33)
28 (17-35) NA+
31 (31-31) NAT
34 (31-43) 42 (40-45)
35 (24-44) NAT
25 (22-27) 30 (27-31)

Comparison of Present Results to Other Bench
Studies

An increase in resistance is expected to decrease the
PEF produced by an insufflation-exsufflation device. In
vitro, Sancho et al'# found that the PEF generated by
CoughAssist averaged 3.51, 2.52, and 2.24 L/s with resis-
tances of 6, 11, and 17 cm H,O/L/s, respectively, at a set
expiratory pressure of —40 cm H,O and a set compliance
of 25 mL/cm H,O, which would correspond to a 36% PEF
reduction between resistances of 6 and 17 cm H,O/L/s.
This PEF reduction was close to that obtained between the
6.5-mm ETT and the control with our C30/RS5 condition at
—40 cm H,O (see Table 1). By computing the averaged
linear relationship of PEF and P, for the C25/R6 condi-
tion from the data in Table 2 of the Sancho et al study,'4
the slope found is —0.038 cm H,O/L/s and the intercept is
1.866 L/s. Interestingly, these values, and in particular the
slope, were very close to those found for the control con-
dition in the present experiment (data not shown). How-
ever, when the process is repeated for C25/R11, the slope
is steeper (—0.0497 cm H,O/L/s) and the intercept is
0.379 L/s, whereas for C25/R17 the slope is 0.022 cm H,O/
L/s and the intercept is 1.303 L/s, which corresponds to
our finding with the 6.5-mm ETT. Even though these com-
putations are approximations, they indicate that the present
data are consistent with previous measurements with a
lung model with the same device.

Clinical Implications
A specific weaning protocol that includes predetermined
criteria for the extubation of neuromuscular patients was

recently reported.!3 It notably included assisted cough peak
flow of = 160 L/min (ie, = 2.66 L/s) as an extubation
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criterion. Furthermore, the protocol included post-extuba-
tion noninvasive ventilation in volume-cycled mode and
aggressive machine-assisted coughing.!? The protocol was
applied to 157 consecutive “unweanable” neuromuscular
patients. The first-attempt protocol extubation success rate
was 95%. Moreover, extubation was successful in all 98
attempts in patients whose assisted cough peak flow was
= 2.66 L/s while still intubated. This result is in line with
a previous report that suggested that this threshold for
assisted cough peak flow may be useful in predicting suc-
cessful extubation in neuromuscular patients.!> Therefore,
the insufflation-exsufflation device should aim to achieve
cough peak flow above 2.66 L/s. In a previous in vitro
experiment in which any additional artificial airways were
inserted into the lung model, this threshold was reached
whenever the set inspiratory/expiratory pressures were
= —30/30 cm H,O with compliance of 50 mL/cm H,O
and resistance of 6 cm H,O/L/s.'¢ Table 5 shows the set
expiratory pressure to generate an assisted PEF of 2.66 L/s
under the various conditions, based on the linear regres-
sion parameters in Tables 1 through 4 of the present study.
As expected, greater pressure is required as the inner di-
ameter of the artificial airway or lung compliance decreases.
Table 5 suggests that pressures of 40/—40 or even 50/—
50 cm H,O should be used in patients receiving invasive
mechanical ventilation, though this requires in vivo con-
firmation.

Limitations

The main limitation of the present study is that it was
in vitro, so the results cannot be extrapolated to the in vivo
condition. It is well known that the flow resistance of
artificial airways in vitro largely underestimates that
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in vivo,!” for several reasons, including kinking and accu-
mulated secretions. Given that the present results show
that artificial airways significantly decrease CoughAssist’s
performance, and given that the resistance imposed by an
artificial airway is underestimated in vitro, the performance
of CoughAssist in patients receiving invasive mechanical
ventilation should be investigated.

We stress that, although CoughAssist is used in intu-
bated and tracheotomized patients, clinicians must take
care to avoid accumulation of expelled secretions in the
ventilator circuit and inside or at the distal end of the
artificial airway. Suctioning should always be part of the
treatment with CoughAssist.

Conclusions

Artificial airways significantly reduced PEF with the
CoughAssist. To achieve the desired PEF in patients with
artificial airways, the set pressure should be increased.
This result may have clinical implications in intensive care
medicine.
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