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Summary

The trachea is easily accessible at the bedside. As such it provides ready access for emergency
airway cannulation (eg, in the setting of acute upper airway obstruction) and for chronic airway
access after laryngeal surgery. More commonly, tracheostomy tubes are placed to allow removal of
a translaryngeal endotracheal tube. Tracheostomy tubes have an important effect on respiratory
physiology. The most recent and methodological robust studies indicate that these tubes reduce
resistive and elastic work of breathing, when compared to endotracheal tubes. This is a result of
tracheostomy tubes lessening inspiratory and expiratory airways resistance and intrinsic positive
end-expiratory pressure. Whether these physiologic benefits are of clinical importance in enhancing
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Introduction

The trachea is easily accessible at the bedside. As such
it provides ready access for emergency airway cannulation
(eg, in the setting of acute upper-airway obstruction) and
for long-term airway access after laryngeal surgery. More
commonly, tracheostomy tubes are placed to allow re-
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moval of a translaryngeal endotracheal tube (ETT). The
procedure can be done surgically or percutaneously, and
with either technique the procedure can be performed in
the operating room or at the bedside in the intensive care
unit (ICU).

Anatomy

The lower respiratory tract starts at the vocal cords.
Inferior to the vocal cords, the rigid cricoid cartilage
encases a 1.5-2.0-cm region known as the subglottic
space. Access to this space is possible via the cricothy-
roid ligament, a membrane that runs from the thyroid
cartilage inferiorly to the cricoid cartilage. Inferior to
cricoid is the trachea, a cylindrical tube that extends infe-
riorly and slightly posteriorly. The trachea is made up of
1822 C-shaped rings consisting of rigid cartilage anteri-
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Fig. 1. Major landmarks in the neck. (From Reference 3, with permission.)

orly and laterally, and a membranous posterior portion. In
the average adult, the distance from cricoid to carina is
approximately 11 cm in length, with a range of 10—13 cm.
On average, the trachea is 2.3 cm in width and 1.8 cm from
posterior membrane to the anterior cartilaginous aspect.
The trachea is wider in men than in women.!?

In examining the landmarks of the neck, it is evident
that the trachea is protected by strap muscles (sternohyoid,
sternothyroid, sternocleidomastoid) and bony structures
(manubrium and sternum) (Fig. 1).> Furthermore, the tra-
chea is positioned posterior to a number of blood vessels
and the thyroid isthmus. Branches of the bronchial, infe-
rior thyroid, innominate, and subclavian arteries provide
the blood supply to the trachea.!:?

Knowledge of neck and tracheal anatomy is essential
for understanding the various approaches to establishing a
tracheostomy (Fig. 2).# As an example, surgical tracheos-
tomy tubes are typically placed in the region of the 2nd to
4th tracheal rings and may entail removal of tracheal car-
tilage or the creation of a cartilaginous flap. Percutaneous
tracheostomy tubes are typically placed between the Ist

RESPIRATORY CARE ¢ APRIL 2005 VoL 50 No 3

and 2nd or between the 2nd and 3rd tracheal cartilages.
The technique takes advantage of the Seldinger method,
followed by progressive dilation of the space between tra-
cheal rings to provide access to the trachea. Another ap-
proach is to place a tube through the cricothyroid mem-
brane (cricothyroidotomy).> Though still used extensively
in some centers, in other centers it has been replaced by
percutaneous tracheostomy. Cricothyroidotomy can be
used to gain emergency access to the airway, but its as-
sociation with numerous complications has led some to
advocate replacing this tube within 48—72 hours with a
standard tracheostomy. The procedure is carried out by a
transverse incision through the skin and the membrane and
then spreading the incision vertically to allow placement
of the tube. Because the cricothyroid membrane is bounded
by 2 rigid structures (thyroid cartilage and cricoid carti-
lage) that are not easily dilated, the height of this mem-
brane limits the size of the tube that can be placed. In
addition, the curve of a standard adult tracheostomy tube
and the close soft tissue distance between anterior skin and
trachea (at the level of the cricothyroid membrane) causes
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Fig. 2. Anterior oblique view of larynx and trachea. The preferred
anatomic locations for placing standard tracheostomy, percuta-
neous tracheostomy, and cricothyroidotomy are indicated. (From
Reference 4, with permission.)

the tip of the tube to impinge on the posterior membrane
of the trachea.

Physiology

In studying the physiologic effects of the tracheostomy
tube, one may examine pristine tubes in vitro using a lung
model. Alternatively, in vivo investigations have been con-
ducted comparing the effects of tracheostomy to sponta-
neous breathing through the native upper airway, breath-
ing before and after tracheostomy decannulation, or to
breathing through an ETT. Investigators have also exam-
ined the work of breathing (WOB) imposed by the trache-
ostomy.

Humidification

As with an ETT, many changes in airway physiology
occur with insertion of a tracheostomy tube. Bypassing the
nasal airway, these artificial airways disturb the normal
humidification and warming of inspired air. Therefore, air
must be humidified using heated humidifiers or heat-and-
moisture exchangers. In the absence of adequate humidi-
fication, the trachea develops squamous metaplasia and
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chronic inflammatory changes.® Lack of adequate humid-
ification also leads to desiccation of the tracheal mucosa
and reduced ciliary function. Indeed, by these actions and
by diminishing effective cough and increasing secretions,
tracheostomy tubes predispose to respiratory-tract infec-
tion. Furthermore, these tubes also hamper effective swal-
lowing, thereby predisposing to aspiration.

Airflow Resistance

Airflow resistance of the normal upper airway is sub-
stantial, constituting up to 80% of total airway resistance
during nose breathing and 50% during mouth breathing.
Theoretically, tracheostomy tubes should decrease airflow
resistance, but in fact this does not occur because of the
smaller radius (inner diameter 7—8 mm) of the tubes. Tra-
cheostomy tubes may reduce dead space by up to 100 mL,
when compared to spontaneous breathing.® This occurs
because the tubes are small and bypass the glottic and
supraglottic spaces.

The resistance to flow of gas through a tube, represented
by the Poiseuille equation, is directly proportional to length,
while being inversely proportional to the radius of the tube
raised to the 4th power (when flow is laminar). When flow
becomes turbulent, airways resistance becomes inversely
proportional to the radius of the tube raised to the 5th
power. Indeed, at flows above 0.25 L/s, flow becomes
turbulent when the inner diameter of a tube is < 10 mm.”
Thus, small reductions in tube radius result in large in-
creases in resistance. Turbulent flow occurs when flow
rates are high, when secretions adhere to the inside of the
tube and because of tube curvature. When compared to the
ETT, the tracheostomy tube has the potential to decrease
the resistive WOB. Tracheostomy tubes are shorter, more
rigid, less likely to be deformed in the upper airway (by
being placed below the vocal cords and the rigid structures
of the subglottic region), and are easier to keep clean (they
more effectively facilitate airway suctioning and removal
of secretions). By decreasing resistance, expiratory flow
can be enhanced, and the tendency to dynamic hyperin-
flation and the development of intrinsic positive end-ex-
piratory pressure (PEEP) is reduced. Therefore, when com-
pared to ETTs, tracheostomy tubes have the potential to
also reduce the elastic WOB.

Respiratory Mechanics in Bench Studies

Davis et al examined WOB in a bench lung model study
comparing endotracheal and tracheostomy tubes with the
same inner diameter.® “Question mark” shaped ETTs were
used to simulate the tortuous route that these tubes often
take in vivo. With either type of tube, WOB and pressure
drop across the tube increased as flow rate increased (leads
to turbulence) and as tube diameter decreased. At high
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flow rates of 1-1.5 L/s, WOB was less through the tra-
cheostomy tube. Presumably the longer ETT magnified
the effects of turbulent flow on airways resistance. At
lower flow rates (0.5 L/s) the benefit of shorter tube length
for the tracheostomy was apparently counterbalanced by
the increased curvature of those tubes, leading to no dif-
ference in the WOB.

In studying ETTs, Wright et al found that in vivo resis-
tance exceeded in vitro resistance.” This resulted from
deformation of these thermolabile ETTs and the adherence
of secretions to the inner lumen of the tube (thereby in-
creasing turbulence and narrowing the tube radius). Sim-
ilarly, Yung and Snowdon demonstrated in vitro that the
pressure drop across a tracheostomy tube (and therefore
the resistance), at any given flow rate, was greater for a
crusted tube than a clean tube.” These investigators also
compared 3 different types of tracheostomy tubes and found
greatest resistance with the tube that was longer, had a
shorter radius of curvature, and a rougher inner surface.

Tracheostomy Compared to the Native Upper
Airway

How does flow across the tracheostomy tube compare
with that of the spontaneous airway? Older studies found
that airways resistance was greater with a tracheostomy
than when breathing across the normal airway.!°-'>2 More
recently, Haberthur et al studied 10 medical ICU patients
breathing spontaneously through tracheostomy tubes.!3 To
determine the pressure drop across the tracheostomy tube
and the imposed WOB (ie, the additional WOB attribut-
able to the tube), the investigators passed a thin, 1.6-mm
catheter through the lumen of the tube. A linear interpo-
lation algorithm was applied to correct for the pressure
drop induced by this special catheter. While breathing on
a continuous positive airway pressure circuit, the pressure
drop across the tracheostomy tube was as high as 20 cm
H,O when inspiratory flow rates exceeded 10 L/min. This
represented a substantial increase in the expected pressure
drop across the native upper airway, of 1.2 cm H,O at a
flow of 0.3 L/s and 5.2 cm H,O at a flow of 2.0 L/s.
Indeed, the imposed WOB was increased at higher flow
rates, reaching a level sometimes associated with failure to
wean from mechanical ventilation (Fig. 3).!3 Similarly,
Davis et al found that WOB increased after extubation and
then was reduced again after placement of a tracheostomy
tube.!4

In the studies discussed thus far, physiologic calcula-
tions were made as the patient breathed through the tra-
cheostomy. What happens when the tracheostomy is in
place but the patient must breath around the tube? This
exact circumstance often occurs during trials to assess readi-
ness for decannulation, when the tracheostomy tube is
capped. In a single case physiologic study, Criner et al
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Fig. 3. Imposed work of breathing (WOB) during spontaneous
breathing through a tracheostomy tube at 2 different levels of
ventilation. (Adapted from Reference 13.)

examined the effect of mouth breathing while a capped,
fenestrated, tracheostomy tube was in place, with the bal-
loon deflated.!> Airways resistance and the tension-time
index were higher with the tube in place, when compared
to breathing with a capped Montgomery tube or after de-
cannulation (Fig. 4).

Other studies have compared respiratory mechanics of
breathing through the tracheostomy and mouth breathing
(without the tracheostomy in the airway). To determine the
effect of then removing the tracheostomy tube, Chadda et
al examined 9 neuromuscular patients who underwent de-
cannulation.'® With removal of the tube (eg, mouth breath-
ing), resistance and elastance were unchanged, but dead
space increased from 156 mL to 230 mL, tidal volume
(V1) and minute ventilation increased (P,co, was un-
changed), and WOB increased by 30%. Moscovici da Cruz
et al studied 7 patients who underwent surgical tracheos-
tomy for malignancy, 3 of whom had tumors of the larynx
and tonsils not felt to be causing upper-airway obstruc-
tion.!” When compared to spontaneous breathing, trache-
ostomy was associated with a trend toward lower resistive
WOB and reductions in elastic WOB, intrinsic PEEP, and
pressure-time product.

Tracheostomy Compared to Translaryngeal
Endotracheal Intubation

Tracheostomy, compared to translaryngeal endotracheal
intubation, has been purported to have many physiologic
benefits, including improved patient comfort, more effi-
cient airway care (improved airway suctioning), better oral
care, and provision of a more secure airway, allowing for
safe patient transfer out of the acute-care ICU.!8.1° One of
the most important benefits is the potential to improve
patient liberation from mechanical ventilation. Failure to
wean often results from an imbalance between reduced
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Fig. 4. Airways resistance (R,,) and tension-time index while breathing through a tracheostomy tube, a Montgomery tube, and after

decannulation. (Adapted from Reference 15.)

2

—

e~

—

=

e

o]

o '
0

before T after T

Fig. 5. Work of breathing (WOB) in joules per liter (J/L) before (with
endotracheal tube) and after tracheostomy (T) tube placement in 8
patients. (From Reference 25, with permission.)

respiratory muscle capacity and increased WOB.20-2! Even
in patients without pre-existing lung disease, the WOB
imposed by artificial airways can lead to iatrogenic wean-
ing failure.?? In those with substantial underlying disease,
slight reductions in imposed WOB resulting from place-
ment of a tracheostomy may be important. Therefore, com-
parison of WOB through the ETT and the tracheostomy
tube is of critical importance.

In a study before and after tracheostomy in 20 mechan-
ically ventilated patients with chronic obstructive pulmo-
nary disease, Lin et al found that, when compared to ETTs,
tracheostomy tubes were associated with a lower peak
airway pressure (33 cm H,O vs 29 cm H,0), but there was
no difference in WOB, pressure-time product, or airways
resistance.??> Mohr et al studied 45 surgical ICU patients
before and after tracheostomy during mechanical ventila-
tion with combined synchronized intermittent mandatory
ventilation and pressure support.?* No differences were
found in respiratory rate, V., minute ventilation, peak air-
way pressure, dead space, or blood gases. Furthermore, no
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Fig. 6. Intrinsic positive end-expiratory pressure (PEEPi) before
(with endotracheal tube) and after tracheostomy (T) tube place-
ment in 8 patients. (From Reference 25, with permission.)

differences were noted in these variables when patients
weaned within 72 hours of tracheostomy were compared
to those remaining on ventilation > 5 days postopera-
tively.

In contrast to these studies, 2 superbly performed in-
vestigations indicate that tracheostomy does offer physio-
logic improvements, when compared to translaryngeal
ETTs. Diehl et al examined 8 medical ICU patients (3 with
diaphragmatic weakness, 2 with chronic obstructive pul-
monary disease, 1 with asthma, 3 with coma) who had
been ventilated for a mean of 31 days.?> Patients were
studied 24 hours prior to and 6 hours after surgical tra-
cheostomy, at 3 different ventilator settings: baseline pres-
sure support; 5 cm H,O above baseline pressure support;
and 5 cm H,O below baseline pressure support. The di-
ameter of the inner cannula of the tracheostomy tube was
identical to the inner diameter of the removed ETT (8 mm
in 7 patients, 7 mm in 1 patient). Tracheostomy was as-
sociated with trends in reductions in V., respiratory rate,
and minute ventilation. At all pressure-support levels, tra-
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Table 1.  Respiratory Variables Before and After Tracheostomy in Table 2.  Inner Diameter, Length, and Dead Space of Endotracheal
20 Surgical Intensive-Care Patients and Tracheostomy Tubes
Variable Traglif(;)srtf)my Tracﬁef(t)esrtomy p Tube Type (rgr)n) Lfc?ﬁ;h Dea((rinlsf))ace

Vi (mL) 329 £ 104 312+ 119 0.47 Endotracheal

Vg (L/min) 92 +3.0 8.1 £3.1 0.26 No. 6.0 6.0 315 11.0

f (breaths/min) 28 £5 26 £ 6 0.51 No. 7.0 7.0 34.5 15.0

PEEPi (cm H,0) 29+ 1.7 1.6 £ 1.0 0.02 No. 8.0 8.0 355 18.0

PTP (cm H,O - s/min) 236 = 122 155 = 101 0.09 No. 8.5 8.5 36.5 24.0

WOB (J/L) 0.97 £0.32 0.81 £ 0.46 0.09 Tracheostomy*

WOB (J/min) 8929 6.6 = 1.4 0.04 Size 4 5.0 10.0 3.0

Exp R,,, (cm H,O/s) 94 *+4.1 6.3 *+45 0.07 Size 6 7.0 12.0 5.0
Size 8 8.5 12.0 6.0

Vr = tidal volume Size 10 9.0 12.0 8.0

Vg = minute volume

f = respiratory rate

PEEPi = intrinsic positive end-expiratory pressure

PTP = pressure-time product

WOB = work of breathing

Exp R,y = expiratory airway resistance (From Reference 14, with permission.)

cheostomy was associated with a decrease in the airway-
occlusion pressure, a measure of respiratory drive. More-
over, reductions in both resistive WOB (Fig. 5) and elastic
WOB, as indicated by a reduction in intrinsic PEEP (Fig.
6), occurred with placement of the tracheostomy. The lat-
ter physiologic benefits may explain the improvement in
patient-ventilator synchrony seen in 3 patients who had fre-
quent trigger asynchrony while breathing through an ETT.
Davis et al studied 20 surgical ICU patients (14 men, 6
women, mean age 58 years) with acute lung injury, ven-
tilated for a mean of 16 days, who met extubation criteria
but had failed extubation twice before the decision was
made to proceed with tracheostomy.!4 Eighty percent of
these patients had a #8 (8 mm inner diameter) ETT, while
the remainder had a #7 (7 mm inner diameter) tube. Phys-
iologic measurements were made 6—8 hours before and
10—-12 hours after placement of a surgical tracheostomy.
Tracheostomy was associated with trends in reduction in
pressure-time product and expiratory airways resistance
(Table 1). Importantly, as in the study by Diehl et al,>
WOB (J/min) and intrinsic PEEP decreased after place-
ment of the tracheostomy. Assuming equivalent inner di-
ameter, reductions in resistive WOB most likely result
from the reduction in tube length in going from ETT to
tracheostomy tube (Table 2). Although dead space is also
lower with tracheostomy, the magnitude is quite limited.
Tracheostomies differ from ETTs because the former
may have a removable inner cannula. This inner cannula
allows for easy removal and cleaning and occludes the
fenestration to allow for effective mechanical ventilation.
Cowan et al used a lung model to compare the physiologic
effects of nonfenestrated tubes with and without the inner
cannula.?® Tubes of various sizes were studied during dif-
ferent ventilator settings (respiratory rate 12, 24, and 36
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*Tracheostomy tube size is not equal to inner diameter.
ID = inner diameter (From Reference 14, with permission.)

breaths/min, V.- 300 and 500 mL). Not unexpectedly, WOB
decreased when the inner cannula was removed.

Summary

Tracheostomy tubes have an important effect on respi-
ratory physiology. The most recent and methodological
robust studies indicate that these tubes reduce resistive and
elastic WOB when compared to ETTs. This is a result of
tracheostomy tubes lessening inspiratory and expiratory
airways resistance and intrinsic PEEP. Whether these phys-
iologic benefits are of clinical importance in enhancing
weaning success remains to be elucidated.

REFERENCES

1. Rood S. Anatomy for tracheotomy. In: Myers E, Stool SE, Johnson
JT, editors. Tracheotomy. New York: Churchill Livingstone; 1985:
89-97.

2. Streitz JM Jr, Shapshay SM. Airway injury after tracheotomy and
endotracheal intubation. Surg Clin North Am 1991;71(6):1211-1230.

3. Heffner JE, Sahn SA. The technique of tracheostomy and cricothy-
roidotomy. J Crit Illness 1987;2(1):79-87.

4. Silvestri GA, Colice GL. Deciding timing and technique for trache-
ostomy. Contemp Intern Med 1993:5(3):20-31.

5. Johnson J. Alternatives to tracheotomy: cricothyroidotomy. In: My-
ers E, Stool SE, Johnson JT, ed. Tracheotomy. New York: Churchill
Livingstone; 1985:83-88.

6. Motoyama E. Physiologic alterations in tracheostomy. In: Myers E,
Stool SE, Johnson JT, editors. Tracheotomy. New York: Churchill
Livingstone; 1985:177-200.

7. Yung MW, Snowdon SL. Respiratory resistance of tracheostomy
tubes. Arch Otolaryngol 1984;110(9):591-595.

8. Davis KJ, Branson RD, Pormebka D. A comparison of the imposed
work of breathing with endotracheal and tracheostomy tubes in a
lung model. Respir Care 1994;39(6):611-616.

9. Wright PE, Marini JJ, Bernard GR. In vitro versus in vivo compar-
ison of endotracheal tube airflow resistance. Am Rev Respir Dis
1989;140(1):10-16.

481



ANATOMY AND PHYSIOLOGY OF TRACHEOSTOMY

. Cavo J, Ogura JH, Sessions DG, Nelson JR. Flow resistance in

tracheotomy tubes. Ann Otol Rhinol Laryngol 1973;82(6):827-830.

. Cullen JH. An evaluation of tracheostomy in pulmonary emphy-

sema. Ann Intern Med 1963;58:953-960.

. Kim BM FH. Tracheostomy and physiologic dead space in emphy-

sema. Clin Res 1962;10:258.

. Haberthur C, Fabry B, Stocker R, Ritz R, Guttmann J. Additional

inspiratory work of breathing imposed by tracheostomy tubes and
non-ideal ventilator properties in critically ill patients. Intensive Care
Med 1999;25(5):514-519.

. Davis K Jr, Campbell RS, Johannigman JA, Valente JF, Branson

RD. Changes in respiratory mechanics after tracheostomy. Arch Surg
1999;134(1):59-62.

. Criner G, Make B, Celli B. Respiratory muscle dysfunction secondary

to chronic tracheostomy tube placement. Chest 1987;91(1):139-141.

. Chadda K, Louis B, Benaissa L, Annane D, Gajdos P, Raphael JC,

Lofaso F. Physiological effects of decannulation in tracheostomized
patients. Intensive Care Med 2002;28(12):1761-1767.

. Moscovici da Cruz V, Demarzo SE, Sobrinho JB, Amato MB, Ko-

walski LP, Deheinzelin D. Effects of tracheotomy on respiratory
mechanics in spontaneously breathing patients. Eur Respir J 2002;
20(1):112-117.

. Astrachan DI, Kirchner JC, Goodwin WJ Jr. Prolonged intubation

vs. tracheotomy: complications, practical and psychological consid-
erations. Laryngoscope 1988;98(11):1165-1169.

19.

20.

21.

22.

23.

24.

25.

26.

Heffner JE. Tracheotomy application and timing. Clin Chest Med
2003;24(3):389-398.

Vassilakopoulos T, Zakynthinos S, Roussos C. The tension-time
index and the frequency/tidal volume ratio are the major pathophys-
iologic determinants of weaning failure and success. Am J Respir
Crit Care Med 1998;158(2):378-385.

Jubran A, Tobin MIJ. Pathophysiologic basis of acute respiratory
distress in patients who fail a trial of weaning from mechanical
ventilation. Am J Respir Crit Care Med 1997;155(3):906-915.
Kirton OC, DeHaven CB, Morgan JP, Windsor J, Civetta JM. Ele-
vated imposed work of breathing masquerading as ventilator wean-
ing intolerance. Chest 1995;108(4):1021-1025.

Lin MC, Huang CC, Yang CT, Tsai YH, Tsao TC. Pulmonary me-
chanics in patients with prolonged mechanical ventilation requiring
tracheostomy. Anaesth Intensive Care 1999;27(6):581-585.

Mohr AM, Rutherford EJ, Cairns BA, Boysen PG. The role of dead
space ventilation in predicting outcome of successful weaning from
mechanical ventilation. J Trauma 2001;51(5):843-848.

Diehl JL, El Atrous S, Touchard D, Lemaire F, Brochard L. Changes
in the work of breathing induced by tracheotomy in ventilator-de-
pendent patients. Am J Respir Crit Care Med 1999;159(2):383-388.
Cowan T, Op’t Holt TB, Gegenheimer C, Izenberg S, Kulkarni P.
Effect of inner cannula removal on the work of breathing imposed by
tracheostomy tubes: a bench study. Respir Care 2001;46(5):460—
465.

Anatomy of the neck from Johannes Emst Meubauer,
i L . d

Francofurti 1772,

Cnurt;sy Haalth Sciences Libraries, University ol Washinglon

482

RESPIRATORY CARE ¢ APRIL 2005 VoL 50 No 3



