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Objectives: Tracheal stenosis is a debilitating condition that often presents as an emergency and is challenging to treat. Dilatation may avoid tracheostomy or costly tracheal resection and reconstruction. Traditional dilators cause complete occlusion, preventing oxygenation and ventilation,
limiting the safe duration of dilatation, and increasing the risk of hypoxic injury or barotrauma. The study authors here assessed an innovative
nonocclusive tracheal dilatation balloon, which may improve patient safety by allowing continuous gas exchange.
Design: A prospective observational study of 20 discrete dilatation procedures performed in 13 patients under general anesthesia. The primary
outcomes were the ability to ventilate during dilatation and the preservation of peripheral oxygen saturation. Secondary outcomes included a
measured reduction in stenosis, improvement in Cotton-Myer grading, and procedure-related adverse events.
Setting: At a single university (academic) hospital.
Participants: Consenting adult patients with acquired tracheal stenosis.
Interventions: Access to the airway was maintained by a rigid bronchoscope or supraglottic airway device, as deemed appropriate. Continuous
conventional ventilation was provided during 3-minute balloon dilatations.
Measurements and Main Results: Heart rate, airway pressure, end-tidal carbon dioxide partial pressure, and peripheral oxygen saturation were
measured, and adverse events were recorded. Ventilation was satisfactory in all patients. Peripheral saturation remained greater than 94% in 19
of the 20 (95%) procedures. Stenosis internal diameter and grading were improved. Two patients had minor reversible adverse events (coughing
and laryngospasm), which did not prevent completion of the procedure.
Conclusions: The authors report the first human trial of the device, in which continuous conventional ventilation could be provided during all
tracheal balloon dilatation procedures. Larger trials are needed to confirm improved patient safety and comparative efficacy.
Ó 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction
TRACHEAL STENOSIS is a debilitating condition that is
difficult to treat, requires multidisciplinary management, and
yet often presents with severe respiratory compromise requiring urgent intervention. Emergency tracheostomy may be lifesaving but impacts future definitive management by tracheal
resection and reconstruction (TRR).1,2 Although considered
the gold standard for the management of tracheal stenosis,
TRR requires a high level of resources and still is associated
with a significant rate of failure and restenosis.1-5 Dilatation
can allow time for a careful assessment and informed interdisciplinary decision-making, or may be curative, circumventing
TRR. The avoidance of tracheostomy also has a significant
impact on the quality of life of the patient.6
Tracheal dilatation is performed using solid bougies, rigid
bronchoscopes, or dilatation balloons.1,7-14 Shear forces
caused by bougies or rigid bronchoscopes may cause additional trauma, increasing the risk of restenosis.15 Traditional
solid or balloon dilators also cause complete occlusion, preventing ventilation and oxygenation, limiting the safe duration
of dilatation, and increasing the risk of hypoxic injury or barotrauma. The study authors postulated that nonocclusive dilation might reduce the procedural risk, improve the ease and
safety of dilatation, and make the procedure less fraught for
the general anesthesiologistconfronted with these cases when
they present as emergencies.
The ‘Trachealator’ airway balloon (DISA Medinotec,
Johannesburg, South Africa) is designed for a single-use dilatation (Fig 1). Consisting of 6-to-8 polyamide subunit balloons, it forms a ring with an open central space when inflated
(Fig 2). The resultant radial force combines dilatation with an
open passage for continuous ventilation, which also should
reduce the risk of barotrauma. The semi-compliant device is
available in outer diameters of 6-to-18 mm, which allows pressure-to-lumen diameter correlation at up to the rated burst
pressure of 12 atmospheres.16 Effective ventilation and oxygenation during dilatation with this device previously have
been described in an animal model.17,18 This study was the first
description of the use of this device in humans. The study
hypothesis was that a nonocclusive balloon would allow for
continuous oxygenation and ventilation during the procedure.
Coprimary outcomes were the ability to ventilate during dilatation (defined as the presence of square waveform capnography) and the preservation of peripheral plethysmographic
oxygen saturation (SpO2 90%). Secondary outcomes
included an improvement in stenosis diameter (endoscopically
estimated pre- and postdilatation), improvement in CottonMyer stenosis grading, and procedure-related adverse events.
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informed consent (HREC 382/2016). As a first-in-man study,
the authors elected to include 20 individual balloon dilatation
procedures in adult patients presenting to their multidisciplinary tracheal intervention group at a regional specialist and tertiary academic hospital in Cape Town, South Africa. The
inclusion criteria included an age older than 18, symptomatic
airway narrowing with endoscopic evidence of subglottic or

Fig 1. A diagram showing nonocclusive balloon deployed over guidewire in
trachea.

Methods
Institutional and ethics approval were obtained from the
Human Research Ethics Committee of the Faculty of Health
Sciences of the University of Cape Town for this prospective,
observational, interventional study, undertaken after written

Fig 2. The 18- mm TrachealatorÒ nonocclusive airway balloon showing
inflated subunit balloons creating central space for conventional ventilation.
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tracheal stenosis, and the ability to give informed consent.
Patients with specific contraindications to balloon dilatation or
with known refractory stenosis were excluded. The trial was
registered with ClinicalTrials.gov (NCT02796326).
Patients underwent general anesthesia with manual and
intermittent mechanical ventilation. Initially, the anesthesia
management followed the institutional regimen for patients
with obstructive airway lesions undergoing rigid bronchoscopy, which included an absence of premedication, inhalation
induction with sevoflurane in oxygen, and the maintenance of
anesthesia with spontaneous ventilation. This frequently was
supplemented with nebulized lidocaine and/or intravenous
dexmedetomidine by slow infusions, after a loading dose of 1
mg/kg. However, experience with the new device led to a
change in technique to total intravenous anesthesia (TIVA) by
titrated target-controlled infusions of propofol and remifentanil, and endoscopically-guided dilatation through a supraglottic airway device (SAD), with manual or pressure-controlled
ventilation. A high fraction of inspired oxygen was used routinely to maintain preoxygenation as a protection against inadvertent airway compromise.
Flexible endoscopic airway assessment and measurements
were performed by the surgeon-anesthesiologist team. The
length of the stenosis segment(s), distance from vocal cords
and carina, Cotton-Myer (CM) grade,9 and estimated narrowest internal diameter of the stenosis were recorded before each
intervention. Access was maintained by a rigid bronchoscope
or SAD, as deemed appropriate by the team. When using a
SAD, a guidewire passed through the bronchoscope facilitated
the subsequent smooth introduction of the balloon under endoscopic vision (Fig 3; Supplemental Video 1). The balloon size
was selected at the discretion of the surgeon during bronchoscopy at the beginning of the case, taking into account the
nature of the stenosis and the diameter of the native trachea.
Continuous manually-controlled or mechanical pressure-controlled ventilation was provided during 3-minute dilatations,
using the nonocclusive balloon. Typical balloon inflation pressure was 8-to-10 atmospheres, using a saline-filled inflation
device with an integrated pressure gauge.
Data Processing
Data regarding patient characteristics were limited to age,
sex, presenting complaint, and level and nature of the stenosis.
In addition to routine anesthesia monitoring, heart rate, airway
pressure, end-tidal carbon dioxide partial pressure, and peripheral oxygen saturation were measured continuously and documented at 1-minute intervals, and adverse events were
recorded on a standardized case report form. Data then were
transcribed into electronic format.
Statistical Analysis
Oximetry, capnography, airway pressure, and stenosis measurement data were assessed with descriptive statistics (mean
and standard deviation or median and interquartile range
[IQR], as appropriate), and continuous data were compared

Fig 3. An overview of the endoscopic-guided technique, showing the nonocclusive balloon (B) passed over guidewire (A) being positioned within the stenosis (F) under vision through the flexible endoscope (C). Continuous
conventional ventilation is provided using a multiport adaptor (D) connected
to the supraglottic airway device (E).

using the Wilcoxon signed rank test. Analysis was performed
using MedCalc (MedCalc Statistical Software version 19.1.6,
Ostend, Belgium).
Results
Twenty discrete dilatation procedures were performed in 13
patients from October 2016 to June 2017. The mean (standard
deviation) patient age was 39 (15.2) years. Seventeen of the
procedures were performed in female patients (85%). The
level of the stenosis was subglottic (<20 mm below the vocal
cords) in 7 of 20 (35%) patients, tracheal in 12 of 20 (60%)
patients, and tracheobronchial in 1 (5%) patient. Individual
data for each procedure are presented in Table 1.
Satisfactory ventilation (as determined by the presence of
square waveform capnography) was achieved during balloon
dilatation in all patients throughout the study. Mean (range)
end-tidal PCO2 for all patients was 4.8 (3.3-8.5) kPa. Mean
(range) peak airway pressures were 19 (11-29) cmH2O during
balloon inflation. The highest instantaneous airway pressures
ranged from 17-to-50 cmH2O. In only 2 patients did this pressure exceed 36 cmH2O (Table 1). In 1 patient, a peak airway
pressure of 50 cmH2O was recorded, which occurred during a
bout of coughing during endoscopy before insertion of the balloon. There were no recorded instances of barotrauma or lung
injury.
Peripheral saturation remained above 94% in 95% (19/20) of
the procedures. The median saturation nadir was 99%. In 1
patient, with a background of severe respiratory disease, a saturation nadir of 82% was recorded. It should be noted that this
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Table 1
Summary of Case Records.
Stenosis Level

Tr
Tr
SG
Tr
Tr
Tr
Tr
Tr
TrBr
Tr
Tr
Tr
SG
SG
SG
Tr
Tr
SG
SG
SG
Mean or median
SD or IQR

SpO2 (%)

Airway
Technique

RB
RB
RB
TT
SL
ETT
TT
RB
TT
RB
SAD
SAD
RB
SAD
SAD
SAD
SAD
SAD
SAD
SAD

EtCO2, kPa

Peak
Airway Pressure, cmH2O

Cotton-Myer
Grade

Stenosis Diameter, mm)

Nadir

Median

Max

Mean

Peak

Mean

Max

Pre-

Post-

Pre-

Post-

100
99
97
82
98
99
99
100
100
100
98
94
99
100
99
98
97
100
100
99
99
98-100

100
100
98
93
99
100
99
100
100
100
99
98
100
100
100
100
100
100
100
100
100
99-100

100
100
98
98
99
100
99
100
100
100
99
99
100
100
100
100
100
100
100
100
100
99-100

5.6
6.0
3.8
4.8
4.7
5.0
3.7
3.3
4.9
3.3
5.5
5.3
3.8
4.8
5.2
5.7
6.0
4.5
5.4
4.2
4.8
0.9

6.9
8.5
6.0
5.4
7.5
7.7
5.0
3.8
7.5
3.8
6.4
5.6
4.6
5.5
6.1
6.4
6.9
5.0
6.0
5.2
6.0
1.3

17
23
13
28
15
24
18
29
25
29
11
18
21
18
12
14
12
17
18
16
19
5.7

22
26
28
45
18
36
26
30
50
30
17
30
23
22
17
18
35
22
25
20
27
8.9

4
1
1
4
2
3
2
3
4
3
3
2
3
3
3
2
2
3
3
2
3
2-3

1
1
1
2
1
1
1
1
2
1
1
1
1
1
1
2
1
1
1
1
1
1-1

0
12
6
1
6
7
10
5
1
5
4
5
3
4
4
4
7
4
5
7
5
4-6

12
14
14.5
6
13
12
14
12
6
12
14
12
12
10
16
12
15
10
14
12
12
12-14

Abbreviations: ETT, endotracheal tube; IQR, interquartile range; RB, rigid bronchoscope; SAD, supraglottic airway device; SD, standard deviation; SG,
subglottic; SL, suspension laryngoscopy; Tr, Tracheal; TrBr, tracheobronchial; TT, tracheostomy tube.

saturation was present at the commencement of the procedure
because of the recent complete occlusion of 1 main bronchus,
and the patient recovered well after dilatation (median SpO2
93%, peak 98%). No other difficulties with oxygenation were
experienced. (It should be noted that the time to desaturation
below 90% was proposed initially as an outcome measure but
was discarded when it became apparent that this did not occur.)
Surgical outcomes were satisfactory. Median (IQR) stenosis
diameter increased from 5 (4-6) to 12 (12-14) mm (p < 0.001),
and the median Cotton-Myer grade improved from 3-to-1 (representing 71%-99% to >50% stenosis). Ten (50%) patients
underwent a single procedure, with the remaining patients
each undergoing 2 or 3 dilatations. For patients who required
>1 dilatation procedure during the study period, the median
(IQR [range]) time between treatments was 31 (15-34 [13-90])
days. No patients required postoperative ventilation, nor were
any new tracheostomies required.
Two patients had minor reversible adverse events (coughing
and laryngospasm), which did not prevent the completion of
the procedure. This occurred in the early phase of the study
when dilatation was performed using rigid bronchoscopy with
spontaneous ventilation. In 6 out of 20 procedures (30%), there
was a minor degree of mucosal oozing and/or bleeding after
dilatation, which ceased spontaneously and could be cleared
by suction via the bronchoscope.
Two device-related events occurred. In 1 instance, the balloon developed a slow leak during inflation, likely due to
impingement on the tip of the rigid bronchoscope. On another
occasion, inflation of the balloon in tight stenosis resulted in 1

of the subunits being forced into the central lumen, which did
not compromise ventilation. Neither device-related adverse
event resulted in patient harm or required the abandonment of
the procedure.
Discussion
Dilatation of tracheal stenosis was performed with a novel
nonocclusive balloon while maintaining continuous ventilation
and preservation of arterial oxygen saturation (Fig 4).
Although the study was neither designed nor powered to demonstrate surgical outcomes of dilatation with the balloon, the
procedures were routinely effective.
Previous studies have demonstrated the utility of dilatation
for the management of tracheal stenosis.8,10,12,19-24 Although
TRR continues to be considered the gold standard therapy, this
major surgery is not without complications, and the recurrence
of stenosis occurs in 4%-to-25% of patients.1-4 Balloon dilatation (with or without adjuncts such as laser or cryotherapy)
requires fewer operative resources, can be performed routinely
without intensive care unit admission, and is curative in 40%to-100% of patients.7,12,15,25 Prior work using occlusive balloons, however, has demonstrated that complications can
occur, including subcutaneous emphysema, pneumomediastinum, and tracheal rupture.26-30 More than half (51 %) of
patients undergoing occlusive balloon dilatations in 1 study
suffered a tracheobronchial laceration.27 Balloons should,
therefore, be sized correctly for the patient and stenosis and
undergo meticulous positioning and inflation.

3012

R. Hofmeyr et al. / Journal of Cardiothoracic and Vascular Anesthesia 36 (2022) 30083014

Fig 4. (A) Typical subglottic stenosis before dilatation and (B) with inflated nonocclusive balloon in situ, showing the central passage for ventilation.

Until the present time, balloon dilatation has been limited in
utility and duration by the achievable safe apneic period in the
individual patient.31 This often is reduced by the underlying
respiratory illness that led to the tracheal stenosis. Early cessation of dilatation due to desaturation and/or hypercarbia may
reduce the efficacy of the treatment. In the authors’ study, all
patients’ tracheas could be dilated for the 3-minute period
required by the surgeon. This built upon and strengthened the
findings of their earlier animal research showing the ability to
continue with conventional ventilation for extended periods
during nonocclusive balloon deployment.17,18 Whether the
duration of dilatation is linked to the efficacy of treatment,
restenosis rate, or the requirement for repeat procedures, is
unknown. However, effective ventilation and oxygenation to
prevent hypocarbia and hypoxemia, and the reduction in risk
of barotrauma due to the nonocclusive nature of the device,
nonetheless confer an advantage that may result in an improvement in anesthesia safety.
An unexpected outcome was the shift in preferred anesthesia
and airway management techniques over the study
duration.32,33 At the authors’ institution, the originally favored
approach to tracheal stenosis was rigid bronchoscopy performed by the otorhinolaryngology or cardiothoracic surgeon
under inhalation anesthesia with spontaneous ventilation. For
high and/or subglottic lesions, suspension laryngoscopy would
be used, often combined with manual low-frequency supraglottic jet ventilation and intermittent apnea. (High-frequency
jet ventilation is not available in South Africa). However, compassionate-use experience gained with the nonocclusive balloon treating patients not meeting the study authors’ inclusion
criteria (such as patients with a previous laryngectomy and tracheostomy),34 combined with the use of an SAD for the endoscopic assessment of the airway, led to the development of the

new technique (as described in the Methods and featured in
Fig 3 and Supplemental Video 1).
In the context of tracheal stenosis, SADs provide easy ventilation and good airway control, simplify airway management,
and avoid the problem of an absent ‘landing zone’ for a rigid
bronchoscope or endotracheal tube when the stenosis lies close
to the vocal cords. Although developed independently in the
authors’ institution, previous work has alluded to the utility of
the technique, albeit with the use of occlusive balloons.25 This
subsequently has become the authors’ standard approach.33
Effective and safe control of the airway with an SAD also
facilitates the use of TIVA with target-controlled infusions of
propofol and remifentanil. Despite initial concerns regarding
apnea in patients with a threatened airway, experience gained
throughout the study led to confidence that the airway is more
reliably managed with a SAD and endoscopic-guided balloon
dilatation than with rigid bronchoscopy. It is noteworthy that
both patients who had transient adverse events (coughing and
laryngospasm) were not receiving TIVA.
The authors’ study was limited by the small number of
patients recruited and procedures performed, the fact that
assessments were unblinded, and the potential confounding
factor of repeated procedures in 3 patients. In addition, there
was potential bias in that the management teams were small,
and only 2 centers were involved. However, this procedure is
highly specialized and relies upon a keen understanding by
everyone in the team of the exact details of their role. It was
debated whether the study should include a total of 20 procedures (with some patients receiving repeat dilatations on separate occasions) or extend the study to include a total of 20
patients. Since the study examined the ability to ventilate and
oxygenate during individual procedures, and not specifically
long-term outcome, and considering the long duration between
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procedures (median 31 days), the authors felt that the inclusion
of patients returning for repeat dilatations did not introduce
bias into the primary outcomes.
The single patient with a saturation nadir below the target of
90% was due to low baseline saturation rather than an inability
to ventilate during the procedure. This patient was referred to
the tracheal intervention team with multilevel stenosis (tracheal and bronchial) because of life-threatening endobronchial
tuberculosis. The patient had failed weaning from ventilation
on several occasions and had undergone a tracheostomy.
Severe stenosis of the right main bronchus led to complete
occlusion and desaturation in the intensive care unit. Because
of the acute nature of the hypoxemia, the authors elected to
perform a balloon dilatation despite the low starting arterial
saturation of 82%. The endoscopic-guided dilatation through
the tracheostomy tube was successful, with immediate
improvement in saturations.
There were a limited number of device-related adverse
events. The case of balloon leak did not cause harm, and the
procedure could be completed. This patient had a Cotton-Myer
grade-3 subglottic stenosis with an initial diameter of 3 mm.
The slow leak occurred on the second dilatation with the balloon after it was repositioned. During inflation, it was noted to
be expanding with partial impingement against the tip of the
rigid bronchoscope. Dilatation was able to be completed by
gradual adjustment of the pressure insufflator to keep the balloon inflated at a working pressure of 10 atm. The postdilatation assessment showed Cotton-Myer grade-1 stenosis with a
diameter of 12 mm. In the patient in whom 1 of the subunits
was forced into the central lumen, it was apparent that this did
not limit ventilation, with gas flow continuing through the
gaps between subunit balloons. The superstructure collapse
may even prevent injury to the trachea when a stenosis is too
fibrotic to dilate with a balloon. Subsequent to the authors’
study, the manufacturer has modified the balloon to limit this
occurrence.
An interesting observation in the authors’ study was that the
ability to perform dilatations in a controlled manner in patients
with severe respiratory compromise led to a reduction in the
requirement for tracheostomy. Indeed, no patient presenting as
an emergency with tracheal stenosis during the study period
underwent tracheostomy, as all were successfully dilated.
This was in keeping with earlier reports of avoiding emergency tracheostomy by performing dilatation.20 Prior tracheostomy can complicate later TRR and carries significant social
implications for the patient.1,12 Even if the initial dilatation is
not curative, the avoidance of tracheostomy and allowing time
to plan TRR may be of benefit. The relative cost-benefit analysis of tracheal dilatation (even if repeated procedures are
required) versus resource-intensive TRR has not been studied
in the African context, and should be the focus of further
work. The long-term efficacy and overall safety of the nonocclusive balloon technique now is being assessed in a larger
number of patients. The authors are collating cases in a registry
in order to address this aim, but multicenter studies are
required. Although the value of prospective observational trials has been elucidated,35 surgical and safety outcomes with
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this device also ideally should be compared in a randomized
controlled trial.
In conclusion, in this first clinical trial in humans using a
nonocclusive balloon, the study authors were able to maintain
continuous oxygenation and ventilation during dilatation for
tracheal stenosis. There was a significant increase in the diameter of the stenosis after the procedure. The ability to perform
endoscopic-guided dilatation through a SAD renders the procedure less invasive and improves airway control. Larger trials
should be undertaken to confirm improved efficacy and patient
safety.
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