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Abstract

Recently, we developed a novel endotracheal catheter with functional cuff (ECFC). Using such an ECFC and a regular ICU
ventilator, we were able to generate clinically relevant tidal volume in a lung model and adult human sized animal. This
ECEFC allows co-axial ventilation without using a jet ventilator. The aim of this study was to determine if ECFC also could
generate clinically relevant positive end expiratory pressure (PEEP). The experiment was conducted on a model lung and
artificial trachea. Lung model respiratory mechanics were set to simulate those of an adult human being. The tip of the distal
end of ECFC 14 or 19 Fr catheter was positioned in the artificial trachea 3 cm above the carina. The proximal end of ECFC
was connected to an ordinary ICU ventilator. With 14 Fr catheter at respiratory rate 10 bpm, PEEP 0, 2.9, 8.2, 12.9 cmH,0
was generated at preset PEEP 0, 5, 10, 15 cmH,O respectively and tidal volume was up to 393.4 ml. With 19 Fr catheter,
PEEP was 0, 2.8, 7.6, 12.3 cmH,0, at preset PEEP 0, 5, 10, 15 cmH,O respectively and the tidal volume was up to 667.3 ml.
With 14 Fr catheter at respiratory rate 20 bpm, PEEP was 0, 3.9, 9.6, 14.6 cmH,0 at preset PEEP 0, 5, 10, 15 cmH,O respec-
tively and tidal volume was up to 188.8 ml. With 19 Fr catheter, PEEP was 0, 3.6, 8.9, 13 cmH,0, at preset PEEP 0, 5, 10,
15 cmH,0 respectively and tidal volume was up to 345.3 ml. ECFC enables clinicians to generate not only adequate tidal
volume but also clinically relevant PEEP via co-axial ventilation using an ordinary ICU ventilator.
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Thus, AECs can be used to ventilate patients affording the
physician time to consider alternative airway management
approaches. This practice has minimized the occurrence of
complications associated with extubation, especially in at-
risk patients with airway obstruction, respiratory patholo-
gies or undergoing maxillofacial or neck surgery [8—10].
A prospective study of 354 patients with difficult airways
over a 9-year period confirmed the efficacy and relative
safety of AECs [10]. The complications, including hypoxia,
hypotension, bradycardia, esophageal intubation, and use
of accessory airway adjuncts were decreased when using
an AEC to reintubate [9, 11, 12]. In patients with difficult
airways whose tracheas were re-intubated with or without
an AEC, Mort demonstrated that the AEC provides signifi-
cant improvement in the first attempt success rate, the time
to complete re-intubation, a reduction in bradycardia and
severe hypoxia [10].

Despite these benefits, severe risks/complications associ-
ated with AECs still occur [13-16]. Barotrauma resulting
in pneumothorax has been a major concern when using jet
ventilation through AECs [8, 17, 20]. It has been reported
that barotrauma, cardiac arrest, pneumothorax and death are
all associated with jet ventilation via AEC [8, 14, 18, 19] and
there is a need for excessive airway driving pressure with
jet ventilation [21]. Therefore, minimizing airway pressure
and providing a long expiratory time has been proposed to
decrease the incidence of complicating pneumothorax [18,
21]. Furthermore, jet ventilation may not be readily available

A Inspiration

B Expiration

- A
o (R,

in some emergency cases [22, 23]. These disadvantages have
led to questions regarding the utility of jet ventilation via
an AEC.

Recently, we developed an endotracheal catheter with a
functional cuff (ECFC) by modifying an AEC and demon-
strated that ECFC can generate clinically relevant tidal vol-
umes using a regular ICU ventilator instead of a jet ventilator
in a lung model study [24] as well as in an adult human sized
animal [25]. The aim of the current study was to determine
if ECFC using an ICU ventilator produces clinically relevant
positive end expiratory pressure (PEEP).

2 Methods

2.1 Endotracheal catheter equipped
with a functional cuff (ECFC)

A Cook Airway Exchange Catheter (3.0 mm I[.D-14Fr or
3.6 mm-19Fr, Cook Critical Care, Bloomington, IN, USA)
was used to create an ECFC as described in our previous
study [21, 25]. Briefly, a 5 cm length, diameter 27 mm taper
PU cuff was added at the distal end of the airway exchange
catheter, creating an endotracheal catheter with a functional
cuff (Fig. 1). Two side ports (one on each side) covered by
PU cuff were enlarged to 10 mm X 2.5 mm for 19Fr cath-
eter and 10 mm X2 mm for 14Fr catheter. The total area
of the two orifices of the cuff is 50 mm? on 19Fr catheter
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Fig. 1 Picture and illustration of ECFC with PEEP. a ECFC with inflated cuff during inspiration. b ECFC with partly deflated cuff during expi-

ration

@ Springer



Journal of Clinical Monitoring and Computing (2019) 33:419-429

421

and 40 mm? on 14Fr catheter. A resistor was added at the
tip of the catheter in order to create a gradient between the
intra-cuff pressure and airway pressure distal to the tip of
ECFC. The inner diameter of the resistor is 2.1 mm for the
14Fr and 2.3 mm for the 19Fr catheter. A tracheal model
with an internal diameter of 22 mm was used in this study.
At full insufflation of the cuff, the diameter of the cuff is
27 mm, 5 mm greater than that of the lumen of the trachea.
The operation principle is described as follows: inspiratory
flow creates a pressure gradient across the cuff due to the
presence of the resistor and enables the cuff to be inflated
only during the inspiratory phase. Upon the beginning of
exhalation pressure in the ECFC drops to baseline (PEEP).
The recoil force of the respiratory system and pressure in
the cuff deflates the cuff and exhalation occurs not via the
lumen of ECFC but around it. Ventilation was provided with
an ordinary ICU ventilator using pressure control with peak
inspiratory pressure (PIP) 25, 50, and 70 cmH,O and preset
PEEP 0, 5, 10 and 15 cmH,0. The distal end of ECFC was
placed in the trachea 3 cm above the carina and the proximal
end attached to the ventilator.

2.2 Study procedure

A flow/pressure sensor (NICO Cardiopulmonary Manage-
ment System, Model 7300, Respironics Corp., Murrysville,
PA, USA) was placed on the tracheal model distal to the tip
of catheter. It was automatically calibrated during data col-
lection and data collecting was at a sampling rate of 100 Hz.
The ICU ventilation (Evita 4, Dréger, Liibeck, Germany)
was set in pressure-controlled mode with respiratory rate
of 10 or 20 breaths per minute; inspiratory to expiratory
(I:E) ratios of 1:2 and 1:1 at each ventilatory setting for 30 s.
Compliance of the lung model was 20 ml cmH,0~! (low),
resistance 5 cmH,0 17! s™! and 50 ml cmH,0! (normal),
resistance 2 cmH,0 17! 57!,

After measurements with 14 Fr ECFC were completed,
the 14 Fr ECFC was replaced with thel9 Fr ECFC and
measurements were repeated. At each ventilatory setting,
five breaths were collected. Repeated tests showed that a
steady state of PEEP was achieved after the first breath. The
last three breaths of 3rd, 4th, and 5th were used for calcula-
tion of PEEP and V. The mean value of the three breaths
was treated as a single data points and the measurement was
repeated three times on different days. The VT and PEEP
values obtained from the three experiments were used to
calculate the mean and standard deviation.

2.3 Statistical analysis
Data were presented as mean + standard deviation. A V

greater than 150 ml was considered an effective V. The
Independent-Sample T test was performed to identify the

significance of the difference in PEEP and V at variable
ventilatory settings. Differences were considered statistically
significant when p <0.01. Statistical analysis was done with
a statistical software package (PASW Statistic 18; SPSS;
Chicago, IL).

3 Results
3.1 PEEP achieved using ECFC

The mean PEEP levels generated with ECFC are presented
in Fig. 2 and Tables 1 and 2. At ventilation rate of 10 bpm,
mean PEEP with the 14 Fr ECFC were 0, 3.3, 8.8, and 13.6
cmH,O0 at preset PEEP 0, 5, 10, and 15 cmH,O with nor-
mal respiratory compliance (14FrNC) and 0, 2.5, 7.6, and
12.2 cmH,0 at the preset PEEP 0, 5, 10, and 15 cmH,0O with
low compliance (14FrLC) respectively. With the 19 Fr cath-
eter mean PEEP were 0, 3.0, 8.2, and 12.9 cmH,0 at pre-
set PEEP 0, 5, 10, and 15 cmH,0O with normal compliance
(19FrNC) and 0, 2.7, 7.1, and 11.7 cmH,O at preset PEEP
0, 5, 10, and 15 cmH,0O with low compliance (19FrLC)
respectively.

At respiratory rate of 20 bpm, PEEP were 0, 4.5, 10.1,
and 14.9 cmH,0 at preset PEEP 0, 5, 10, and 15 cmH,0
with 14FrNC and 0, 3.3, 9.1, 14.3 and 12.2 cmH,O at preset
PEEP 0, 5, 10, and 15 cmH,O with 14FrL.C respectively.
PEEP of 0, 4.3, 10.3 and 13.7 cmH,0O were measured at pre-
set PEEP 0, 5, 10, and 15 cmH,O with 19FrNC and 0, 2.9,
7.4, and 12.3 cmH,O0 at preset PEEP 0, 5, 10, and 15 cmH,O
with 19FrLC respectively.

The difference between preset PEEP and actual PEEP
with 19Fr ECFC was significantly greater than that with
14Fr ECFC (p <0.05, Fig. 3). Compared with normal com-
pliance, greater PEEP was generated with low compliance
but the differences were not significant (p > 0.05, Fig. 3).

3.2 Effects of I:E ratios and inspiratory time on PEEP

At the same respiratory rate, there was a trend of greater
PEEP with longer inspiratory time but differences were not
significant (p>0.05) (Figs. 2, 4; Tables 1, 2).

3.2.1 V;achieved using ECFC

The mean V are presented in Figs. 2, 4 and Tables 3, 4. V¢
was 0-188.8 ml with ECFC 14Fr and 96-667 ml with ECFC
19Fr when respiratory rate was at 20 bpm. At ventilation rate
of 10 bpm, Vt was 0-393 ml with 14Fr and 45.6-345.3 ml
with 19Fr (Figs. 2, 4; Tables 3, 4).
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Fig.2 Actual PEEP and tidal volumes achieved with 14 or 19Fr
ECEFC at variable preset PEEP, different I:E ratios and respiratory rate
of 10 bpm. Panels on the left side illustrate the actual PEEP value and
panels on the right present the corresponding tidal volumes obtained
with 14 or 19Fr endotracheal catheter with a functional cuff (ECFC)
at low compliance (LC) or normal compliance (NC). 14FrLC or
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Table 1 Achieved PEEP using

L . Preset PEEP Achieved PEEP Achieved PEEP Achieved PEEP
ECFC in different settings at (PIP=25 cmH,0) (PIP =50 cmH,0) (PIP=70 cmH,0)
respiratory rate of 10 breaths
per minute LE=1:2 LE=1:1 LE=1:2 LE=1:1 LE=1:2 LE=1:1
14FrL.C
15 cmH,0 12.1+0.6 12.8+0.6 12.2+0.5 12.6+0.8 11.1+1.2 124+1.0
10 cmH,0O 72+0.4 7.8+0.4 7.3+0.4 7.8+0.6 7.3+0.6 7.9+0.6%
5 cmH,0 23+09 2.6+0.1% 22403 2.7+0.3 23+0.4 2.8+0.3*
0 cmH,0 0 0* 0 0* 0 0*
14FtNC
15 cmH,0 12.3+0.6 13.4+0.3 13.8+0.2 14.5+0.6 13.3+0.6 14.4+0.7
10 cmH,0O 79+0.3 9.1+£0.3* 8.6+0.4 9.2+0.6 8.7+0.6 9.3+0.7
5 cmH,0 3.0+0.3 34+03 3.1+0.3 3.6+0.3 3.1+0.3 3.7+0.3
0 cmH,0 0 0* 0 0* 0 0*
19FrLC
15 cmH,0 11.2+0.8 11.8+0.7 11.6+0.3 12.1+0.2 11.1+0.3 12.1+£0.2
10 cmH,0O 6.5+0.6 7.1+0.6 6.7+0.4 7.4+0.1 7.1+0.2 7.6+0.1%
5 cmH,0 25+0.3 2.7+0.4 2.7+0.3 29+0.3 25+0.3 29+0.2
0 cmH,O 0 0* 0 0* 0 0*
19FrNC
15 cmH,0 12.0+0.3 13.0+0.5 12.8+0.3 13.6+04 12.5+0.2 13.7+£0.3*
10 cmH,0O 7.4+0.2 8.4+0.3% 7.9+0.3 8.7+0.6 7.9+0.0 8.9+0.5
5 cmH,0 25+0.2 32+0.2 2.6+0.3 33+0.2 2.7+0.3 34+0.2
0 cmH,0 0 0* 0 0* 0 0*

Data are mean =+ standard deviation

*p<0.01, compared to value of E=1:2 at the same setting. PEEP positive end expiratory pressure,
ECFC endotracheal catheter with functional cuff, PIP peak inspiratory pressures, :E=1:2, inspira-
tory time:expiratory time (I:E) ratio was 1:2 (2 s inspiratory time and 4 s expiratory time respectively);
I:LE=1:1, inspiratory time:expiratory time (I:E) ratio was 1:1 (3 s inspiratory time and 3 s expiratory time
respectively); 14FrLC or 19 FrL.C, 14 or 19 Fr ECFC at low compliance; 14FrNC or 19 FrNC, 14 or 19 Fr

ECFC at normal compliance

#Not calculable because the two cells contain zero values

3.2.2 V;achieved with different |:E ratios

Greater V was generated with longer inspiratory time
among all groups (p<0.01) (Figs. 2, 4; Tables 3, 4).

4 Discussion

The major findings of this study are: (i) ICU ventilator and
ECFC were able to generate clinically relevant PEEP, (ii)
the actual PEEP produced by ECFC approximates the preset
PEEP, (iii) a minimal inspiratory time of 1 s was required
to produce PEEP and (iv) respiratory compliance does not
significantly affect PEEP generation. To the best of our
knowledge, this is the first study to evaluate efficacy of PEEP
generation using ECFC and an ICU ventilator. Our results
indicate that ECFC enables clinicians to use ordinary ICU
ventilators to achieve effective ventilation and obtain clini-
cally relevant PEEP levels.

In our previous study, adequate tidal volume was pro-
duced using a regular ICU ventilator and ECFC [24, 25].
This current study demonstrates that the ECFC can gen-
erate clinically relevant PEEP levels. We believe that the
PEEP was created as follows (Fig. 4): during the first inspi-
ration, the inflow creates a pressure gradient at the tip of the
ECFC due to the presence of a resistor. On the distal side
of ECFC, side ports covered by PU cuff is 10x2 mm for
14Fr catheter and 10x2.5 mm for 19Fr catheter. The two
orifices of the cuff are 10 x 2 mm, 40 mm? on 14Fr catheter
and 10x2.5 mm, 50 mm? on 19Fr catheter. The inner diam-
eter of the resister is 2.1 mm and 2.3 mm for 14Fr and 19Fr
catheter respectively. Its cross-section area is 3.5 mm? and
4.2 mm? which is at least 10 times smaller than that of the
total cross section area of the inflating orifice. Therefore, the
differential resistance between the inflating orifices and the
resister is large. The intra-cuff pressure is equal to the sum
of intra-tracheal pressure distal to the tip of ECFC and the
pressure gradient across the resistor. Because the intra-cuff
pressure is greater than the intra-tracheal pressure distal to
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Table2 Achieved PEEPusing  pioco pgEP  Achieved PEEP Achieved PEEP Achieved PEEP
ECFC in different settings at (PIP=25 cmH,0) (PIP =50 cmH,0) (PIP=70 cmH,0)
respiratory rate of 20 breaths
per minute LE=1:2 LE=1:1 LE=1:2 LE=1:1 LE=1:2 LE=1:1
14FrLC
15 cmH,0 13.7+0.9 14.2+0.5 142+0.4 14.8+0.3 14.2+0.7 149+0.4
10 cmH,0 8.4+0.6 9.2+0.4 9.0+0.4 9.5+0.3 9.0+0.3 9.7+0.2
5 cmH,0 29+0.5 3.6+0.4 3.1+0.5 3.6+0.5 3.1+0.5 3.7+0.6
0 cmH,0 0 0? 0 0? 0 0?
14FrtNC
15 cmH,0 13.6x1.1 14.1+0.4 15.0+0.6 16.0+0.2 14.5+0.5 16.4+0.5*
10 cmH,0 8.8+0.8 10.1+0.4 9.8+0.5 10.8+0.1 10.2+0.2 11.1+£0.2%*
5 cmH,0 3.7+0.5 4.6+0.3 4.1+£0.5 5.0+04 44+04 52+04
0 cmH,0 0 0? 0 0? 0 0?
19FrLC
15 cmH,0 11.4+0.1 12.1+£0.2% 12.1+0.3 13.2+0.6 11.6+0.3 13.3+0.7
10 cmH,0 6.9+0.2 7.6+0.2% 7.2+0.3 8.3+0.7 5.8+29 8.5+0.8
5 cmH,0 2.5+0.1 3.1+£0.1* 2.6+0.1 33+03 2.7+0.2 3.3+0.2
0 cmH,O 0 0? 0 0? 0 0?
19FrNC
15 cmH,0 12.0+0.7 12.9+0.9 13.4+0.1 15.0+0.8 13.2+04 155+1.2
10 cmH,0O 84+1.6 9.6+1.6 9.6+2.0 119+1.8 10.0+1.3 124+1.6
5 emH,0 32+0.6 45+07 3.7+0.2 5.0+0.2% 3.9+0.1 53+0.2%
0 cmH,0 0 0? 0 0? 0 0?

Data are mean =+ standard deviation

*p<0.01, compared to value of E=1:2 at the same setting. PEEP positive end expiratory pressure,
ECFC endotracheal catheter with functional cuff, PIP peak inspiratory pressure; [:E=1:2, inspira-
tory time:expiratory time (I:E) ratio was 1:2 (1 s inspiratory time and 2 s expiratory time respectively);
L:LE=1:1, inspiratory time:expiratory time (I:E) ratio was 1:1 (1.5 s inspiratory time and 1.5 s expiratory
time respectively); 14FrL.C or 19 FrLL.C, 14 or 19 Fr ECFC at low compliance; 14FrNC or 19 FrNC, 14 or

19 Fr ECFC at normal compliance

#Not calculable because the two cells contain zero values

the tip of the ECFC, and at full insufflation, the diameter of
the PU cuff is greater than that of the lumen of the trachea,
the cuff inflates and seals the tracheal lumen. Therefore,
there is no or minimal back flow at and around the cuff.
Intra-cuff pressure continues to rise until reaching the pre-
set PIP which is the sum of the intra-tracheal pressure and
the pressure gradient across the resistor. When the preset
inspiratory time is reached, in-flow ceases and the ventilator
pressure goes to baseline (set PEEP). Intra-cuff pressure is
higher than the intraluminal ECFC pressure and the cuff col-
lapses and expiration begins. Expiration occurs around, but
not through the catheter. However, the ventilator maintains
intra-cuff pressure at the preset PEEP. The ventilator is set in
pressure control and after the appropriate expiratory time the
next inspiration is provided. The ventilator continually main-
tains flow to establish PEEP insuring the intra-cuff pressure
is always approximately equal to that in the distal tracheal
lumen pressure and insuring the applied PEEP is approxi-
mately equal to the set PEEP. In this bench study, oxygen
flows through ECFC, which is similar but not identical to jet

@ Springer

ventilation. This is because ECFC has inflated and sealed the
trachea before inspiration occurrence and maintains inflated
during inspiration. Therefore, ECFC likely generates a jet
flow with velocity similar to that of jet ventilation but no
entraining gas involved.

Through the entire experiment, we observed that when
respiratory rate was at 10 breaths per minute, the preset
PEEP was never reached and the actually achieved PEEP
was always 1-4 cmH,O lower than the preset PEEP as
shown in Fig. 2a, c, e, g. This is likely due to the pressure
gradient across the resistor and/or the intrinsic re-coil force
of the cuff itself. If this notion is correct, the preset PEEP
should be the sum of the actual PEEP and the pressure gra-
dient at the resistor. However, we did not measure the pres-
sure gradient across the cuff. Because the pressure gradient
is flow rate dependent due to presence of the resistor, the
greater the resistance of the resistor, the larger the difference
between the preset PEEP and the actual PEEP. This point
can be clearly seen by comparing the differences between
the preset PEEP and actual PEEP between the two sizes of
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Fig. 3 Differences between preset PEEP and Actual PEEP with 14Fr
and 19 Fr ECFC at variable respiratory rate and normal or low com-
pliance. a Differences between preset PEEP and Actual PEEP with
14Fr and 19Fr endotracheal catheter with a functional cuff (ECFC)
at respiratory rate of 10 bpm; b differences between preset PEEP and
Actual PEEP with 14Fr and 19Fr ECFC at respiratory rate of 20 bpm.
14FrLC or 19FrLC, 14 or 19Fr ECFC at low compliance; 14FrNC
or 19FrNC, 14 or 19Fr ECFC at normal compliance; Peak inspira-
tory pressure (PIP) was set at 25, 50 or 70 cmH,0, and positive end
expiratory pressure (PEEP) was at 5, 10, 15 cmH,O. I:E ratio was 1:2
or1:1

catheters. The 19 Fr catheter produces larger tidal volume
than 14 Fr at each ventilatory setting. The total resistance of
the 14 Fr catheter is greater than that of 19Fr catheter and
the pressure gradient across the resistor must be the same at
a given tidal volume. Reduction in resistance of the resistor
should lead to a decrease in the difference of preset PEEP
and actual PEEP (Fig. 3). But further study is needed to
confirm this notion and verify if the reduction in resistance
of the resistor affects greater generation of PEEP. We also
observed that at ventilation rate 20 bpm, the actual PEEP
was even greater than the preset PEEP (ILE=1:1). This
implies the shorter expiration time and higher respiratory
compliance might cause air trapping. We did not observe

such phenomena at low compliance. This is likely due to
the greater re-coil force at low compliance than that at high
compliance. It takes less time to expel the air out and the
time of expiration is long enough to allow complete expira-
tion. Therefore, there was no air trapping at low compliance.

Our current study did not evaluate the ECFC in patients,
and as a result we can only speculate its effects on patient
outcome. However, there are two potential advantages of
this ventilation method. (1) It reduces dead space ventilation
(estimated about 50% reduction), due to co-axial ventilation,
as the interface of the fresh gas and CO, containing gas is
moved from the Y-piece of the breathing circuit to near the
carina of the airway. This feature allows clinicians to sig-
nificantly reduce tidal volume at constant PIP. Therefore,
it can provide “protective ventilation” [25]. (2) There is no
native airway bypassed during expiration via co-axial ven-
tilation and expiration occurs through the entire native air-
way. In contrast with a regular endotracheal tube, this feature
should facilitate secretion removal from trachea. A regular
endotracheal tube creates a segment of airway above the cuff
without air flow. Accumulation of secretions above a normal
cuff serves as a culture for bacteria growth and increases the
probability of ventilator associated pneumonia [26].

There are a few potential implications of the device. (1)
It can serve as the regular airway exchange catheter and
provide mechanical ventilation. Ventilation can be provided
with a regular ICU or operating room ventilator. (2) The
ECFC and a regular ventilator may be able to replace trachea
catheter puncture and jet ventilator for laryngeal surgeries.
Surgeons prefer the use of endotracheal catheters together
with jet ventilator [27]. However, jet ventilator has several
disadvantages as mentioned in the introduction. ECFC can
easily meet all of the functional requirements of laryngeal
surgeries but not requiring jet ventilation. (3) Most electro-
physiology laboratories employ jet ventilation for pulmo-
nary vein isolation [28, 29], due to the requirement of tidal
volume less than 200 ml in order to minimize the motion
generated by breathing or ventilation. Currently, this task is
accomplished with jet ventilators. ECFC can easily produce
tidal volume less than 200 ml without using jet ventilation.
(4) Surgeons often use jet ventilation and a small catheter
to perform trachea resections and anastomosis. ECFC can
replace the catheter and jet ventilator. And (5) ECFC poten-
tially can be used during general anaesthesia and replace
a regular ETT or LMA. However, further study is needed
to test this notion and aspiration is a major concern since
ECFC, like most forms of jet ventilation, does not provide
a secured airway.

There are a few limitations to this study. Firstly, the
study was not conducted on humans but rather conducted
using a tracheal/lung model to simulate a normal adult or
ARDS scenario. Second, the texture of human trachea wall
is different from that of the artificial trachea we used in
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Tab!e 3 Tidgl volume Preset PEEP  Tidal volume Tidal volume Tidal volume
achieved using ECFC at (PIP=25 cmH,0) (PIP=50 cmH,0) (PIP=70 cmH,0)
different ventilatory settings at
respiratory rate of 10 breaths LLE=1:2 LE=1:1 LLE=1:2 LE=1:1 ILE=1:2 ILE=1:1
per minute
14FrLC
15 cmH,0 11.4+94 0* 169.8+4.2 2479+7.5%  228.6+19 338.8+1.4%
10 cmH,0 743+21.1 1059+9.7 1859+42 2745+£5.6%  241.0+23 355.2+2.9%
5 cmH,0 116.2+2.8 162.0+5.1* 204.6+£2.7 300.6+4.2%  252.843.7 374.1+2.0%
0 cmH,0 129.5+4.7 185.5+3.7* 210.5+4.1 309.3+55 259.5+22  381.0+5.6%
14FrNC
15 cmH,0 04+0.8 0* 1724432 256.1+7.1% 2322428  342.7+3.6%
10 cmH,0 69.3+24.3 79.6+64 188.0+£6.4 280.5+8.3*  238.3+6.8 362.7+5.1%
5 cmH,0 120.8+£2.0 176.9+0.9* 209.8+1.5 3109+24*  256.1+13  382.0+2.5%
0 cmH,0 139.0+£0.8 207 +3.4* 217.4+2.1 3232+29% 2649+1.8 393.4+3.5*%
19FrLC
15 cmH,0 959+6.6 103.2+13.2 284.0+£8.7 3952+22.5% 388.0+84 550.3+6.8*
10cmH,0  1425+6.5 1843+13.1% 313.7+4.6 436.5+9.1%  411.1+63  581.3+6.1*
5 emH,0 192.1£5.6 259.1+7.0%* 3353483 4763+12.7% 4272+6.6 610.6+7.8*%
0 cmH,0 290.8+6.2 287.0+8.2* 346.9+59 4929+11.1* 432.6+10.0 620.4+15.9*%
19FrNC
15cmH,0  1053+5.8 127.9+17.1 290.6+4.5 4333+64* 401.5+58 584.6+9.7*
10cmH,0  148.9+4.3 203.7+6.6* 3275427 4752+7.6% 4272467 635.0+6.2%
5 emH,0 202.9+3.8 284.6+5.5*% 351.6+£6.1 512.1+16.0% 4443+6.2 654.6+3.8*
0 cmH,0 2289+6.6 331.4+5.7* 360.8+6.3 5349+9.2%  449.849.7 667.3+12.6*

Data are mean =+ standard deviation

*p<0.01, compared to value of I:E=1:2 at the same setting. PEEP positive end expiratory pressure, ECFC
endotracheal catheter with functional cuff, PIP peak inspiratory pressures, :E=1:2, inspiratory time:
expiratory time (I:E) ratio was 1:2 (2 s inspiratory time and 4 s expiratory time respectively); LE=1:1,
inspiratory time:expiratory time (I:E) ratio was 1:1 (3 s inspiratory time and 3 s expiratory time respec-
tively); 14FrLC or 19 FrLC, 14 or 19 Fr ECFC at low compliance; 14FrNC or 19 FrNC, 14 or 19 Fr ECFC

at normal compliance

#Not calculable because the two cells contain zero values

this study and such differences may affect the seal of the
cuff and PEEP generation. Therefore, large animal studies
should be done before testing on humans. Thirdly, we did
not test catheters smaller than 14 Fr and larger than 19Fr.
Airflow dynamic will be different if the inner diameter of
the catheter changes. Forth, the resistance of the resistor
was arbitrarily chosen and we did not test variable resis-
tors. The change in the resistance of the resistor may alter
the creation and/or maintenance of PEEP. Finally, we did

not compare different sizes of the cuffs made of differ-
ent materials. Optimizing cuff design and cuff material
is required to maximize efficacy of ventilation and PEEP.

In conclusion, the use of a regular ICU ventilator and
ECFC allows for the generation of clinically relevant
PEEP and tidal volumes. The level of applied PEEP
approximates preset PEEP levels. Further study in large
animal and human is needed to validate our observation
and optimize the design of ECFC.
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Ta!"e 4 Tida.l vqlume achieyed Preset PEEP  Tidal volume Tidal volume Tidal volume
using ECFC in different settings (PIP=25 cmH,0) (PIP=50 cmH,0) (PIP=70 cmH,0)
at respiratory rate of 20 breaths
per minute LE=1:2 LE=1:1 LE=1:2 LE=1:1 ILE=1:2 LE=1:1
14FrLC
15 cmH,0 1.8+3.1 19.3+33.5 782+1.3 117.4+3.5% 108.8+4.7 167.4+3.7*
10cmH,0 414x14 58.3+3.5% 87.5+2.6 136.4+1.7* 119.5+1.7 178.1+1.8*
5 cmH,0 55.1+1.1 792+1.1% 953+1.4 148.5 +£0.5% 121.6+0.8  184.7+1.7*
0 cmH,0 60.9+0.7 90.8 +2.4% 99.8+0.5 155.0+1.7% 124.1+0.8  186.8+0.7*
14FrNC
15ecmH,0 0 0? 79.8+0.7 119.4 £0.8%* 109.3+0.3  160.3+2.0*
10cmH,0  41.3+1.9*% 56.7+2.8% 93.6+5.9 132.9+3.1%* 1145+2.8 175.6+3.7*
5 cmH,0 56.9+1.3* 81.6+1.8*% 96.7+0.6 148.0 +1.0%* 119.6+1.2  183.2+0.7*
0 cmH,0 63.8+1.1* 954+1.0% 102.6+1.3  155.0+0.6* 1242+12  188.8+1.0%
19FrLC
15cmH,0  46.1+1.2 56.3+1.8*% 141.8+6.1  205.9+7.0% 196.1+8.5  279.8+9.4*
10 cmH,0  67.1+0.5 92.6+5.0% 159.7+12  221.4+4.1* 206.0+8.4  2959+7.2%
5 ecmH,0 94.1+£3.3 131.9+4.5% 1732455  254.4+9.2% 216.5+4.1  3223+8.1*
0 cmH,0 101.1+34  1489+7.2*%  171.4+35 2649+7.2* 2273+5.7 3323+8.2%
19FrNC
15cmH,0  45.6+3.2 64.2+1.0% 140.3+3.1  2105+£57* 200.1+3.6  292.9+8.3*
10 cmH,0  67.9+45 95.5+5.5% 158.2+03  234.1+72%* 211.5+45 3102+7.2%
5 emH,0 96.8+3.7 134.6£5.1%  175.1£2.5  263.5+4.3* 221.4+2.8 3333+1.8%
0 cmH,0 113.4+33  168.8+3.8* 182.5+1.8 2745+1.1* 2293+1.7 3453+3.3*

Data are mean =+ standard deviation

*p<0.01, compared to value of IE=1:2 at the same setting. PEEP positive end expiratory pressure,
ECFC endotracheal catheter with functional cuff, PIP peak inspiratory pressures ; I:E=1:2, inspira-
tory time:expiratory time (I:E) ratio was 1:2 (1 s inspiratory time and 2 s expiratory time respectively);
I:EE=1:1, inspiratory time: expiratory time (I:E) ratio was 1:1 (1.5 s inspiratory time and 1.5 s expiratory
time respectively); 14FrLC or 19 FrLC, 14 or 19 Fr ECFC at low compliance; 14FrNC or 19 FrNC, 14 or

19 Fr ECFC at normal compliance

#Not calculable because the two cells contain zero values
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