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Abstract Objective: To assess the
long-term benefit from antibacterial
coatings of the tracheal tube (ETT),
and to keep clean the lumen of the
ETT. Design: Experimental ani-
mal study. Serting: USA National
Institutes of Health. Subjects:
Twelve sheep. Interventions: Twelve
ETTs were internally dip-coated with
a silver-sulfadiazine in polyurethane.
We developed a concentric inflatable
silicone rubber “razor”, the Mucus
Shaver (MS), to shave the ETT lumen
free of mucus. In a single pass, we
cleaned all mucus from the internal
surface of the ETT. Control group:
Five intubated sheep were mechani-
cally ventilated for 72 h. The ETT was
suctioned every 6 h. Study group: Six
sheep were intubated and mechani-
cally ventilated for 72 h. The ETT was
suctioned and cleaned with the MS
every 6 h. An additional sheep was

intubated and mechanically ventilated
for 168 h. Bacteriologic studies and
scanning electron microscopy were
performed to assess bacterial colo-
nization and thickness of secretions
on the internal surface of the ETT.
Measurements and main results:

In the control group, the ETT was
always heavily colonized: median
debris thickness was 380 pum, range
270-550 pm. In the study group, there
was no colonization and no secretions
in the ETT, except for three ETT that
were colonized solely at the very tip.
Conclusions: Silver-based coating of
ETT cleaned with the MS every 6 h
significantly reduces accumulation of
mucus/secretion and bacterial growth
within the ETT following 72 h of
mechanical ventilation.

Keywords Endotracheal tube - Tra-
cheal tube suctioning - Bactericidal
agents - Mucus Shaver - Mechanical
ventilation - Bacterial biofilm



Introduction

After a few days of mechanical ventilation (MV), the
lumen of the endotracheal tube (ETT) is coated with
a thick bacterial biofilm, which is a potential source
for bacterial colonization of the lower respiratory tract
and ventilator-associated pneumonia (VAP) [1, 2]. Ac-
cumulation of mucus/secretions on the interior of the
ETT effectively lowers the cross section of the ETT and
increases significantly the work of breathing in intubated
patients, who then require increased MV support, with
prolonged intubation and ICU stay [3, 4, 5, 6, 7].

Bactericidal-coated ETTs offer promise to prevent
VAP [8]. Recent studies showed that such ETTs may
retard bacterial colonization of the ETT, but ultimately
become heavily colonized [9]. We have previously
designed a novel device, the Mucus Shaver! (MS), to
keep the internal surface of the ETT free from mucus
secretions [10]. We now proceed, in studies in sheep, to
investigate whether or not keeping the internal surface of
a silver-based coated ETT clean by regular use of the MS,
may retain the tube’s full bactericidal effects.

Materials and methods

This study was approved and conducted at the National
Institutes of Health animal research laboratory, Bethesda,
MD, USA [11].

Animals

This study involved 12 sheep.

Study group: Six sheep were intubated with silver-
sulfadiazine-coated ETTs and MV for 72 h; an additional
sheep was MV for 168 h. Following suctioning the ETT
every 6 h, we introduced the MS into the ETT, advanced
it as far as the tip of the ETT, inflated the balloon, and
rapidly retrieved the balloon with all mucus entrained [10].
Weights of secretions recovered from the ETT with the
MS were recorded.

Control group: Five sheep were intubated with silver-
sulfadiazine coated ETTs and mechanically ventilated for
72 h. Every 6 h, the ETT was suctioned through a standard
14-Fr suction catheter.

The final tracheal suction and/or mucus shaving were
performed 6 h before election euthanasia of the sheep. All
sheep in both groups were prone, in a gantry, and rotated
every 6 h from one to the other semi-lateral body position,
to maintain orientation of the ETT horizontal [12].

ETT coating

We prepared a dispersion containing silver-sulfadiazine
and polyurethane in N,N-dimethylacetamide. A standard
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ETT with internal diameter (ID) of 8 mm was inserted into
a hollow transparent acrylic tube to keep it straight, and the
tip of the ETT was immersed in the dispersion, which was
rapidly aspirated up to the level of the connector piece.
Immediately thereafter, the ETT was drained for 2—4 s and
placed horizontally in a rotational device, through which
a gentle stream of air was passed to facilitate solvent
evaporation. The coated ETT was then removed from the
plastic tube and sterilized with ethylene oxide gas (see
electronic supplementary material, S.F1).

Mucus Shaver

As previously described [10], to clean adult-size stan-
dard ETTs, we attached to a 3.0-mm outside diameter
(OD; 2.0mm ID), 28-cm-long plastic tube (Hytrel, E.I
Dupont) a 2-cm-long injection-molded silicone rubber
(GE CE-4524) tube (ID 3.5mm; OD 4.5 mm) with two
or more 1.0-mm-wide and 0.5-mm-high “shaving rings”
fitted. For added safety, we incorporated into the distal
end a radio-opaque stainless steel bead, attached to a fine
braided stainless steel wire, to facilitate retrieval in the
unlikely event that an event such as tear, adhesive failure,
or abuse caused loss of the inflatable MS (see electronic
supplementary material, S.F2 and S.F3).

Bacteriologic studies

Endotracheal tube sampling and microbiological studies
were performed as described previously [8].

In brief, three samples of ETT secretions were col-
lected at 6 cm (ETT1), 16 cm (ETT2) and 26 cm (ETT3)
from the ETT connector piece for quantitative bacteri-
ologic studies. When no mucus/secretions were grossly
visible, a cotton swab was dragged along the lumen of the
ETT for qualitative bacteriologic studies (ETT swab).

A 1-cm-long section of the distal ETT (28-29 cm from
the connector piece) was cut and the lumen of the ETT was
studied with a scanning electron microscope (SEM).

Animal preparation and care

Sheep were anesthetized (induction: ketamine, 7 mg kg™';
maintenance: sodium pentobarbital, 2 mgkg~! h™!), para-
lyzed (pancuronium bromide, 0.1 mg kg~! h™!), and mech-
anically ventilated (volume-controlled ventilation: tidal
volume 8—10 ml kg™!, respiratory rate 14—25 breaths min~!,
PEEP 5 cmH»0, FiO; 0.4), using a Servo 900C ventila-
tor (Siemens Elema, Solna, Sweden). PaCO; was kept
between 35-45 mmHg; FiO2 was adjusted to maintain
PaO, above 80 mmHg, with peak airway pressure under
20cm H>0. A heated (37.5°C) respiratory humidifier



890

(MR850 JHU; Fisher&Paykel, Auckland, New Zealand)
was connected to a sterile heated infant ventilator circuit
(Isothermal respiratory circuit, circuit MR850, Allegiance
Healthcare Corporation, 1L, USA). Hemodynamic and
respiratory parameters, body temperature, blood gas
analysis, blood cell counts, urinary output, chest X-ray
films, fluid replacement, and parenteral nutrition were
monitored/administered as previously described [12]. At
the end of the study, sheep were killed with an overdose
of sodium pentobarbital. The autopsy was necessary to:
(1) visually inspect and record with photographs the
trachea, bronchi, lungs, and abdominal organs for adverse
reaction due to the coating; (2) perform histological
studies on tissue samples of the trachea, bronchi and
lungs; (3) store samples from trachea, bronchi, lungs, and
blood for possible leaching studies.

Statistical analysis

All analyses were conducted using nonparametric
methods. We tested for differences between the two study
groups using the Wilcoxon two-sample test and Fisher’s
exact test, respectively, for continuous and categorical
variables. A two-sided p value of 0.05 was considered
statistically significant (software used: Stata 8.0).

Results

Clinical parameters

All 12 young female Dorset sheep (median body weight
35 kg, range 28-37 kg) were considered healthy based on

Table 1 Bacteriologic studies and scanning electon microscopy of the coated ETTs

Sheep# MV?  Bacterial ETT 1° ETT24 ETT 3¢ ETT If ETT22 ETT3" SEM thickness!
species®  cfu/g cfu/g cfu/g swab swab swab pm
1 72 Ps 0 0 1.9 x 107 380
2 72 Kp 5.9 x 10° 0 450
Ap 5.6 x 107 1.1 x 10°
Ps 44 x10°
3 72 Sa 9.3 x 10° 2.0 x 107 1.0 x 107 320
Control BHS 9.3 x 10° 2.0 x 107 1.0 x 107
group 4 72 EC 4.0 x 10% 6.5 x 10? 2.3 x 10? 550
Pa 1.3 %103 5.0 x 10*
oS 6.0 x 10* 5.0 x 10* 8.5x 10°
Mo 6.0 x 10°
5 72 Pa 3.8 x 107 4.8 x 107 3.7 x 107 270
median 1.0 x 107 4.0 x 107 1.0 x 107 380
range 0-6.0x10°  0-1.1 x10°  0-3.7 x 107 270-550
6 72 Sa 0 0 4.0x10° 10
7 72 ns 0 0 0 15
8 72 0 ns 0 0 8
9 72 Co ns ns 9.8 x 107 0 0 0
Study 10 72 ns ns ns 0 0 0 0
group 11 72 Co ns ns 4.3 x 107 0 0 0
Ap 3.9 x 107
12 168 Sa ns ns ns 0 0 0 0
median 0 0 0 0
range 0-0 0-0 0-9.8 x 107 0-15
p-valuel 0.007 0.007 0.56 0.004

4 Hours of mechanical ventilation

b Abbreviation: Ap = Arcanobacterium pyogenes, Co = Corynebacterium, EC = E. Coli, Pa = Pasteurella, Pa = Pseudomonas aeruginosa,

Sa = Staphylococcus aureus

¢ Bacterial count (cfu/g) of secretions retrieved at 6 cm from the ETT connector piece. Abbreviation: ns = no secretion to sample

d Bacterial count (cfu/g) of secretions retrieved from 16 cm from the ETT connector piece. Abbreviation: ns = no secretion to sample
¢ Bacterial count (cfu/g) of secretions retrieved at 26 cm from the ETT connector piece. Abbreviation: ns =no secretion to sample

f Qualitative bacteriologic studies (cotton swab) of lumen of the ETT at 6 cm from the ETT connector piece. Note: 0=no growth
£ Qualitative bacteriologic studies (cotton swab) of lumen of the ETT at 16 cm from the ETT connector piece. Note: 0 =no growth

f‘ Qualitative bacteriologic studies (cotton swab) of lumen of the ETT at 26 cm from the ETT connector piece. Note: 0 =no growth
! Microns (um) of thickness of the bacterial biofilm, or proteinaceuos accumulation on the internal surface of the ETT at 29-29 cm from

the connector piece

3 p-value for difference between the Control group and the Study group (Wilcoxon (Mann-Whithey) ranksum test)



Fig.1 a Cross section of a new
(never used) coated ETT with

a silver-based dispersion in
polyurethane. Thickness of the
coating is approximately

100 um (magnification x 250).
b Cross section of a coated ETT
after 168 h of MV, cleaned with
the MS (sheep 12). Note total
absence of secretions
(magnification x 110). ¢ Higher
magnification of the same ETT
(magnification x 1000). d There
is no accumulated material on
the surface. The granular nature
of the silver dispersion in
polyurethane is readily apparent
(magnification x 6000). e Cross
section of coated ETT cleaned
with standard suctioning (no
MS) after 72 h of MV (sheep 3),
with thick mucus layer on the
coating (magnification x 6000).
f View from above of same ETT,
with bacterial colonies on top of
the mucus layer that uniformly
covered the whole surface of the
coated ETT (magnification

x 6000)

clinical findings, laboratory data, and chest X-ray films.
Pa0,/FiO,, body temperature, and white blood cell counts
were unremarkable throughout the study. At autopsy, no
gross abnormalities were found in any sheep of either
group, and the tracheal mucosa appeared unremarkable in
all.

Appearance, microbiological findings and SEM studies of
the ETT

Control group: On visual inspection, dense, sticky mucus/
secretions covered the entire length of the ETT. The
thickest mucus was always observed in the dependent
(bottom) parts of the ETT, most likely due to gravitational
forces. Secretions were colonized with pathogenic and
non-pathogenic bacteria in 12 of 15 samples (5 of 15
were multi-bacterial colonization) (Table 1). On SEM, the
tip of the ETT had a thick layer (median 380 pm, range
270-550 pum) of adherent bacterial biofilm on the ETT
surface (Fig. le, f).

Study group: on visual inspection the ETT appeared
clean; only few secretions could be retrieved from the tip
(ETT3) of 5 of 7 ETT; and both from 2 of 7 ETT in the
center (ETT2), and in the proximal part of the ETT (ETT1)
(Table 1). Secretions, when present, accumulated only on
the dependent part of the ETT, and appeared to be thin,
fluid, clear, not adherent to the ETT. Three of 21 ETT sam-
ples showed bacterial growth; all 3 were retrieved from the
very tip of the ETT (ETT3) (Table 1).

Overall, 4 of 5 ETTs in the control group and 0 of 7
ETTs in the study group were colonized at 6 cm and 16 cm
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from the ETT connector (p =0.01); 4 of 5 ETTs in the con-
trol group and 3 of 7 ETTs in the study group were colo-
nized at 26 cm (p = 0.29), the tip of the ETT. SEM showed
complete absence (or presence of a layer only a few mi-
crometers thick) of proteinaceous material (p = 0.004, ver-
sus control group for thickness of the mucus layer); bac-
teria were never seen (Fig. 1b—d, ETT SEM of sheep 12,
ventilated 7 days. Note absence of all deposit, and bacterial
growth; the ETT appeared new on visual inspection).

The median (range) of the wet and dry secretions
retrieved with suctioning and MS were, respectively,
229.5mg (44-1064mg) and 28.6mg (6-571 mg). The
total time (from disconnection from the ventilator, to
reconnection) required to clean the ETT with the MS
averaged 5-10 s. No complications were associated with
this procedure.

Discussion

Several studies have suggested that substantial narrowing
of the intraluminal diameter of ETTs by accumulation of
debris was related to the duration of intubation and to the
presence or otherwise of VAP [1, 2, 6, 8]. Such narrow-
ing may significantly increase the likelihood of ETT occlu-
sion and increase airway resistance, which can contribute
to failure to be weaned off mechanical ventilation [3-7].
Methods now universally used to clean the ETT are in-
adequate to remove the bulk of mucus. In our studies we
used healthy sheep. Based on previous studies [12], we de-
cided to perform tracheal suctioning every 6 h, different
from patients where tracheal suction is performed every
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1-3 h. Clinical studies have shown that narrowing of ETT
lumen due to accumulation of secretions remains common
in patients mechanically ventilated [6, 7].

Mucus and secretions within the ETT after as little as 1
day of MV are almost always heavily colonized with bac-
teria, in spite of the best efforts of attending staff [5, 6, 7,
10, 12, 13]. It follows that preventing heavy bacterial col-
onization of the ETT through bactericidal coating of the
lumen, alone, is of only marginal, temporary benefit to the
patient.

We have previously shown benefits of periodical use
of the MS to keep standard ETTs clean of mucus/secre-
tions [10]. In studies reported here, we showed that coated
ETTs, when cleaned with the MS, retained excellent
bactericidal properties throughout the study, as there was
no accumulation of secretions or formation of bacterial
biofilm. Hence, the use of the coated ETT, combined
with its meticulous cleaning with the MS, prevented all
bacterial growth within the proximal and middle parts of
the ETT in studies lasting up to 72 h of MV.

Neither deep suctioning nor the MS kept the area be-
low the cuff perfectly clean, as secretions invariably accu-
mulated in the area below the cuff and reached the most
distal part of the ETT (tip), from which we retrieved at au-
topsy small amounts of mucus in the study group sheep
with bacterial growth in three of seven sheep.

Our studies showed that, by cleaning the bactericide-
coated ETTs with the MS, most bacterial colonization of
the ETT during the course of 72 h of MV was prevented.
The internal surface of the ETT remained always free of
colonization, and in only three sheep was the very tip of
the ETT colonized.

Clinical studies [1, 2, 6] have provided evidence that
the ETT might be a risk factor in the development of
VAP, because heavily colonized biofilm fragments might
be translocated from within the ETT to the trachea, the
tracheo-bronchial tree, and the lungs. ETTs coated with
bactericidal agents may prevent bacterial colonization
and biofilm formation on its internal surface. Laboratory
studies [9, 14] have shown that silver-based compounds
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