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Mucosal Injury Following Short-Term Tracheal Intubation: A Novel
Animal Model and Composite Tracheal Injury Score

Rishie Sinha, FRCA @©; Ricardo Correia, PhD; David Gardner, PhD, DSc 2; Llorenc Grau-Roma, PhD;
Simone de Brot, DVM; Jonathan Hardman, PhD; Steve Morgan, PhD; Andrew Norris, FRCA

Objectives: Postintubation laryngotracheal injury is common. Assessment of histopathological changes currently requires
animal models. We set about developing a viable, resource effective animal model to study these effects and to develop a
detailed tissue injury score.

Methods: Six pigs were anesthetized using a standard regimen. We intubated the tracheas using a standard endotra-
cheal tube modified to include optical sensors. Animals were anesthetized for a duration of two to four hours, and their lungs
were ventilated using a normoxic gas mixture. Following euthanasia, the tracheas were removed and underwent histological
assessment by two independent veterinary pathologists. The histological lesions, including controls, were described and quan-
tified, and two pathologists classified tissues according to a novel injury score.

Results: Mean duration of tracheal intubation was 191 minutes (SD * 41.6). In all except one animal, cuff pressures
were maintained in the range of 25-45 c¢cmH20. Histopathological findings in all study animals showed more extensive
changes than previously described with short-term intubation. Changes were seen in all mucosal layers consistent with acute,
suppurative, and ulcerative tracheitis. The range of scores of the developed composite scoring system among the animals was
wider than in earlier descriptions. There was a high percentage of agreement between both pathologists.

Conclusions: We have described a novel tracheal injury score to assess pathological changes following short term intu-
bation in a viable animal model. The scoring system distinguished between the test animals as well as controls and may be
appropriate for continuing study of intubation injury.
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Level of Evidence: 3

INTRODUCTION

Endotracheal intubation can cause severe ischemic
injury and permanent tracheal stenosis.'® Postintubation
tracheal stenosis (PITS) being the most common cause of
acquired tracheal stenosis.®” PITS is associated with
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significant impact on quality of life and healthcare costs.’
The reported incidence ranges from 1% to 33% of all intu-
bated patients.® ! Injury is affected by duration of intu-
bation, cuff properties, and inflation pressures.!?™* It is
difficult to investigate these and similar effects in
humans.

Animal models have been used to examine histopath-
ological changes, but have been hindered by the percep-
tion that long periods of intubation, or excessive cuff
pressures were required to induce measurable injury.!>~1°
In order to address this, Gordin et al. described a piglet
model in which hypoxic gas mixtures were used to acceler-
ate ischemic injury.2° Although this model proved success-
ful in inducing significant injury, the results may have
been confounded by use of hypoxic conditions.

We have developed a novel endotracheal tube that
incorporates optical sensors in the cuff.?’"2*> We needed to
demonstrate functionality of sensors, and absence of obvi-
ous injury in a viable and translational animal model.
Previous animal models were considered unsuitable for a
variety of reasons including use of ambulatory animals,
size of the animal, use of hypoxic gas mixtures to acceler-
ate damage, or prolonged periods of ventilation.!®?° In
this study, we describe an animal model suitable to assess
the efficacy of sensors and influence of endotracheal cuff
design, material, and cuff pressure management. We fur-
ther describe the effect of short-term intubation, at con-
ventional cuff pressures, on histopathology of the tracheal
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TABLE I.
Basic Parameters of Study Animals.

Core temperature
range (degrees C)

End-tidal carbon
dioxide (kPa)

Mean arterial

pressure (kPa) Duration of tracheal

Pig Weight (kg) (mean and SD) (mean and SD) (mean and SD) intubation (minutes)
1 55 38.9 (0.98) 7.6 (0.47) 10.1 (0.91) 202
2 60 40.2 (2.68) 8.9 (0.47) 10.2 (1.63) 183
3 57 8.0 (1.06) 254
4 57 38.8 (0.21) 9.6 (0.47) 8.9 (2.77) 216
5 72 38.8 (1.20) 8.9 (0.47) 11.0 (3.78) 155
6 63 38.15 (0.07) 7.9 (0.94) 10.7 (1.80) 140
Control 50 140
Unintubated 58 None

epithelium and report a novel histopathological scoring
system. Our primary objective was to develop a viable ani-
mal model to investigate tissue damage secondary to
endotracheal tube cuff—pressure related injuries. Our sec-
ondary objective was to develop and validate an in-depth
histopathological scoring system which would enable us to
describe the injury noted in detail and that could be used
in future studies of newer airway devices.

MATERIALS AND METHODS

Ethical approval was obtained and the work was per-
formed under Home Office licence (PPL 40-3410).

We anesthetized six study pigs (Canberra 12) at 10 to 12
weeks of age, mean weight 60.6 kg. Pigs were fasted and
sedated with intramuscular buprenorphine (0.05 mg/kg), keta-
mine (5 mg/kg) and detomidine (0.1 mg/kg). After 15 to 20
minutes, we intubated the tracheas with our novel endotracheal
tubes (size 8.0 Mallinckrodt cuffed ET tube, Covidien UK) modi-
fied to include optical sensors in the cuffs. The optical fiber sen-
sors (OFS) were placed outside the original tube cuff and a
second cuff from a size 9.0 Mallinckrodt endotracheal tube was
overlaid to create a double cuff. A detailed description of the
OFS have been presented elsewhere.?2

General anaesthesia was induced using intravenous alfax-
olone (0.7-2.4 mg/kg) and maintained with isoflurane (1-2%), in
a mixture of oxygen and air to maintain oxygen saturations
over 94%. The lungs were ventilated with a tidal volume of 10
to 12 ml/kg and alveolar ventilation adjusted to an ET CO; of 6
to 8 kPa. Core temperature was monitored using a rectal probe.
Intravenous Hartmann’s fluids were infused at the rate of 5 ml/
kg/hr. Cardiovascular data (blood pressure and heart rate) were
recorded using radiotelemetry probes (Telemetry Research, dis-
tributed by Millar Ltd, Oxon, UK) implanted into the carotid
artery. Data are minute means = standard error of the mean.

We initially used 5 mL of air to inflate the cuff as per rou-
tine veterinary practice in our unit. However, this led to intra-
cuff pressures over 50 cm H,0. In subsequent animals, the cuff
was inflated in 1-mL increments to the point of adequate venti-
lation as guided by David Gardner. Contact pressure was
recorded using a SmartScan Interrogator (Smart Fibres Ltd.,
Bracknell, UK). The pressures in subsequent animals were
noted to be in the range of 23 to 45 cm Hy0. The mucosal flow
sensor recorded data using a software programme developed in-
house based on Labview (National Instruments Corporation,
Newbury, UK).

Following the procedure, the pigs were humanely killed
using sodium pentobarbitone (200 mg/kg). The larynx and
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trachea were removed as a single unit. The exact position of the
inflated endotracheal tube cuff was recorded in situ. Tissue
samples proximal, at the point of cuff pressure, and distal to
the cuff were taken and preserved in 10% formal saline for 24 h
at 4°C, washed in 0.1 M Phosphate—buffered saline (PBS) for
24 h and stored in 70% ethyl alcohol prior to trimming and
embedding in paraffin wax blocks. In addition, two control
specimens were prepared one from an un-intubated trachea and
one intubated using a conventional endotracheal tube.

Evaluation of Laryngotracheal Samples

Several consecutive and parallel cross-sections were per-
formed in a cranio-caudal fashion separated by 1 0.3 cm. Each
section was divided into two cassettes, labelled, and routinely
processed for histology using hematoxylin and eosin staining.
The pathologists worked separately at first using the scoring
system by Gordin et al.2® but this did not provide us adequate
detail. As a result, a new scale was devised in order to provide
more information about the extent of tissue damage. Having
agreed on a scoring system, tissue samples were analyzed using
this scoring system by one of the pathologists who had been
blinded to study protocol. In order to assess inter-rater reliabil-
ity, a random selection of 30 slides were scored independently
by two pathologists. These scores were inspected and analyzed
using split-half reliability with Spearman-Brown adjustment.
Retrospectively, all scores were examined. One hundred fifty
scores were assigned in total by each pathologist. In only five
cases did scores differ by 2 or more (Table II).

The following parameters were assessed: loss of cilia; epi-
thelial flattening; epithelial ulceration; inflammatory changes;
and presence of hemorrhages. Changes in the first four parame-
ters were semi-quantified as absent (0), mild (1), moderate (2),
or severe (3). In the case of cilia loss, epithelial flattening and
epithelial ulceration, mild equated to <560% of cilia loss, moder-
ate equated to <90%, and severe equated to diffuse damage.
Ulcerated areas by definition included areas with cilia loss and
epithelial flattening. Inflammatory changes were assessed in
the first inner three layers of tissue (mucosa, submucosa and
perichondrium) and a summative score allocated as absent (0),
affecting only the mucosa (1), affecting mucosa and submucosa
(2), and affecting all tissue layers (3). Hemorrhages were graded
as absent (0) or present (1).

We combined the scores to create the Nottingham Compos-
ite Tracheal Injury (NCTI) score encompassing injury to all tis-
sue layers, the summative inflammatory score, and the
presence of hemorrhages.

We present our scores alongside the grading systems pre-
viously described, where 0 = no damage, 1 = compression of

Sinha et al.: Tracheal intubation injury scoring in pigs



TABLE II.
Comparison of Raw Scores Between Reviewer 1 (R1) and Reviewer 2 (R2) Prior to Validation.
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Tissue changes: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. Inflammation: 0 = absent; 1 = affecting only the mucosa; 2 = affecting the mucosa
and submucosa; 3 = affecting all tissue layers. Hemorrhages: 0 = absent; 1 = present.

epithelial layer, 2 = epithelial loss, 3 = sub-epithelial and glan-
dular inflammation or necrosis, and 4 = Perichondrium
inflammation.?%-2*

RESULTS

Animal 2 developed early signs of malignant hyper-
thermia, a known complication of general anaesthesia
within pigs,2®?® and the procedure was terminated at
two hours. In one pig, the core temperature and end-
tidal carbon dioxide data were not correctly recorded, so
these data have been omitted, however, this data would
not have impacted tissue changes described. The basic
parameters of all the studied animals including the
unintubated and one intubated with a conventional red
rubber tube are listed below (Table I).

The animals were ventilated for a mean time of 191
minutes (SD * 41.6). Cuff pressures were maintained in
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the range of 23 to 45 cm H20 (25-55 cm H20 for animal
1). Histological findings from the test animals were con-
sistent with an acute, suppurative, and ulcerative trachei-
tis, (Figs. 1 and 2).827 All lesions were scored using our
composite tracheal injury score. Loss of cilia in epithelial
cells was extensive in most sections. There were multifo-
cal areas of epithelial flattening and ulceration within the
trachea. Inflammation was predominantly neutrophilic
within the tracheal epithelium and a mixture of neutro-
phils and lymphocytes with edema in the lamina propria
and submucosal layers. In two sections from two different
animals the inflammation extended to the perichondrium.
In addition, two of the animals (4 and 6) showed lesions of
squamous metaplasia in the tracheal epithelium. These
lesions are chronic and are therefore presumed to be pre-
existing to the current procedure.

The sample of trachea intubated using a conven-
tional ET tube demonstrated similar lesions to the study
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Fig. 1. Tracheal section from an unintubated animal. Minimal num-
bers of lymphocytes are present within the lamina propria and
submucosa. 10x. Hematoxylin & Eosin. Ca = cartilage; Ep = epi-
thelium; Gl = submucosal glands.

animals, ranging from a subacute non-suppurative tra-
cheitis to that of an acute, suppurative, and ulcerative
tracheitis. Unintubated tracheas had none of the above
indications of damage to the tracheal epithelium, with
only low numbers of inflammatory cells within the epi-
thelium, lamina propria, and submucosa. The raw scores
are presented in Table II. As can be seen there was a
high degree of agreement between the reviewers for the
raw data (Cronbach’s alpha: 0.93; split-half reliability
with Spearman-Brown adjustment: 0.93).

Inflation pressures and contact pressure from a
recording are shown in Figure 3. This is from animal 1,
which was subjected to relatively high cuff pressures
early on. Overall, contact pressures and inflation pres-
sures are similar as we would expect from a large vol-
ume PVC cuff. It can be seen that the deflated cuff in
this case was already in tracheal contact from the point

Fig. 2. Tracheal section from an intubated animal. There is diffuse
ulceration of the tracheal mucosa and abundant neutrophils
admixed with pale extracellular eosinophilic material (edema)
within the lamina propria and submucosa. 10X. Hematoxylin &
Eosin. Ca = cartilage; Gl = submucosal glands.
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Fig. 3. Mean contact pressure (red line) and intra-cuff pressure
(black line) during cuff inflation. This graph is from animal 1 which
was subjected to higher than expected endotracheal tube cuff
pressures.

of insertion, with pressure of around 1kPa (~10
cmH20). Subsequent stepwise inflation can be seen. The
variation in the contact pressure is due to ventilator
cycling. The point at which the inflated cuff makes con-
tact is at around 130 mS. The mean contact pressure is
around 0.5 kPa higher than the inflation pressure for
lower pressures in the normally recommended range of
2 to 3 kPa, but this pattern reverses at higher pressures
of 3 to 3.5 kPa.

The range of scores of the developed NCTI scoring
system among the animals was wider than in earlier
descriptions (Table ITI). We compare the NCTI alongside
the grading system described above by Gordin and Bassi
(Fig. 4).202*

DISCUSSION

This study demonstrated significant mucosal injury
following short-term tracheal intubation at near recom-
mended cuff inflation pressures. We assessed mucosal
injury using a novel composite injury score derived from
that described by Gordin et al.2°

The strengths of the current study are that a trans-
lationally relevant animal model for adult anesthetic
and intensive care practice has been used (animal size,
equipment, cuff pressures, and period of ventilation).
Histopathology was assessed independently, with strong
agreement between pathologists, and with pathologists
unaware of ET tube characteristics (novel, conventional,
or unintubated). The extent of pathological changes
were greater than previous literature led us to expect
given the short duration and near recommended pres-
sures used.

The study has some limitations. Sample size was
small, however, the pathological changes in all pigs were
obvious and consistent. The severity of changes dis-
played some variation, and a larger study may have
allowed some insight into what constituted a typical
injury score. Potentially, the injuries could have been
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TABLE lIl.
Nottingham Composite Tissue Tracheal Injury Score as a Summation of Damage in the Various Layers of Tissue.

Nottingham
composite
Cilia Epithelial Epithelial tracheal
Animal no. loss flattening ulceration Inflammation Haemorrhages injury score
1 2 2 2 2 - 8
2 1 1 2 2 - 6
3 2 2 2 2 1 7
4 2 1 1 2 - 6
5 1 2 2 2 - 7
6 3 1 1 2 - 7
Control 0 0 0 2 - 2
(away from cuff site)
Control 3 2 2 2 - 9
(cuff site)
Unintubated 0 0 0 1 - 1

Tissue changes: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. Inflammation: 0 = absent. 1 = affecting only themucosa; 2 = affecting mucosa and

submucosa; 3 = affecting all tissue layers. Hemorrhages: 0 = absent; 1 = present.

affected by the modifications to the endotracheal tubes,
ie, the addition of a second cuff and the presence of the
OFS. Histological sections however showed no evidence
of focused area of injury. In addition, we also examined
the trachea of an animal that was intubated using a con-
ventional endotracheal tube and a nonintubated trachea.
The trachea from the animal intubated with a conven-
tional red rubber tube showed similar changes to our
experimental animals and no injury was seen in the
unintubated trachea.

10
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m Nottingham Composite Tissue injury score

We maintained cuff pressures close to what is accepted
as a conventional range. Higher pressures were sometimes
needed in order to achieve mechanical ventilation.

The pathological features of ischemic tracheal
injury secondary to tracheal intubation are well-docu-
mented.?%1127-2% However, our understanding of the rel-
ative contributions of contact pressures, tube materials,
cuff shape, and contor would be helped by having a an
accurate, reliable, and sensitive injury score as well as
an animal model that does not require extended periods

Pig5 Pig6 Conventional ETT Unintubated

m Gordin score m Bassi score

Fig. 4. Nottingham Composite Tracheal Injury scoring system compared with Gordin and Bassi scores.
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of mechanical ventilation or artificial conditions to accel-
erate tissue injury.'®2°

Gordin et al.’s model generated rapid histopathologi-
cal change, but only under hypoxic conditions in relatively
small piglets (15-18 kg).2° It has been noted that local
hypoxia is one of the important contributory factors in the
development of laryngotracheal injury.''3° Additive sys-
temic hypoxia has the benefit of accelerating tissue
changes, but may also alter the nature and extent of
injury. The results from ambulatory nonanesthetized or
mechanically ventilated animal models of laryngotracheal
damage may lack transferability to clinical practice.'®

Changes noted in previous studies which differed
by whether the animals were anesthetized, duration of
intubation, and the age and weight characteristics of the
population studied were also demonstrable in this study
but after only two to four hours of ventilation at near
normal pressures.'®2721733 In an age where carrying out
animal studies is becoming increasingly difficult, our
model allows for multiple utility of each animal utilized
for study purposes.

Histopathological changes in previous studies have
been largely restricted to measurement of depth of
injury.®2%2* We argue there is need for a more detailed
and sensitive analytical tool. Previous scoring systems
have examined samples histologically and graded them
(0—4) based purely on the presence of injury in the various
layers of tissue. Our scoring system provides for the iden-
tification of injury in the various layers but also quantifies
this in significant detail thereby providing a nuanced, in-
depth score of tracheal injury. We believe this model and
scoring system will aid in study of the efficacy of future
airway devices with differing characteristics (materials,
cuff design, pressure managements systems) in minimiz-
ing the occurrence of endotracheal cuff pressure mediated
injury. We are ourselves in the process of developing a
new multiple sensor equipped endotracheal tube and an
effective model with a detailed injury scoring system will
enable us to examine comparative performance.

CONCLUSION

In summary, we describe a model for the study of
laryngotracheal injury secondary to tracheal intubation
in a relevant timescale that does not require hypoxic
ventilation to accelerate changes. The model is consis-
tent with simultaneously performing other investiga-
tions making it cost-effective, as well as minimizing the
use of animals. Our NCTI Score provides a more
detailed description of injury than existing scales. In
addition, we are currently investigating the possibility of
mucosal injury assessment in vivo using optical coher-
ence tomography which could reduce or avoid the need
for animal studies.?*
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