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Performance of the PneuX System: A Bench Study Comparison With

4 Other Endotracheal Tube Cuffs

Christopher T Chenelle, Taiga Itagaki MD, Daniel F Fisher MSc RRT, Lorenzo Berra MD, and

Robert M Kacmarek PhD RRT FAARC

BACKGROUND: Cuff design affects microaspiration, a risk factor for pneumonia. We questioned
whether the PneuX low-volume fold-free cuff design would prevent cuff leakage and maintain the
same tracheal wall pressure as high-volume, low-pressure (HVLP) cuffs. METHODS: We evaluated
4 HVLP-cuffed endotracheal tubes (ETTs), Hi-Lo (polyvinyl chloride [PVC]), Microcuff (polyure-
thane [PU]), SealGuard (PU + tapered), and TaperGuard (PVC + tapered), and the PneuX with its
dedicated tracheal seal monitor. In Part 1, we determined tracheal wall pressure using each cuff’s
capacity to support water columns across recommended intracuff pressures. In Part 2, we evaluated
the tracheal seal monitor function at recommended settings. In Part 3, we compared leakage
volumes of all ETTs during 30 min of simulated mechanical ventilation or during 8 h if no leak
occurred. Parts 1 and 3 were performed with/without lubrication and PEEP. RESULTS: In Part 1,
PneuX cuffs exerted an average tracheal wall pressure of 27.4 + 2.4 cm H,O at the recommended
intracuff pressure of approximately 80 cm H,O. Tracheal wall pressure did not differ among HVLP
cuffs (19.6 = 1.4 to 29.5 = 1.4 cm H,0). In Part 2, preinflation intracuff pressure affected the time
to obtain tracheal seal monitor pressure attainment (P < .01). The tracheal seal monitor generated
average calculated tracheal wall pressure of 33.4 = 1.2 cm H,O. In Part 3, PneuX ETT showed no
leak across 8 h for all trials. Overall, leakage volume was lower with PU (P < .01) and PneuX
(P < .01) than with PVC cuffs, regardless of shape, and lower with lubrication and/or PEEP (all
P < .01). In each HVLP cuff, lubrication alone eliminated leak at an intracuff pressure of
=30 cm H,0. CONCLUSIONS: The PneuX cuff generally exerted acceptable tracheal wall pres-
sure, but the tracheal wall pressure monitor allowed pressures exceeding 30 cm H,O in some trials
and was the only ETT to prevent leak in all tests. For HVLP cuffs, leak was reduced by PU and
PEEP and eliminated by lubrication. Key words: intubation; intratracheal; ventilator-associated pneu-
monia; respiratory aspiration. [Respir Care 0;0(0):1--. © 0 Daedalus Enterprises]

Introduction

Microaspiration of contaminated secretions into the
lower airway is a known risk factor of ventilator-associ-
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ated pneumonia (VAP),-2 a complication associated with
substantial morbidity, mortality, and cost.>* Maintaining
endotracheal tube (ETT) intracuff pressure between 20
and 30 cm H,O is important for minimizing microaspira-
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tion and VAP and avoiding tracheal injury.!-25¢ Devices
that continuously regulate intracuff pressure facilitate cuff
pressure management’-%; however, other factors, including
cuff design, also significantly affect secretion leakage.”-10-16

The primary mechanism of microaspiration is believed
to be movement through longitudinal folds in the material
of the inflated cuff.!!-!3.17-19 These folds are an unavoid-
able consequence of the physical characteristics of modern
high-volume low-pressure (HVLP) cuffs, being effectively
inelastic with a diameter exceeding that of the trachea. By
design, the excess cuff material folds back over itself within
the trachea, creating a network of channels that can allow
for the silent aspiration of contaminated secretions.!7-1°

Efforts to decrease microaspiration have led to the intro-
duction of new cuff materials and shapes aimed specifically
at minimizing the effects of these folds. These modifications
have consistently been shown in both bench and clinical stud-
ies to reduce but not eliminate fluid leakage past the cuff
without additional preventive measures.!!-13.20-22 Conse-
quently, several fold-free cuff designs have been developed,
producing promising results.!3-23-26

One commercially available fold-free design is the low-
volume silicone cuff, the PneuX ETT (Venner Medical,
Dinischenhagen, Germany). Preliminary bench and clini-
cal studies have demonstrated impressive leak prevention
without compromising the tracheal mucosa.?’-32

The physical properties of the cuff material require a
high intracuff pressure to create a seal, with roughly
50 cm H,O needed just to overcome elasticity.?! The
company recommends a target intracuff pressure of
80 cm H,0, which they equate to a tracheal wall pressure
of 27.2 cm H,0.3' The PneuX ETT only functions with
the tracheal seal monitor, a PneuX-specific automatic cuff
pressure controller.

This study was designed to achieve the following goals:
(1) to determine the tracheal wall pressure exerted by the
PneuX system and compare it with the tracheal wall pres-
sure exerted by polyvinyl chloride (PVC)- and polyure-
thane (PU)-based HVLP ETT cuffs; (2) to determine
whether the PneuX tracheal seal monitor accurately main-
tains tracheal wall pressure in the recommended clinical
range of 20-30 cm H,0; and (3) to determine and com-
pare the abilities of 5 ETT cuffs to prevent fluid leakage in
a model trachea. Although others have evaluated some of
these issues, they have not been systematically assessed in
a series of commonly recommended ETTs.

Methods

We evaluated 5 8-mm inner diameter ETT types with
unique cuff designs (Fig. 1). The Hi-Lo (Mallinckrodt,
Dublin, Ireland), Microcuff (Kimberly-Clark, Irving,
Texas), TaperGuard (Mallinckrodt), and SealGuard
(Mallinckrodt) ETTs use HVLP cuffs with different com-
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QUICK LOOK

Current knowledge

The design of commonly used endotracheal tubes (ETT)
does not prevent aspiration of fluid past their inflated
cuffs. However, newly designed ETTs may provide bet-
ter sealing of the airway. However, the use of a lubri-
cant seems to prevent leakage past all ETT cuffs.

What this paper contributes to our knowledge

This bench study establishes that in experimental con-
ditions, the PneuX ETT provided better sealing of
the airway than that of standard ETTs despite the
high required airway inflating pressure. However,
the tracheal wall pressure may exceed 30 cm H,O by
3—4 cm H,O. In addition, the use of a lubricant over
any ETT cuff seemed to prevent leakage of fluid past
the cuff.

binations of material (PVC/PU) and shape (tapered/non-
tapered). The PneuX ETT uses a high-elasticity, low-vol-
ume silicone cuff.

The PneuX-specific cuff controller (tracheal seal mon-
itor) was also evaluated. To operate the tracheal seal mon-
itor, users select a seal pressure, representing tracheal wall
pressure, of 13.6, 27.2, 40.8, 54.4, or 68.0 cm H,O.

All 3 parts of the study were performed with the
tracheal model positioned vertically 90° from supine.
This is the worst-case scenario for potential leakage of
fluid past the ETT cuff. However, this position is con-
sistent with that used in other bench studies, and in the
ICU, most patients are maintained at a =30° head-up
position.

Part 1: Tracheal Wall Pressure

We determined the pressure exerted by the various cuffs
against a simulated tracheal wall with the HVLP cuffs at
an intracuff pressure of 25 cm H,O and the PneuX at its
recommended intracuff pressure of 80 cm H,O. An intra-
cuff pressure of 25 cm H,O was chosen because it is in the
clinically acceptable cuff pressure range!-?> and in the
range of tracheal wall pressure that the PneuX indicates
would be established by an intracuff pressure of 80 cm H,O.
Figure 2A shows the experimental setup for this part of the
study. Tracheal wall pressure was determined by inserting
the ETT into a tracheal model,'”-3! with a tapered exten-
sion, clamped in a vertical position. The ETT pilot balloon
was connected to a 3-way stopcock with one port used to
adjust intracuff pressure and the other connected to a pres-
sure transducer (Edwards Life Sciences, Irvine, Califor-
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Type: Hi-Lo Microcuff SealGuard | TaperGuard PneuX
. . Kimberly- . " Venner
Company: | Mallinckrodt Clark Mallinckrodt Mallinckrodt Medical
R B N I Dénischenhagen,
Irving, TX Dublin, Ireland Dublin, Ireland
Germany

Cuff type: High-volume low-pressure (HVLP) Low-volume

Shape: Spheroid Cylindrical Tapered Tapered Spheroid
Material: PVC PU PU PvC Silicone
Elasticity: Low High
Target IP: 25 cm H20 80 cm H20

Fig. 1. Characteristics of the 5 tested endotracheal tube cuffs. Three cuffs of each type were used in each part of the study. PVC = polyvinyl
chloride, PU = polyurethane, Target IP = suggested intracuff pressure. Cuff type is based on company classification.

A B

Connected to G5 _,'ri':

ventilator
(Hamilton Medical,
Bonaduz, Switzerland)

Expanded model
extension

Trachea model:
ribbed silicone
tube; 2.3 cm
internal diameter
polycarbonate; 2.2 cm

Trachea model: <
internal diameter

Reservoir/anesthesia bag Test lung
(Michigan Instruments, Grand Rapids, MI)

Fig. 2. Experimental setups for Part 1 (tracheal wall pressure) and Part 3 (leakage past the endotracheal tube cuff). A: The trachea model
used in Part 1 to determine tracheal wall pressure. Tests were performed at heights of dyed water of 20, 25, 30, 35, and 40 cm. B: the setup
used in Part 3 to compare fluid leakage by the endotracheal tube cuff. Leakage volume was determined from the change in height of a
column of 35 mL of dyed water over 30 min during lung model mechanical ventilation (B).

nia) and analog-digital converter (DataQ Logger, model software (DATAQ Instruments, Akron, Ohio). Before each
DI-718B-U, DATAQ Instruments, Akron, Ohio) for con- test, the pressure transducers were calibrated using a 2-point
tinuous recording of the intracuff pressure by WINDAQ method with a National Institute of Standards and Tech-
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nology pressure calibrator (Fisher Scientific, Pittsburgh,
Pennsylvania).

Once in place, the ETT cuff was inflated to 20 cm H,O
above its target pressure: 45 cm H,O for HVLP cuffs,
100 cm H,O for the PneuX. A dyed-water column of height
20, 25, 30, 35, or 40 cm, performed in randomized order,
was then established above the cuff. Intracuff pressure was
then gradually decreased with a syringe while another in-
vestigator, blinded to the intracuff pressure, monitored for
flow leakage past the cuff. This was defined as fluid flow-
ing between the cuff and the tracheal wall, as opposed to
passage through folds in cuff material, which could be
visualized. If the height of the water column visibly changed
due to passage of fluid through folds before flow leakage
was seen, the trial was stopped and repeated.

Once flow leakage was observed, a timestamp was im-
mediately recorded in WinDaq, used to retrospectively
determine the exact corresponding intracuff pressure. This
intracuff pressure signaled equality of the tracheal wall
pressure and water column height. This was repeated for
all 5 water heights, with/without CPAP (10 cm H,O ap-
plied with the Hamilton G5 ventilator [Reno, Nevada]) and
with/without cuff lubrication, for each ETT (20 runs/ETT).
Cuff lubrication procedure consisted of applying a thin
layer of water-soluble jelly (MediChoice, Owens & Mi-
nor, Mechanicsville, Virginia) to the inflated cuff and then
deflation and ETT insertion. Three new ETTs of each type
were evaluated.

The effects of CPAP, lubrication, cuff design, and cuff
group (HVLP vs PneuX cuffs) on tracheal wall pressure
were considered. The correlation between water column
height (ie, tracheal wall pressure) and intracuff pressure at
flow leakage was determined for each group.

Part 2: Tracheal Seal Monitors

The PneuX system manual instructs users to pre-inflate
the cuff to an initial intracuff pressure (pre-intracuff pres-
sure) of 80 cm H,O before connecting the tracheal seal
monitor. We tested pre-intracuff pressures of 0, 70, 80,
and 90 cm H,O, with the tracheal seal monitor at a seal
pressure of 27.2 cm H,O for all trials. The model trachea,
pilot balloon connections, data logging, and calibration
technique were the same as in Part 1. For each trial, with
intracuff pressure continuously recorded, a PneuX ETT
was inserted, and the cuff was manually inflated to the
desired pre-intracuff pressure. This stopcock port was
closed, and the tracheal seal monitor was connected, pow-
ered on, and set to a seal pressure of 27.2 cm H,O. The
port was then reopened, and a timestamp was entered in
WINDAQ to mark the start time (t = 0).

The system was monitored until the tracheal seal mon-
itor indicated seal pressure attainment (SP attained), at
which point another timestamp was entered. Recording
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was then continued for 5 min. Three new tracheal seal
monitors were evaluated using the 3 PneuX ETTs from Part
1. All combinations of tracheal seal monitor, ETT, and pre-
intracuff pressure were included (12 runs/tracheal seal mon-
itor). The time (from t = 0) to SP attained was determined
retrospectively for each run, and the effects of tracheal seal
monitor, ETT, and pre-intracuff pressure were considered.

The intracuff pressures recorded after SP attained were
averaged over 1-min intervals and the 4-5-min interval
used for analysis of tracheal seal monitor-generated intra-
cuff pressure. The effects of the tracheal seal monitor,
ETT, and pre-intracuff pressure were considered.

Part 3: Static Leak Test

The leak prevention of the 5 ETT types was compared
using the setup shown in Figure 2 (right).>!! For the HVLP-
cuffed ETT, intracuff pressure was controlled at 20, 25,
and 30 cm H,O using a cuff pressure controller (Intelli-
cuff, Hamilton Medical G5 ventilator, Reno, Nevada) that
we previously evaluated.” For the PneuX, intracuff pres-
sure was controlled by the tracheal seal monitor at a seal
pressure of 27.2 cm H,0.

After the ETT was inserted into the tracheal model, the
cuff was inflated to the target intracuff pressure and main-
tained with the IntelliCuff or tracheal seal monitor. Using
CPAP of 10 cm H,O to suppress immediate leak, 35 mL of
dyed water was added, and then the height of the fluid
column above the cuff was measured. Mechanical venti-
lation was performed for 30 min as follows: pressure as-
sist-control mode, frequency 20 breaths/min, pressure con-
trol 15 cm H,0, inspiratory time 1 s, and PEEP O or
10 cm H,O. The change in column height was determined
to compute total leakage volume, using the inner diameter
of the tracheal model and outer diameter of the ETT and
calculating as a system of concentric cylinders. If no change
in height occurred after 30 min, then the run was continued
for 8 h.

As in Part 1, this was repeated with and without PEEP
(10 cm H,0) and with and without cuff lubrication for
each ETT. The cuff lubrication procedure was the same as
in Part 1. Three new ETTs of each type were evaluated,
and results were averaged. Intracuff pressure was trailed in
ascending order until no leak was seen for 30 min. The
effects of PEEP, lubrication, intracuff pressure, and cuff
type on fluid leakage were considered.

Statistical Analysis

We powered all comparison to =0.8 with a difference
of 1 SD and a significance of <.05. In Part 1, a total of 300
trials were performed (required trials: 250); in Part 2, 36
trials were performed (required trials: 28); and in Part 3,
204 trials were performed (required trials: 76). All statis-
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Fig. 3. Intracuff pressure versus tracheal wall pressure of high-volume low-pressure (HVLP) and PneuX cuffs. HVLP-cuffed endotracheal
tubes (ETTs) included Hi-Lo, Microcuff, SealGuard, and TaperGuard (3 ETTs each) over 4 PEEP/lubrication conditions and PneuX (3 ETTs)
over 4 PEEP/lubrication conditions. A: Bars represent the mean = SD at which flow leakage began at that water column height; at this
intracuff pressure, the hydrostatic pressure of the water column is equivalent to tracheal wall pressure. Shown are the correlations between
these intracuff pressures at flow leakage and tracheal wall pressures for each ETT cuff group (B).

tical testing was performed using R-based statistical soft-
ware (R, version 3.1.2, R Project for Statistical Comput-
ing, Vienna, Austria). Data normality was determined using
the Shapiro-Wilk test. For parametric data, ¢ tests or uni-
variate/multivariate analysis of variance, as appropriate,
were used, with Tukey’s honest significant difference test
for post hoc analysis. For nonparametric data, Wilcoxon
rank-sum and Kruskal-Wallis tests were used. A P value
of <.05 was used to indicate statistical significance.

Results
Part 1: Tracheal Wall Pressure
The average recorded intracuff pressure at flow leakage

for each water column height is shown in Figure 3A. Nei-
ther CPAP, lubrication, nor CPAP with lubrication af-
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fected tracheal wall pressure, so the results from these
conditions were combined. Additionally, no differences
were seen between HVLP-cuffed ETT types; thus, these
results are considered as a single group. Figure 3B shows
the correlations between intracuff pressure at flow leakage
and tracheal wall pressure (ie, water column height) for
HVLP-cuffed ETT and PneuX ETT, using the means shown
in Figure 3A. For HVLP cuffs, tracheal wall pressures of
20-30 cm H,O were exerted by an intracuff pressure of
19.6 = 1.4t029.5 = 1.4 cm H,O (no. = 48). Specifically,
the intracuff pressure for the Hi-Lo varied from 18.0 = 5.5
to 27.0 = 8.2 cm H,0, for the Microcuff from 19.0 = 5.8
to 27.5 = 8.3 cm H,O0, for the SealGuard from 17.5 = 5.4 to
26.7 = 8.2 cm H,0, and for the TaperGuard from 19.6 = 1.8
to 27.5 = 8.4 cm H,0. Leakage occurred in HVLP cuffs
when the column height equaled the intracuff pressure. For
the PneuX, tracheal wall pressures of 20-30 cm H,O
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Fig. 4. Comparison of tracheal seal monitors. A: Time to attain tracheal seal pressure at the 27.2 cm H,O setting for each tracheal seal
monitor at different initial intracuff pressure. Bars show mean * SD of 3 PneuX endotracheal tubes. B: Intracuff pressure measured after
tracheal seal pressure attained, averaged across 1-min intervals at different initial intracuff pressures. The associated tracheal wall
pressures use the PneuX correlation in Figure 3B, y = 1.1218x — 62.377. * P < .05 versus initial intracuff pressures of 70, 80, and 90
cm H,0; T P < .05 versus initial intracuff pressures of 80 and 90 cm H,0.

were exerted by intracuff pressure of 73.5 = 2.9 to
82.1 = 3.4 cm H,O (no. = 12). The PneuX cuffs exerted an
average tracheal wall pressure of 27.4 * 2.4 cm H,O at an
intracuff pressure of 80 cm H,O. No significant difference
existed between the 3 PneuX ETTs (P = .056, analysis of
variance).

Part 2: Tracheal Seal Monitors

The tracheal seal monitor results are shown in Figure 4.
Figure 4A shows the times to SP attained of the tracheal
seal monitor. Times were shorter with pre-intracuff pres-
sure of 70, 80, and 90 cm H,O than with 0 cm H,O for all
tracheal seal monitors and ETTs (P < .01). Additionally,
times with pre-intracuff pressures of 80 and 90 cm H,O
were shorter than with 70 cm H,O (P < .01). There was
no difference in times between pre-intracuff pressure of 80
and 90 cm H,O. Figure 4B shows the measured intracuff
pressure (and average tracheal wall pressure determined in
Part 1) for each tracheal seal monitor and pre-intracuff
pressure, 5 min after SP attained.

The overall averages of recorded intracuff pressure dur-
ing the 4-5-min interval for each tracheal seal monitor
were 85.2 = 0.4, 86.4 = 0.4, and 84.4 = 0.6 cm H,O.
Using the Part 1 results, this corresponds to an average
tracheal wall pressure of 33.2, 34.6, and 32.3 cm H,O,

6

respectively. There was no difference between the 3 ETTs
tested (P = .27, analysis of variance).

Part 3: Static Leak Test

In all cases with no leak at 30 min, there was also no
leak at 8 h. All non-zero leakage volumes are for 30 min.
Figure 5 shows the leakage volumes of each ETT type,
intracuff pressure, and condition. At a seal pressure of
27.2 cm H,0, PneuX ETT showed no leak across all con-
ditions, the only ETT type to do so. HVLP cuffs were
compared against the PneuX and other HVLP cuffs for the
same intracuff pressure.

Overall, leakage volume was lower with PU (P < .01)
and PneuX (P < .01) than PVC cuffs, with no difference
between PneuX and PU cuffs (P = .79). No difference
was seen between tapered and non-tapered HVLP cuffs
(P = .34). Leakage volume was significantly lower with
lubrication and/or PEEP than with neither (all P <.01), but
no differences existed between lubrication alone, PEEP
alone, and both together. In each HVLP cuff, lubrication
alone eliminated leak at an intracuff pressure =30 cm H,O.

Without lubrication or PEEP (Fig. 5A), the PneuX was
the only ETT to show no leak; this differed from the Hi-Lo
(all P < .01) and TaperGuard (all P < .05) at all intracuff
pressures and the Microcuff (P = .033) and SealGuard
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Fig. 5. Volume of leakage past the cuff over 30 min of mechanical ventilation. The intracuff pressure of the Hi-Lo, Microcuff, SealGuard, and
TaperGuard ETTs were controlled by the IntelliCuff option on the Hamilton G5 ventilator; the PneuX tracheal tube cuff pressures were controlled
by the tracheal seal monitor. A-D correspond to conditions with and without PEEP of 10 cm H,O and lubrication. Bars represent mean = SD of
3 ETTs of each type, unless otherwise noted. * P < .05 versus PneuX; ** P < .01 versus PneuX; 1 P < .05 versus Microcuff and SealGuard at the
same intracuff pressure; 1 P < .01 versus Microcuff, SealGuard, and TaperGuard at the same intracuff pressure; £ P < .05 versus SealGuard at
the same intracuff pressure. § = water bubbled (but not ejected) for =1 ETT, indicating an incomplete seal. || = water ejected in =1 ETT, so data
could not be recorded. Single white dash at the baseline indicates no leak after 30 min, so the trial was continued to 8 h; in all such scenarios,
no leak was seen after 8 h. In C, the TaperGuard at intracuff pressure of 30 cm H,O showed no leak in 2 ETTs and water ejection in 1 ETT.

(P = .01) at intracuff pressure of 20 cm H,O. The Hi-Lo
leaked more than the Microcuff (all P < .05) and Seal-
Guard (all P < .01) at all intracuff pressures, the Taper-
Guard at intracuff pressure of 30 cm H,O (P < .01), and
the PneuX (all P < .01).

With lubrication but no PEEP (Fig. 5B), zero leakage
was observed with the PneuX and with each of the HVLP
cuffs at one of the tested intracuff pressures: the Microcuff
and SealGuard at intracuff pressure of 20 cm H,O, the Ta-
perGuard at 25 cm H,0O, and the Hi-Lo at 30 cm H,O. No
significant differences existed between ETT types, although
at intracuff pressure of 25 cm H,0, the difference between
the Hi-Lo and the other ETT types was P = .069.

Results with PEEP but no lubrication are shown in Fig-
ure 5C. Bubbling from positive pressure, indicating in-
complete sealing, occurred in all Hi-Lo trials and at least
one trial with both the SealGuard and TaperGuard. The
PneuX was the only ETT type without any leakage or
incomplete sealing observed. No significant differences
existed between ETT types. With both PEEP and lubrica-
tion (Fig. 5D), zero leakage was observed with the PneuX
and with each of the HVLP cuffs at one of the tested
intracuff pressures: the Hi-Lo, Microcuff, and SealGuard
at intracuff pressure of 20 cm H,O and the TaperGuard at
25 cm H,0. No significant differences existed between
ETT types. Comparing ETT types across conditions, the
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Microcuff, SealGuard, and PneuX each demonstrated lower
leakage volume than the Hi-Lo (all P <.01). No other
significant differences were found.

Discussion

The major findings from this study are summarized as
follows: (1) the low-volume silicone PneuX cuff averaged
tracheal wall pressure within 20-30 cm H,O at its recom-
mended intracuff pressure of 80 cm H,O and (2) the in-
tracuff pressure generated by the tracheal seal monitor at a
seal pressure of 27.2 cm H,O were inconsistent with the
target pressure, creating a tracheal wall pressure of 29.2—
35.4 cm H,0; (3) at its recommended settings, the PneuX
was the only ETT to completely prevent fluid leakage for
8 hin all tests; (4) for HVLP cuffs, PU cuffs outperformed
PVC cuffs in leak prevention, regardless of shape; (5) the
addition of PEEP markedly reduced the amount of leak
past all ETT cuffs; (6) for all HVLP cuffs, adding lubri-
cation alone prevented leak for 8 h at an intracuff pressure
=30 cm H,0.

Tracheal Wall Pressure

Our tracheal wall pressure findings for the PneuX Sys-
tem are consistent with previous studies.?*3! Doyle et al3!
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Fig. 6. Representative intracuff pressure (IP) waveform of a PneuX
endotracheal tube cuff attached to a tracheal pressure monitor
with no pre-inflation pressure. Time = 0 represents the start of the
run, when the tracheal seal monitor initiation was complete and
tracheal seal pressure of 27.2 cm H,O was set. The arrows show
(1) the time of the first alarm (the leak signal) and (2) the time of seal
pressure attained. The dashed line shows the target intracuff pres-
sure of 80 cm H,O for the PneuX endotracheal tube cuff.

measured tracheal wall pressure of PneuX and HVLP cuffs
using bench, clinical, and radiological methods. Overall,
they reported that tracheal wall pressure of the PneuX cuff
ranged between 25 and 35 cm H,O, consistent with our
results.

Our finding that intracuff pressure is strongly predictive
of tracheal wall pressure in HVLP cuffs is consistent with
existing literature.333* We found that this property is un-
affected by cuff design, lubrication, or PEEP. In contrast,
a bench study by Li Bassi et al®> that used intracranial pres-
sure sensors along the tracheal wall found significantly dif-
ferent and heterogeneously distributed tracheal wall pressure
with different HVLP cuffs; cuff outer diameter was associ-
ated with likelihood of exerting high tracheal wall pressure.

Tracheal Seal Monitors

There has been significant progress made in electronic
cuff pressure controllers,®8 but functional variability and
shortcomings in some such devices indicate that proper
and safe performance cannot be assumed.3® Our findings
(Fig. 4) reveal possible concerns with the tracheal seal
monitor. Whereas the adjustment times (Fig. 4A) seen
with sufficient pre-inflation may be inconsequential because
the airway probably remains sealed, the higher times ob-
served with lower or no pre-inflation could result in danger-
ous durations with an unsealed airway. Figure 6 shows the
recorded intracuff pressure during a trial with no pre-infla-
tion; neither immediate alarms nor rapid compensation oc-
curred in such trials. Although airway sealing was not re-
corded, Venner Medical’s estimation of 50 cm H,O needed
to overcome cuff elasticity3! suggests that nearly 50 s may
have passed without a seal or alarm. Backup safety mecha-
nisms should be added to tracheal seal monitors to address
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this phenomenon. That said, the tracheal seal monitor is not
designed as an inflation device, solely to be used for pressure
maintenance, according to the manufacturer.

Our assessment of the accuracy of 3 tracheal seal mon-
itors revealed consistent overpressurization of the PneuX
cuffs, with intracuff pressure converging above 80 cm H,O
in all scenarios (Fig. 4B). The average intracuff pressure
recorded equates to tracheal wall pressure above both the
27.2 cm H,O seal pressure tested and the accepted 30 cm H,O
threshold, although this is within the realm of what may be
seen clinically with manual inflation.3” The clinical impor-
tance of this disparity requires additional investigation. Fol-
low-up studies of the tracheal seal monitor, as done on other
cuff pressure controllers,”-'¢ are needed.

Static Leak Test

Assessment of leakage volume past the cuff under various
conditions revealed that, at a seal pressure of 27.2 cm H,0,
the PneuX cuff created a fold-free seal that prevented leak in
all PEEP/lubrication scenarios, the only ETT to do so. This
finding is consistent with existing literature on the PneuX
system and other fold-free cuff designs.?72°

The PneuX cuff has repeatedly shown complete leak
prevention in bench and clinical studies.?”-2° It is important
to note that there are other new style ETT cuffs, some also
made of silicone, that may provide the same benefits as the
PneuX tube.

The bench results from this study are consistent with
our findings: Without PEEP or lubrication, all HVLP cuffs
showed some fluid leakage at all intracuff pressures,
whereas the PneuX showed no leak at the recommended
settings. In this test condition, the PneuX outperformed
PVC cuffs (Hi-Lo and TaperGuard) at all intracuff pres-
sures and PU cuffs (Microcuff and SealGuard) at an in-
tracuff pressure of 20 cm H,O. The lack of statistical sig-
nificance with the PU cuffs at other intracuff pressures
was a result of their performance. As indicated in Figure 5,
a very small amount of leak occurred with the PU cuffs at
25 and 30 cm H,O intracuff pressure.

Importantly, other fold-free prototype cuff designs have
also demonstrated complete leak prevention in similar stud-
ies, which supports the concept’s efficacy. Zanella et al'3
created a prototype cuff by coating a Hi-Lo cuff with
surgical gel and then wrapping it with a thin layer of
high-compliance guayule latex to create a smooth outer
surface, whereas Kolobow et al?® designed a prototype
Lycra (spandex) cuff. Notably, both functioned at the in-
tracuff pressure used for HVLP cuffs (20-30 cm H,O) and
showed zero fluid leakage in bench studies.

For the HVLP cuffs, our findings suggest that PU cuffs
are more effective than PVC cuffs at preventing leak, with
no effect of cuff shape. Studies comparing HVLP cuffs
have consistently found that PU cuffs outperform PVC
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cuffs.!1.1321.26 The effect of a tapered cuff is less clear
from the existing literature. We found no advantage of a
tapered shape in PU or PVC cuffs. Zanella et al'3 found
improved performance with tapered PVC but not PU cuffs,
and Dave et al?! found improved leak prevention with
tapered PU cuffs but only in larger trachea models. Pitts
et al'' found similar performance between tapered and
non-tapered PU cuffs. In a bench study by Li Bassi et al3>
using artificial secretions and a tracheal model 30° above
horizontal, PU cuffs showed better leak prevention than
PVC cuffs, regardless of shape, whereas the TaperGuard
outperformed other, tapered and non-tapered, PVC cuffs.
Conversely, in a recent study of intubated pigs (4 pigs per
ETT type), Li Bassi et al?® found that neither material nor
shape affected leak prevention, although leakage was seen
with all ETT types. They found that the TaperGuard and
SACETT (Smiths Medical, London, United Kingdom),
both tapered PVC cuffs, showed the best and worst leak
prevention, respectively. It is clear from the bench studies
that PU cuffs leak much less than PVC cuffs because the
thickness of the cuff reduces the size of the channels when
folds develop. The leakage with PU cuffs, although it is
greater than with the PneuX, is small, and the clinical
impact is unknown. Less clear is the effect of cuff shape
on leakage, and no specific advantage can be identified.
Further investigation is needed to determine whether a
tapered shape does reduce leak and whether cuff material
or shape are of any clinical importance.

The leak reduction in our study with PEEP and/or cuff
lubrication for HVLP cuffs is consistent with existing lit-
erature. The advantage of PEEP/CPAP in reducing leak,
offsetting hydrostatic pressure of secretions, has been well-
documented in bench and clinical studies!!!3-2° and shown
to potentially reduce VAP.3®

The benefit of cuff lubrication is less known, despite
being suggested in 1986 by Seegobin and van Hasselt,*°
the proposed mechanism being gel clogging cuff folds.
The efficacy of cuff lubrication has been demonstrated in
bench and clinical studies.*!*> Dave et al*> observed a 0%
incidence of leakage in 6 different HVLP cuffs with lu-
brication alone compared with 100% incidence without
lubrication across 60 min of ventilation in a bench study.
In anesthetized subjects intubated with a lubricated cuff,
Blunt et al*! found that leak did not occur for 24—120 h
after intubation. Our study reinforces the potential of this
low cost, low-effort intervention. Whether this benefit di-
minishes over time, in certain conditions, or has clinical
value in reducing VAP are important considerations for
future studies.

Limitations

All parts of this study were limited by the bench nature
and use of simplified tracheal models. Although this ap-
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proach has been widely used,!!-13.2125.26.28.42 the findings
require clinical follow-up. In addition, the tracheal model
was positioned 90° from the horizontal, the worst-case
scenario for leakage of fluid past the ETT cuff. Although
this is not the position most commonly used in the oper-
ating room, it is similar to the head-up position used in the
ICU and in other bench studies.!!-13:21,25.26.28.42 Dyed water
was placed above the cuff. The lower viscosity of water
compared with oral secretions may have resulted in a greater
volume of fluid moving past the cuffs. However, all cuffs
were evaluated with the same fluid, and the comparisons
among cuffs should be the same as if oral secretions were
used. There are also specific limitations for each part of
this study. In Part 1, fluid leakage in some cuffs occurred
despite tracheal wall pressure exceeding the water column
height, a phenomenon also encountered by Doyle et al.3!
In our study, this leakage, probably due to capillary action
through cuff folds, appeared as slow, regular dripping
through visible channels, distinguishable from the abrupt
flow of fluid (flow leakage) through the cuff-wall interface
used for tracheal wall pressure calculation. In Part 2, the
major limitation was the lack of simulated mechanical
ventilation during testing. The aim of this part was only to
consider basic functionality, and detailed follow-up is war-
ranted. In Part 3, based on Parts 1 and 2, the PneuX at a
seal pressure of 27.2 cm H,O exerts tracheal wall pressure
>30 cm H,O0, the highest intracuff pressure at which HVLP
cuffs were tested, preventing direct comparison of leak
prevention ability. However, the settings tested accurately
reflect suggested use and what would be encountered clin-
ically. Additionally, our tracheal models were not anatom-
ically accurate. The material and internal surface of the
models may have influenced our results.*> However, as
stated above, this was a worst-case model, and the com-
parative function across devices we would expect to be
qualitatively similar regardless of model, even if quanti-
tative results differed based on model type. However, the
efficacy of the model is supported by consistency in the
findings from similar bench studies!!-!3.21.24.26 and related
clinical studies.!0-20.22,29.39.41 Ag discussed previously, the
implications of our findings on clinical outcome are un-
known. Finally, the ability of the PneuX tracheal wall
pressure monitor to avoid excessive tracheal wall pressure
requires additional study. We did not focus on the poten-
tial of tracheal injury induced by high tracheal wall pres-
sure but simply focused on the prevention of leaks within
acceptable tracheal wall pressure ranges.

Conclusions
The low-volume silicone cuff of the PneuX ETT gen-
erally maintains tracheal wall pressure of 20-30 cm H,O

when inflated to its recommended intracuff pressure of
80 cm H,O, but the tracheal seal monitor maintains intra-
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cuff pressure somewhat above this targeted level. In a
simple tracheal model, the PneuX prevents leak for =8 h
at the recommended settings. For HVLP cuffs, PU out-
performs PVC, regardless of shape. With all HVLP cuffs,
lubrication alone may help prevent leak for =8 h at an
intracuff pressure of 20-30 cm H,O. Additional clinical
studies are needed to determine whether these findings
actually reflect decreases in aspiration.
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