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BACKGROUND: Advancements in tracheostomy tube design now provide clinicians with a range
of options to facilitate communication for individuals receiving ventilator assistance through a
cuffed tube. Little is known about the impact of these modern design features on resistance to air
flow. METHODS: We undertook a bench model test to measure pressure-flow characteristics and
resistance of a range of tubes of similar outer diameter, including those enabling subglottic suction
and speech. A constant inspiratory � expiratory air flow was generated at increasing flows up to
150 L/min through each tube (with or without optional, mandatory, or interchangeable inner
cannula). Driving pressures were measured, and resistance was calculated (cm H2O/L/s). RESULTS:
Pressures changed with increasing flow (P < .001) and tube type (P < .001), with differing patterns
of pressure change according to the type of tube (P < .001) and direction of air flow. The single-
lumen reference tube encountered the lowest inspiratory and expiratory pressures compared with
all double-lumen tubes (P < .001); placement of an optional inner cannula increased bidirectional
tube resistance by a factor of 3. For a tube with interchangeable inner cannulas, the type of cannula
altered pressure and resistance differently (P < .001); the speech cannula in particular amplified
pressure-flow changes and increased tube resistance by more than a factor of 4. CONCLUSIONS:
Tracheostomy tube type and inner cannula selection imposed differing pressures and resistance to
air flow during inspiration and expiration. These differences may be important when selecting
airway equipment or when setting parameters for monitoring, particularly for patients receiving
supported ventilation or during the weaning process. Key words: airway resistance; speech; phona-
tion; tracheostomy; ventilator weaning; work of breathing. [Respir Care 0;0(0):1–•. © 0 Daedalus
Enterprises]

Introduction

The work of breathing is the sum of elastic and resistive
work; in addition to patient factors, apparatus, such as the

ventilator, breathing circuit, and endotracheal or tracheos-
tomy tube, can contribute to added work through altered
airway resistance.1-3 Normal upper airway resistance ac-
counts for approximately half of the total airway resis-
tance,4,5 which is typically 2–5 cm H2O/L/s.4,6 Because the
tracheostomy tube essentially replaces the upper airway, it
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has been suggested that tube resistance should ideally not
exceed 1–2.5 cm H2O/L/s.4,7,8 However, the extent to which
a tracheostomy tube creates resistance depends on its char-
acteristics (diameter [including contrasting diameter of in-
ner and outer cannulas], length, curvature, and materials
used)3,7,9 as well as the rate and type of air flow deliv-
ered.7,10

Existing research on tracheostomy tube resistance has
been limited to old models3,7,11 or tubes of a single man-
ufacturer,7,9,12 or it has examined only inspiratory flows.9,12

Further, published data only relate to conventional
tubes3,7,9,11,12 and not those enabling above cuff suction
and/or speech. Tracheostomy tubes with subglottic suc-
tioning lines were designed to allow removal of upper
airway secretions and reduce the risk of ventilator-associ-
ated pneumonia.13 The external suction line may also be
used to deliver air through the upper airway (including
vocal cords) for speech14 (Fig. 1) while the lower airways
remain isolated for ventilation. These tubes may come
with an optional or mandatory inner cannula. An alterna-
tive and newer device is a fenestrated cuffed tracheostomy
tube, into which one of 3 interchangeable cannulas can be
inserted to enable different functions.15,16 The fenestration
is utilized for speech through placement of a flexible tapered
cannula with a distal flap valve to redirect expired air
through the upper airway (Fig. 2, A and B), whereas the
fenestration is closed upon insertion of a cannula with an
internally embedded subglottic suctioning line (Fig. 2C) or
a rigid standard cannula (Fig. 2D).

It is possible that special design features of modern
tracheostomy tubes (such as optional or interchangeable
cannulae with varying inner dimensions) may alter pres-
sure-flow patterns and resistance to air flow differently.
This could be an important clinical consideration when
providing mechanical ventilation and during the subse-
quent weaning process. Hence, the aims of this study were
to establish the impact of inner cannula selection on in-
spiratory and expiratory pressures and resistance to air
flow through a range of modern tracheostomy tubes.

Methods

We selected double-lumen cuffed tracheostomy tubes to
represent standard design (Shiley LPC [Covidien Austra-
lia, Lane Cove, Australia]; Portex Blueline Ultra [BLU]
[Smiths Medical Australasia Pty Ltd, Bella Vista, Austra-
lia]), subglottic suction design (Shiley Evac; Portex BLU
Suctionaid), and a model with a speech cannula option in
addition to standard and subglottic suction cannulae (Blom
Pulmodyne, Indianapolis, Indiana). All tubes were size 8
but matched as closely as possible on outer diameter (Table
1). Additional testing of size 6 comparable tubes (see sup-
plementary Table 1 at http://www.rcjournal.com) was also
conducted and is reported in the supplemental material. Of
note, the Portex tubes can also function as single-lumen
without the optional inner cannula. All tubes were new and
solely used for the purpose of the study. Ethical approval
was not required for this bench model investigation.

Pressure-flow characteristics were studied for each tra-
cheostomy using an in vitro model (Fig. 3). Constant air
flows were generated by a device designed for flow cali-
bration (18987-1, Gould Godard VB, Bilthoven, The Neth-
erlands), capable of producing 0–300 L/min. Target flows
of 0, 10, 20, 30, 40, 50, 60, 70, 80, 100, and 150 L/min
were generated and confirmed with a calibrated Fleisch
type pneumotachograph (HP-47034A, Hewlett-Packard,
Palo Alto, California) and transducer. We chose this method
because resistance was expected to be non-linear due to
the presence of both laminar and turbulent air flow, and
this method allows the simple presentation of resistance at
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QUICK LOOK

Current knowledge

In recent years, bench model investigations of air flow
through standard tracheostomy tubes have reported in-
creased resistance following insertion of an inner can-
nula. Modern tracheostomy tubes have special design
features enabling subglottic suction and/or speech; these
can have optional, mandatory, and/or interchangeable
inner cannulas of varying dimension.

What this paper contributes to our knowledge

In a bench model study of pressure-flow patterns and
resistance through a range of modern tracheostomy
tubes, differing impacts on air flow dynamics were ob-
served between tubes. Our findings confirmed an in-
crease in pressure and resistance with insertion of an
inner cannula and showed differences during inspira-
tory and expiratory flows according to the type of tra-
cheostomy tube and inner cannula inserted.
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a particular flow, which in turn allows flexibility in un-
derstanding the specific effect at different and varying
flows. Pressure was measured with an air-filled differen-
tial pressure transducer (Bell and Howell 4-327-I, Trans-
America Delaval, Pasadena, California). Constant pressure
and flow data were recorded on an analog monitor (Hewlett
Packard 78324A) connected to a personal computer via a
12-bit analog to digital converter (DT801, Data Transla-
tion, Marlboro, Massachusetts) at 100 Hz with waveform
analysis software (ANADAT 5.2, RHT-InfoDAT, Mon-
treal, California).

Inspiratory data were collected as illustrated (Fig. 3),
with tube orientation reversed for expiratory data and cuff
pressures maintained at 25 mm Hg to ensure an adequate
seal against the pressure transducer. Prior testing of the
system confirmed no Venturi effect. Expiratory testing
was only performed on the size 8 tubes capable of being
used for speech production (Shiley Evac, Portex BLU-
Suctionaid, Blom). Immediately before each expiratory
measurement from the Blom speech cannula, a separate
high-flow compressed air source (30 L/min) was used to
ensure reinflation of the collapsible inner segment and
simulate a normal respiratory cycle.

For analysis, inspiratory and expiratory data for each
tube were plotted as flow (L/min) versus pressure (cm H2O)
up to 150 L/min. Pressures between 0 and 80 L/min were
compared across tubes using repeated measures analysis
of variance with post hoc Tukey honest significant differ-
ence test tests (IBM SPSS 21.0 for Windows, IBM Corp,

Fig. 1. Speech via subglottic suctioning tracheostomy tube. Gas
passes through the subglottic suctioning line into the upper airway
for speech (dashed line); lower airways remain isolated for me-
chanical ventilation (solid line).

Fig. 2. A: Speech via placement of speech cannula, with expiratory
air flow redirected through the upper airway; air flow with inter-
changeable inner cannulae. B: Speech cannula. Inspiratory airflow
from ventilator passes through tapered cannula with flap valve to
lungs; expired air passes above a collapsible segment of the inner
cannula and exits through the fenestration. C: Subglottic suction
cannula with inner embedding of the suction line and closed fen-
estration. D: Standard cannula with closed fenestration.

Table 1. Size 8 Tracheostomy Tube Specifications

Tube Type Size
Outer

Diameter,
mm

Inner
Diameter,

mm

Length,
mm

Comparison double-lumen tubes
Shiley LPC 8 12.2 7.6 81.0
Shiley Evac*† 8 12.2 7.6 81.0
Blom standard 8 12.2 7.6 79.0
Blom subglottic suction* 8 12.2 NA 79.0
Blom speech† 8 12.2 NA 79.0
Portex BLU 8 11.9 7.0 75.5
Portex BLU-Suctionaid*† 8 11.9 7.0 75.5

Reference single-lumen tubes
Portex BLU (no inner cannula) 8 11.9 8.0 75.5
Portex BLU-Suctionaid*†

(no inner cannula)
8 11.9 8.0 75.5

* Can be used for subglottic suction.
† Can be used for speech.
NA � no commercial manufacturer details available
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Armonk, New York) with significance at P � .05. Flows
between 40 and 60 L/min are highlighted, given their clin-
ical relevance,17,18 with pressures at these flows converted
to resistance in cm H2O/L/s. Measurement reproducibility
was tested for the size 8 tube range using a one-way anal-
ysis of variance to calculate technical error of measure-
ment.19 Recorded flows were within 3.5% of the target
rates, and our testing of above cuff suction and speech
tubes was reproducible within a 2% technical error of
measurement.

Results

For all inspiratory and expiratory comparisons, there
was an increase in pressure with increasing flow (P � .001),
a difference in pressure according to the type of tube
(P � .001), and a difference in the pattern of pressure
change with increasing flow according to the type of tube
(P � .001).

Impact of Optional Inner Cannula

Tubes without inner cannula had the largest inner di-
ameter (Table 1), and as expected, the pressures through
the Portex BLU and/or Portex BLU-Suctionaid as a single-
lumen tube were lower than all double-lumen tubes during
inspiration (P � .001) (Fig. 4) and expiration (P � .001)
(Fig. 5).

Pressures During Inspiratory Flow

Inspiratory pressures against increasing flows are shown
in Figure 4, with clinically relevant pressures between 40
and 60 L/min highlighted. The Blom standard cannula and
Shiley Evac generated equal lowest inspiratory pressures
of all double-lumen tubes (P � .001); pressures increased
with the Blom subglottic suction cannula (P � .001) and
Portex BLU Suctionaid (P � .001), respectively. The Blom
speech cannula generated the highest pressures (P � .001).

Pressures During Expiratory Flow

Expiratory pressures against increasing flows for the 3
tubes capable of being used in speech production are shown
in Figure 5. The Shiley Evac generated the lowest expi-
ratory pressures of all double-lumen tubes (P � .001),
followed by the Blom standard cannula (P � .001). Pres-
sures increased with the Blom subglottic suction cannula
(P � .001) and Portex BLU Suctionaid (P � .001), re-
spectively. The Blom speech cannula generated the high-
est pressures (P � .001).

Impact of Interchangeable Inner Cannulas

Pressure variation between the 3 interchangeable can-
nulas of the Blom was observed during inspiratory (Fig. 4)
and expiratory flows (Fig. 5); in both directions, the speech
cannula had higher pressures than the subglottic suction
cannula (P � .001), which had higher pressures than the
standard cannula (P � .001).

Bidirectional Pressures

Pressure-flow patterns varied with air flow direction
between the different tube types. Within the Blom stan-
dard cannula and Portex BLU-Suctionaid (double- and sin-
gle-lumen) there was no difference in pressures encoun-
tered during inspiratory or expiratory flows. Inspiratory
pressures through the Shiley Evac and Blom speech can-
nula were greater than expiratory (P � .001), yet expira-
tory pressures were greater than inspiratory with the Blom
subglottic suction cannula (P � .001).

Resistance

Inspiratory and expiratory pressures for the 3 tubes en-
abling speech (converted to resistance at 40–60 L/min)
are shown in Table 2. During both inspiratory and expi-
ratory flows, tube resistance increased by a factor of 3
upon insertion of the optional inner cannula in the Portex
BLU-Suctionaid (compared with the same tube as single-
lumen). Changing from the Blom standard cannula to the
Blom speech cannula increased tube resistance by a factor

Fig. 3. Apparatus setup for inspiratory testing.
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Fig. 4. Pressures through size 8 tracheostomy tubes at increasing inspiratory flow. Clinically relevant flows are highlighted with gray shading.
Pressures for the Portex BLU and Shiley LPC are not shown because they were nearly identical to those of the Portex BLU Suctionaid and
Shiley Evac, respectively.

Fig. 5. Pressures through size 8 tracheostomy tubes at increasing expiratory flows. Clinically relevant flows are highlighted with gray
shading. Flows above 100 L/min could not be generated for the Blom speech cannula.
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of 4 at 60 L/min, a factor of 5 at 50 L/min, and a factor of
6 at 40 L/min. Similar patterns of pressure versus inspira-
tory flow were observed across all smaller size 6 and/or
size 7 tubes examined but with markedly increased pres-
sures and resistance noted (supplementary Table 2 and
supplementary Fig. 1).

Discussion

Since a primary aim of a tracheostomy is to reduce air
flow resistance and work of breathing for patients weaning
from mechanical ventilation,3 any increase in pressure and
resistance imposed by the tube is an important clinical
consideration when selecting airway equipment for vul-
nerable patients.10,12 All tracheostomy tubes caused greater
resistance to air flow than a native upper airway in this
study, but importantly, the imposed resistance was high in
the majority of double-lumen tubes at clinically relevant
flows. Although the clinical impact of changes in tube
resistance cannot be directly determined from this bench
model analysis, it can be theorized that the greater the
inspiratory resistance through the tube, the greater the in-
spiratory effort required by the patient to overcome this
resistance during a spontaneous or supported breath. Greater
expiratory effort may result in gas trapping and difficulty
initiating the next breath if recruitment of expiratory mus-
cle force is inadequate. Our findings support our hypoth-
esis that special design features of modern tracheostomy
tubes can have differing impacts on air flow dynamics. It
is likely that these findings have clinical importance for
patients weaning from mechanical ventilation and breath-
ing spontaneously through the types of tracheostomy tubes
investigated.

Earlier studies have reported an increase in pressure and
resistance with a decrease in tube diameter3,7,9,12; we con-
firmed a 3-fold increase in resistance with placement of an
inner cannula in a tube that can function as either single-
or double-lumen. This is marginally higher than reported
previously.9,12 The largest inner aperture of tubes used in
our study was 8 mm, and earlier models have shown that

tube resistance does not drop below normal airway resis-
tance until the inner diameter is 8.5–9.4 mm.20 Our tube
choice, however, was based on the clinical predominance
of the size 8 tube in the participating hospital and other
published research.12,21,22 Placement of an inner cannula to
reduce the risk of tube occlusion (by allowing removal for
cleaning)3,23 markedly increased resistance to air flow. It
could be argued that the optional inner cannula created
unacceptable resistance when comparing it with a native
airway. Conversely, the impact of retained secretions within
a tracheostomy tube on resistance to air flow was not
measured or discounted.

A novel finding was the marked variation in patterns of
pressure against flow according to the type of inner can-
nula in situ across brands and functions. For 2 brands
(Shiley and Portex), 2 commercial uses were possible within
the one structure: (1) removal of subglottic secretions and
(2) delivery of air above the cuff for speech. The mecha-
nism/tubing enabling these functions was externally at-
tached to the outer cannula; hence, air passage through the
tracheostomy was not altered by changing the use or func-
tion of the tube (Fig. 1).

The other brand (Blom) had 3 commercial uses (stan-
dard, subglottic suctioning, and speech) within the one
outer structure; however, the mechanisms enabling each
function (insertion of a standard, subglottic suction or
speech cannula) altered the dimensions of the inner aper-
ture for respiration. When acting as a standard tube, the
inspiratory resistance was equal to the lowest of all dou-
ble-lumen tubes, but it increased by 70% upon changing to
the subglottic suction cannula and by �400% when chang-
ing to the speech cannula. The speech cannula created high
resistance even at lower flows, probably reflecting greater
amounts of turbulent flow. Differing dimensions of the
interchangeable inner cannula are therefore reflected: with
the mechanism enabling removal of subglottic secretions
embedded into the inner cannula (reducing proximal ap-
erture) (Fig. 2C) and the tapered speech cannula with flap
valve creating a narrowing at the distal end of the tube
(Fig. 2B). In a patient receiving controlled mandatory ven-

Table 2. Inspiratory and Expiratory Resistance Associated With Clinically Relevant Flow Rates Through Size 8 Tracheostomy Tubes

Tube Type

Direction of Air Flow, L/min

Inspiratory Resistance (cm H2O/L/s) Expiratory Resistance (cm H2O/L/s)

40 50 60 40 50 60

Shiley Evac 1.4 2.5 4.5 1.2 2.0 3.4
Blom standard 1.4 2.6 4.4 1.5 2.8 4.4
Blom subglottic suction 2.5 4.5 7.5 2.5 5.0 8.0
Blom speech 9.4 13.6 18.5 9.5 13.2 17.9
Portex BLU-Suctionaid 3.4 5.8 9.2 3.2 5.6 9.3
Portex BLU-Suctionaid (no inner cannula) 0.9 2.0 3.0 1.0 1.7 2.9
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tilation, the added inspiratory resistance is probably of
little concern; however, in the partially supported or wean-
ing patient, the additional inspiratory work may be impor-
tant.

Previous research suggests that adult tracheostomy tubes
encounter greater pressures during inspiration than during
expiration3 due to the angle of tube curvature, yet inter-
estingly, this pattern was observed for only one brand in
our study (Shiley). Regardless of inner cannula presence
or absence, the Portex tubes had equal pressures during
inspiration and expiration. The Blom was unique in that
each inner cannula selection from a choice of 3 altered the
pressures of bidirectional air flow differently. This included
a novel finding of greater pressure and resistance during
expiration than during inspiration with the subglottic suc-
tioning cannula in situ, probably reflecting the internal
embedding of the suction port.

Although few studies have explored pressure-flow char-
acteristics during expiration, expiratory resistance may be
an important consideration in conjunction with altered com-
pliance and time constant for an individual patient, with
any limitation in the expulsion of air potentially resulting
in gas trapping and difficulty initiating the next breath.
This may be an important factor even during controlled
mandatory ventilation in a patient with inadequate expira-
tory muscle recruitment.

Any increase in respiratory work load can cause diffi-
culty during weaning from mechanical ventilation and could
delay or even completely abort the process.12,24 We ac-
knowledge that resistance from artificial airways is not the
only contributor. Additional equipment factors, such as
ventilation mode and ventilation parameters and tracheos-
tomy cuff status (inflated or deflated), will influence re-
spiratory work, as will patient factors, including preexist-
ing anatomy and physiology, comorbidities, lung
compliance, and secretions. However, if the type of tube
(including the presence or absence or type of inner can-
nula) can alter resistance to air flow in isolation, then
tracheostomy tube selection should be an important clin-
ical consideration; added resistance may be significant in
some patients who may not cope with increased respira-
tory work during the weaning process, such as those with
altered lung compliance or respiratory muscle weakness.7

There were limitations to this study. We measured air-
way pressure and calculated airway resistance at varying
flows during both inspiration and expiration. This provides
robust data that allow consideration of the clinical impli-
cations under a variety of conditions, including controlled,
assisted, supported, and spontaneous ventilation in patients
with normal or abnormal respiratory mechanics and mus-
cle strength. Our results were highly reproducible, which
may reflect the quality of calibrated equipment and appa-
ratus set-up. However, it is acknowledged that the constant
air flow used to derive resistance at a particular flow is not

representative of the decelerating flow used during inspi-
ration in many intensive care settings. Because the resis-
tance data demonstrate a non-linear increase in resistance
with increasing flow, probably due to variable components
of laminar and turbulent flow, the additional resistive pres-
sure due to the tracheostomy tube will reflect the moment
by moment flow and hence the flow profile. Using the data
we provide (see Table 2), an estimate of this variable
effect can be made once the flow profile and rate are
known. For example, with a decelerating flow profile, as is
commonly used during inspiration, the additional pressure
will fall over time in an almost exponential fashion due to
both the reduction in flow itself and the associated fall in
resistance. Depending on the form of ventilator assistance
used, all of the waveforms will be different; therefore, the
use of constant flow allows accurate estimation of resis-
tance and aids understanding of the likely effects across a
range of clinical situations.

An alternative method would have been to measure im-
posed work of breathing using a lung model. Whereas this
may have given a more direct estimate of the inspiratory
effects under a particular breathing pattern, the direct in-
spiratory resistive work component can easily be estimated
from the resistance and a given inspiratory flow pattern;
however, the effects of an increase in expiratory resistance
are not easily modeled. For example, the magnitude of
imposed expiratory resistance that we have documented
with some of these tracheostomy tubes would probably
lead to an excessive expiratory time constant and gas trap-
ping. In turn, this might lead to efforts to increase expira-
tory flow by active contraction of the expiratory muscles
and to difficulty triggering the next breath, leading to in-
creased elastic work. The clinical implications of these
potential effects would be dependent on patient factors,
such as the strength of the respiratory muscles, the pa-
tient’s respiratory mechanics, and the patient’s ventilator
demand. Given these caveats, we chose to report inspira-
tory and expiratory resistance effects to allow individual
estimation of the potential impact depending upon the range
of clinical parameters described above.

Although the current research has confirmed increased
airway pressures with some of the equipment that may be
used to facilitate speech, re-establishing communication
for patients with a cuffed tracheostomy tube is of great
psychosocial benefit for patients and their families and has
a significant impact on quality of life.25-27 Furthermore,
the restoration of communication can influence practical
health care via expression of clinical needs, such as pain or
consent,28 enabling discussion regarding treatment goals
and direction of care, improved patient motivation and
participation in therapy,29 and identification of laryngeal
dysfunction, which may in turn impact respiratory goals
and decision making.30 However, it is important that com-
munication be re-established within a context that does not
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interfere with respiratory goals and patient recovery. Hence,
it is necessary to understand the impact of using specialty
tracheostomy tubes (including impact of specific inner can-
nulas) for communication and to establish the evidence for
indications or contraindications for their use.

Conclusions

Tracheostomy tube type and inner cannula selection af-
fected pressure and resistance to air flow during inspira-
tion and expiration, which may have significant implica-
tions for air flow dynamics and work of breathing in
vulnerable patients, particularly those receiving supported
ventilation or during the weaning process. Our data pro-
vide clinicians with relevant information to guide decision
making regarding selection of airway equipment or when
setting parameters for monitoring patient tolerance.
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