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Abstract Objective: To evaluate the
physiological effects of decannula-
tion on breathing patterns and respi-
ratory mechanics by comparing
mouth breathing (MB) to tracheal
breathing (TB) in tracheostomized
patients. Design and setting: Pro-
spective cross-over study in a criti-
cal and neuromuscular care unit. 
Patients and methods: Nine consecu-
tive neuromuscular tracheostomized
patients. Flow, esophageal pressure,
gastric pressure, expiratory gas, and
arterial blood gases were measured
during MB and TB. Results: MB in-
duced an increase in tidal volume
(from 330±60 ml to 400±80 ml)
without changing respiratory fre-
quency, inspiratory time, or arterial
CO2 pressure. This ventilation in-
crease was due to a significant in-
crease in physiological dead space
(from 156±67 to 230±82 ml) and
was associated with significant in-
creases in work of breathing (from

6.9±3.4 to 9.1±3.3 J/min), transdia-
phragmatic pressure swing (from
10±4 to 12.5±7 cmH2O), diaphrag-
matic pressure-time product per
minute (from 214±100 to 271±
92 cmH2O s–1 min–1), and oxygen
uptake (from 206±30 to 229±
34 ml/min). Upper airway resistance
did not differ from in vitro tracheo-
stomy tube resistance. In addition,
total lung-airway resistance, dynam-
ic pulmonary compliance, and intrin-
sic positive end-expiratory pressure
were similar in both conditions.
Conclusions: Decannulation result-
ed in a dead space increase with no
other detectable additional loading.
It increased work of breathing by
more than 30%. Decannulation de-
serves special attention in patients
with restrictive respiratory disease.
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Introduction

Tracheostomy is widely used in patients with neuromus-
cular disorders who are dependent on a ventilator and do
not respond adequately to noninvasive ventilation [1].
Decannulation is sometimes poorly tolerated [2]. This
suggests that changing the breathing route may modify
the loads imposed on the respiratory muscles. Indeed,
tracheostomy may reduce the extrathoracic dead space
[3, 4] and bypasses the upper airway resistance (RUA)
[5]. However, the resistance of the tracheostomy tube
may induce a specific work of breathing (WOB) by re-

ducing the tracheal lumen diameter [6]. Early studies of
inspiratory effort parameters before and after tracheosto-
my produced conflicting results. Kim and Froed [7] re-
ported that oxygen consumption VO2 was higher during
tracheal breathing (TB) than mouth breathing (MB),
whereas Cullen [8] found an increase in VO2 during MB.

Thus the effects of decannulation on breathing work-
load remain unclear. Moreover, despite weaning from
tracheostomy has been advocated by some authors in
ventilator-dependent neuromuscular patients [9] no stud-
ies have specifically investigated respiratory effort modi-
fications induced by decannulation in this population.

K. Chadda · D. Annane · P. Gajdos 
J.C. Raphaël
Service de Réanimation Médicale, 
Hôpital Raymond Poincaré, 
Assistance Publique-Hôpitaux de Paris,
92380 Garches, Paris, France

L. Benaïssa · F. Lofaso (✉)
Service de Physiologie-Explorations
Fonctionnelles, Hôpital Raymond Poincaré,
Assistance Publique-Hôpitaux de Paris,
92380 Garches, France
e-mail: f.lofaso@rpc.ap-hop-paris.fr
Tel.: +33-1-47107941
Fax: +33-1-47107943

B. Louis · F. Lofaso
Institut National de la Santé et de la 
Recherche Médicale INSERM U 492,
Hôpital Henri Mondor, 
94100 Créteil, France

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 785 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



For these patients with reduced pulmonary volumes,
even a small increase in dead space loading may be par-
ticularly harmful [10]. The purpose of this prospective
study was to evaluate the effects of decannulation on res-
piratory pattern and WOB by comparing MB to TB in
tracheostomized patients with neuromuscular disease. In
addition, the study sought to elucidate the mechanism in-
volved in WOB changes.

Materials and methods

Patients

The study protocol was approved by our institutional review
board, and written informed consent was obtained from each pa-
tient. Nine consecutive tracheostomized patients were studied. 
Table 1 lists the main clinical and respiratory features in each pa-
tient. Mean age was 44±21 years, height was 170±10 cm, and
weight was 62±10 kg. All the patients wore a Portex cuffed #7 or
#8 (internal diameters in millimeters) tracheostomy tube. At the
time of the study all the patients satisfied the following criteria:
(a) restrictive respiratory disease according to the European com-
munity criteria [11], (b) successful breathing and eating with a
plugged tube and a deflated cuff for longer than 24 h, (c) little or
no airway secretions, and (d) no glottic or tracheal abnormalities
detected by indirect laryngoscopy and fiberoptic bronchoscopy.

Experimental protocol

As shown in Fig. 1, respiratory flow, esophageal pressure, gastric
pressure, tracheal pressure, O2 consumption VO2, CO2 production
VO2, and arterial blood gas were measured during MB and TB to
compare breathing patterns, physiological dead space (VD

phys),
and respiratory mechanics. Tracheostomy tubes were changed at
7–8 hours a.m.; the study began at 1–2 hours p.m. Each patient
was studied in the seated position, in a quiet room, and after a fast
of at least 8 h. The head and neck were kept in a neutral position,
as changes in head and neck position can cause substantial varia-
tion in anatomical dead space [4] and RUA [12]. Each patient was
studied twice, once during MB and once during TB, in random or-

der. Each test lasted at least 25 min. The time interval between the
two tests was sufficiently long (20–30 min) to allow all respiratory
parameters to return to their baseline values. Arterial samples for
blood gas analysis were collected at the end of each test. During
the TB test (Fig. 1A), the cuff was inflated sufficiently to prevent
leaks around the tracheostomy tube. During MB (Fig. 1B), pa-
tients were asked to breathe through a mouthpiece (MPE1, Pall
Newquay, Cornwall, UK) and were fitted with a nose clip. Then
the tracheostomy tube was removed, and the stoma was sealed
with a taped dressing (Tegaderm 3M Health Care, Borken, Ger-
many). With this method leaks around the stoma are readily de-
tected as air bubbles between the skin and the transparent taped
dressing.

Measurements

Flow was measured using a Fleisch # 2 pneumotachograph (Lau-
sanne, Switzerland) connected to a differential pressure transducer
(Validyne MP 45±5 cmH2O, Northridge, Calif., USA). The flow
signal was integrated to yield tidal volume (VT). Esophageal pres-
sure (Pes) and gastric pressure (Pga) were recorded using a cathe-
ter-mounted transducer (Gaeltec, Dunvegan, UK). Appropriate
placement of the esophageal transducer was verified using an 
occlusion test [13]. A pressure transducer (Validyne MP 45±
14 cmH2O) was placed between the pneumotachograph and the
patient to allow measurement of the pressure at airway entry
(Paw). In addition, during the MB period the pressure drop in the
upper airway (∆PUA) was recorded using a differential pressure
transducer (Validyne MP 45±14 cmH2O) connected to the stoma
and to the circuit between the pneumotachograph and the patient
(Fig. 1B). All signals were sampled and digitized at 128 Hz. An
analogical/numerical system (MP100, Biopac System, Goleta,
USA) was used to store data in a microcomputer for subsequent
analysis.

During both tests the patients breathed through a low-resis-
tance two-way valve (Hans Rudolph 2700L, Hans Rudolph, Kan-
sas City, Mo., USA) whose expiratory end was connected to a
metabolic monitoring device (Sensormedics Horizon System, 
Sensormedics, Anaheim, Calif., USA). The expired gas passed in-
to a 2.6-l mixing chamber, from which continuous samples were
drawn for analysis of mixed expired percentage oxygen and per-
centage carbon dioxide by rapid-response analyzers. To reduce the
resistance and dead space of the circuit the pump of the metabolic
monitoring device was activated and adjusted at 20 l min–1. This
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Table 1 Characteristics of the study patients; all gas volumes ex-
pressed at body temperature and pressure (VC vital capacity, pred
predicted, FEV1 forced expiratory volume in 1 s, TLC total lung
capacity, CLdyn dynamic lung compliance, sniff Pdi transdiaphrag-

matic pressure swing during sniff, CVA cerebrovascular accident,
CIDP chronic inflammatory demyelinating polyradiculopathy,
CIN critical illness neuropathy, IBM with DP inclusion body 
myopathy with diaphragmatic paralysis)

Case Sex Age Height Weight Diagnosis PaCO2 PaO2 VC VC FEV1/VC TLC CLdyn sniff Pdi 
no. (years) (cm) (kg) (mmHg) (mmHg) (l) (% (% pred) (% (ml/cmH2O) (cmH2O)

pred) pred)

1 F 70 169 70 CIN 41 86 1.91 64 123 76 70 39
2 F 53 155 58 CVA 41 66 1.16 45 79 57 40 34
3 F 67 160 63 CIN 44 71 1.05 45 55 52 20 82
4 F 64 169 75 CIDP 40 63 1.01 34 76 49 50 24
5 F 70 160 44 Polymyositis 42 71 0.79 33 96 46 30 23
6 M 18 169 70 CIDP 41 53 1.22 27 91 59 30 23
7 F 34 168 60 Myelitis 39 81 2.32 64 60 78 80 37
8 M 29 181 70 IBM with DP 45 86 2.91 54 99 59 30 0
9 M 32 185 60 T11 paraplegia 42 81 1.02 19 99 51 70 50

and rib cage
injury



kept the total inspiratory and expiratory resistances of the circuitry
(two-way valve included) under 0.8 cmH2O l–1 s–1 at 0.5 l s–1. The
dead space of the circuitry (VD

circ) was 45 ml and similar during
MB and TB. The metabolic monitoring device was calibrated be-
fore each measurement using various gas mixtures of known com-
position in the physiological range. It displayed oxygen uptake
VO2 and carbon dioxide elimination VCO2 every minute. Arterial
blood gas levels were measured in capillary samples taken from
the radial artery after local anesthesia (lidocaine prilocaine, Emla,
Astra) and analyzed immediately (Radiometer ABL 330, Tacussel,
Copenhagen, Denmark).

Data analysis and assessment of effort to breathe

During each test data used for analysis were collected during a 
5- min period of stability. Stability was defined as fluctuations in
VO2 and VCO2 of no more than 5% during a 5-min period after the
15th min. Breathing pattern and minute-ventilation (Ve) were de-
termined from flow tracings. Power of breathing (joule/min) was
computed from Pes-volume loops [14]. Briefly, inspiratory WOB
was calculated from a Campbell diagram by computing the area
enclosed between the inspiratory esophageal pressure-tidal volume
curve and the static esophageal pressure-volume curve of the chest
wall. A theoretical chest wall compliance value of 4% of the pre-
dicted vital capacity per cmH2O was used in this computation. Pes
values at instants of zero flow were taken as the beginning and
end of inspiration. Although use of a theoretical chest wall com-
pliance value may be a source of error, this error, if present, was
the same during MB and TB and consequently does not invalidate
our comparison. The chest wall relaxation curve was superim-
posed on the Campbell diagram, assuming that the end-expiratory
elastic recoil pressure of the chest wall was equivalent to the Pes
level at the beginning of inspiratory effort. The beginning of the
sharp negative deflection in the Pes curve was taken as the onset
of the inspiratory effort. Dynamic intrinsic positive end-expiratory
pressure (PEEPIdyn) was measured as the pressure difference be-
tween Pes at inspiratory effort onset, as defined above, and Pes at
inspiratory flow onset. The method developed by Lessard et al.
[15] was used to correct this PEEPIdyn value for the presence of

expiratory muscle activity during expiration as detected on Pga
tracings.

WOB was partitioned into its elastic (WEL) and resistive (WRE)
components. The line between the two Pes zero-flow points was
used to separate these two components. The slope of this line
yielded dynamic lung compliance (CLdyn). Mean resistive pressure
divided by mean inspiratory flow gave an estimate of total lung-
airway resistance (RL).

Average swing (Pdi=Pga-Pes) and pressure-time product for
the diaphragm (PTPdi/breath, in cmH2O s–1] were measured from
30 consecutive breaths. PTPdi/breath was obtained by measuring
the area under the Pdi signal from the beginning of the inspiratory
deflection to the end of inspiratory flow [16]. PTPdi/breath was
multiplied by respiratory frequency to obtain PTPdi/min
(cmH2O s–1 min–1]

Physiological dead space (VD
phys) was calculated using Eng-

hoff’s modification of the formula of Christian Bohr:

VD
phys+VD

circ=VT×(PaCO2-PECO2/PaCO2)

where PECO2 is the mixed expired carbon dioxide tension and
PaCO2 the arterial carbon dioxide tension inferred from the arterial
blood gas level.

During MB, ∆PUA was measured at various inspiratory flow
levels (0.3, 0.4, and 0.5 l s–1). In addition, RUA (∆PUA/Flow) was
calculated at 0.4 l s–1 during inspiration. The static pressure-flow
relationship of the tracheostomy tubes was determined in vitro as
described previously [17]. Tracheostomy tube resistance (RTT)
was calculated at the same flow as RUA, i.e., 0.4 l s–1. All gas vol-
umes were expressed at body temperature and pressure except VO2
and VCO2, which were expressed at standard dry temperature and
pressure.

Statistical analysis

Data are expressed as means ±SD. The Wilcoxon signed-rank test
was used to compare data between MB and TB and to compare in
vitro RTT and in vivo RUA. P values less than 0.05 were considered
statistically significant.
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Fig. 1A, B Schematic repre-
sentation of the two experimen-
tal conditions. A the patient
breathed through a tracheosto-
my tube with the cuff inflated
(tracheal breathing, TB). See
text for details. B the patient
breathed through a mouthpiece
(MPE1, Pall Newquay, Corn-
wall, UK) and was fitted with 
a nose clip (mouth breathing,
MB). See text for details



Results

All nine patients tolerated both tests, and stability was
consistently obtained by the 20th min of each test.

Respiratory pattern

The mean values of the main ventilatory parameters are
presented in Table 2. MB significantly increased VT by
about 17.5% without changing respiratory frequency (fR)
or inspiratory time (TI). VE and VT/TI increased signifi-
cantly, but PaCO2 showed no significant changes. Indi-
vidual values for VE and PaCO2 are shown in Fig. 2. The
duty cycle, fR/VT, PaO2, and pH were similar during MB
and TB, as depicted in Table 2. The VE increase seen
during MB in the absence of a PaCO2 decrease was due to
a significant increase in VD

phys, from 156±67 ml during
TB to 230±82 ml during MB. Individual values for 

VE and PaCO2 are shown in Fig. 2. Interestingly, in all 
the patients but one, PaCO2 increased by no more than
2 mmHg during MB. The only patient who increased
PaCO2 by more than 2 mmHg during MB was the one
with the most severe restrictive defect (vital capacity
<20% of the predicted value). 

Upper airway and tracheostomy tube resistance

∆PUA was measured in seven patients. The measurement
failed for technical reasons in two patients (in one, con-
nection between stoma and pressure transducer was oc-
cluded by secretions; in the other, leaks occurred around
the stoma when the pressure transducer was connec-
ted). In vivo RUA was similar to in vitro RTT (2.28±
0.59 cmH2O l–1 s–1 and 1.91±0.06 cmH2O l–1 s–1, respec-
tively; NS). The flow-pressure relationships of #7 and #8
tracheostomy tubes used by the study patients superim-
posed on the curves of the patients’ upper airways are
shown in Fig. 3.

Respiratory mechanics in the study patients

Respiratory mechanics parameters are reported in 
Table 3. No expiratory activity was detected during MB
or TB tests. RL was similar during MB and TB. Neither
PEEPIdyn nor CLdyn were modified during MB compared
to TB. Inspiratory effort parameters, namely, swing Pdi,
and pressure-time product for the diaphragm (PTPdi),
were significantly higher during MB than during TB, as
depicted in Table 3. Individual values for WOB and VO2
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Fig. 2 Individual values for minute ventilation (VE) and arterial
carbon dioxide tension (PaCO2) during mouth breathing (MB) and
tracheal breathing (TB). Closed circles Patient with a vital capaci-
ty less than 20%

Table 2 Ventilatory and arterial blood gas parameters during
mouth breathing (MB) and tracheal breathing (TB); all gas vol-
umes expressed at BTPS (VT tidal volume, fR respiratory frequen-
cy, VE minute ventilation, TI inspiratory time, TTOT total respira-
tory time)

TB MB p

VT (ml) 330±60 400±80 <0.01
fR (breaths/min) 24.3±4.9 24.5±4.4 NS
Tl (s) 1.11±0.23 1.13±0.17 NS
VE (l/min) 8.0±2.1 9.6±2.4 <0.05
VT/TI (l/s) 0.31±0.08 0.36±0.09 <0.05
fR/VT (b.min–1. l–1 77±30 64±18 NS
TI/TTOT 0.45±0.06 0.45±0.07 NS
PaO2 (mmHg) 73±11 70±10 NS
PaCO2 (mmHg) 42±1 43±2 NS
pH 7.41±0.03 7.40±0.03 NS

a Wilcoxon test

Fig. 3 In vitro flow-pressure relationship of the tracheostomy
tubes (solid lines with open and closed squares representing TT #7
and TT #8) superimposed on in vivo flow-pressure relationships
of the upper airways (UA) of the study patients (dashed lines).
Dashed lines with open circles Patients wearing TT #7; dashed
lines with closed circles patients wearing TT #8. The UA flow-
pressure relationships were similar to the corresponding TT flow-
pressure relationships. Then the pressure drop (y-axis) was either
the upper airway pressure drop (∆PUA) or the tracheostomy tubes
pressure drop determined in vitro as described previously [17]



are presented in Fig. 4. Significant increases in WOB
and VO2 occurred during MB (Table 3). The elastic com-
ponent of WOB increased significantly during MB,
whereas the resistive component did not (Table 3). 

Discussion

The present study demonstrates that tracheostomy decan-
nulation induces an increase in dead space responsible
for a substantial increase in VE with no concomitant de-
crease in PaCO2 in patients with neuromuscular restric-
tive lung disease. Moreover, elastic and resistive proper-
ties of the respiratory system remained unchanged after
decannulation. The observed increase in inspiratory mus-
cle activity after decannulation was due mainly to the in-
crease in dead space.

Before discussing the implications of these data, sev-
eral methodological issues need to be addressed. One of
the limitations of this study was patient recruitment.
However, this invasive physiological study required in-

sertion of an esophageal pressure monitoring catheter in
each patient, as well as monitoring of oxygen uptake
during two periods, including the difficult period of de-
cannulation. To our knowledge, no other study has at-
tempted such extensive investigations in a similar set-
ting. In addition, despite the small number of patients,
significant differences were observed. Furthermore, all
the patients exhibited the same behavior. Thus, increas-
ing the number of patients would not have changed the
results. It can also be argued that heterogeneity of the 
patients tested in this study was a major limitation. The
patients had generalized neurological disease due to a
variety of causes. However, as mentioned above, all our
patients exhibited the same behavior (see Figs. 2, 3, and
4). Thus, our finding that an increase in dead space with-
out any other detectable additional loading occurred con-
sistently after decannulation despite the heterogeneity of
the population strengthens our conclusion.

Using a mouthpiece can induce nonchemical stimula-
tion of ventilation [18, 19]. However, inductive plethys-
mography [20], which does not require attachment of
measurement devices to the airway, has not been validat-
ed in the literature as an accurate procedure for WOB as-
sessment. Furthermore, in our study, PaCO2 did not de-
crease during MB. Therefore it is reasonable to conclude
that the ventilation increase observed during MB in our
study was not caused by nonchemical stimulation related
to the mouthpiece and/or nose clip.

We had three main reasons for comparing TB to MB
rather than to nasal breathing. First, subglottic resistance
is lowest during MB with a mouthpiece (mouth open)
[18]. Therefore MB through a mouthpiece minimizes
WOB. Second, nasal masks used during nasal breathing
have been shown to cause a significant increase in dead
space [21] and to alter the breathing pattern [22]. Third,
nasal resistances can vary widely during the day and
among patients [23]. This variability may have affected
the results of our study.

Although we were careful to keep resistance and dead
space as small as possible, our set-up probably increased
both the ventilatory demand and the inspiratory activity
in our patients. However, set-up characteristics were
identical during MB and TB. Therefore it is reasonable
to assume that the observed differences between TB and
MB were due only to decannulation and not to the set-
up.

Our data were collected over a short period after de-
cannulation. This study does not provide information on
changes in breathing pattern or WOB that may occur la-
ter. Upper airway resistance increases during sleep [24].
Thus, the increase in inspiratory activity seen during
wakefulness in our study may be magnified during sleep.
Furthermore, tracheostomy tube removal may be fol-
lowed by transient bronchoconstriction. However, RL
was similar during MB and TB, and RUA was similar to
tracheostomy tube resistance. This suggests that bron-
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Fig. 4 Individual values for work of breathing (WOB) and oxygen
uptake VO2 during mouth breathing (MB) and tracheal breathing
(TB). Closed circles Patient with vital capacity less than 20% of
predicted

Table 3 Respiratory mechanics during mouth breathing (MB) and
tracheal breathing (TB); VO2 and VCO2 were expressed at standard
dry temperature and pressure (WOB work of breathing, WEL elastic
work, WRES resistive work, Pdi transdiaphragmatic pressure,
PTPdi Diaphragmatic pressure time product, VO2 oxygen con-
sumption, VCO2 carbon dioxide elimination, CLdyn dynamic lung
compliance, PEEPidyn dynamic intrinsic positive end-expiratory
pressure, RL total lung-airway resistance)

TB MB p

RL (cmH2O.l–1. s–1) 8.7±3.8 8.8±7.4 NS
CLdyn (l/cmH2O) 57±39 64±34 NS
PEEPidyn (cmH2O) 0.8±0.4 1.5±2 NS
WOB (J/min) 6.9±3.4 9.1±3.3 <0.01
WEL (J/min) 4.6±2.1 6.5±2.7 <0.05
WRES (J/min) 2.2±1.4 2.6±1.3 NS
Pdi swing (cmH2O) 10±4 12.5±7 0.007
PTPdi (cmH2O s–1 min–1) 214±100 271±92 0.02
VO2 (ml/min) 206±30 229±34 <0.05
VCO2 (ml/min) 166±26 176±25 NS

a Wilcoxon test



chopulmonary airway resistance was not substantially
different during MB and TB.

A first finding from our study is that decannulation
was associated with an increase in total ventilation due
primarily to an increase in dead space. Although this
finding was perhaps predictable, to our knowledge it 
has not been reported before. Increasing the external
dead space has been widely used as a means of challeng-
ing the respiratory system. The main breathing pattern
changes after dead space loading are increases in VT and
VE [19, 25, 26] whereas respiratory frequency remains
unchanged. This increase in ventilation aims at maintain-
ing the PaCO2 level. Interestingly, all our patients but one
maintained isocapnia after decannulation. The only pa-
tient who rapidly became hypercapnic after decannula-
tion, despite an increase in ventilation, was the patient
with the lowest vital capacity (<20% of predicted). We
can speculate that his severe respiratory defect made him
unable to cope with the additional dead space loading
and to augment his ventilation sufficiently. However, the
mechanisms underlying the hypercapnia in this patient
remain unclear.

The second important finding from our study is that
decannulation induced a 30% increase in WOB and a
10% increase in VO2. Cullen [8] obtained comparable re-
sults in 14 emphysematous patients before and after tra-
cheostomy and observed that the increase in ventilation
was associated with a trend toward an increase in VO2
during MB. No data on WOB were available. To deter-
mine whether the WOB increase in our study was due
only to changes in ventilatory demand related to the dead
space increase or was caused by alterations in the me-
chanical properties of the lung and airway we measured
resistance in various portions of the respiratory system
and determined dynamic lung compliance. The upper
airway, which is bypassed by tracheostomy, is a major
source of respiratory system resistance [24]. We found
no difference between in vivo RUA and in vitro RTT. Ac-
cordingly, total RL as assessed on flow and esophageal
pressure data was similar during MB and TB (Table 3).
Neither did we find any significant differences in 
PEEPIdyn or dynamic lung compliance between MB and
TB. These findings strongly suggest that dead space was
the only respiratory loading feature that was different be-
tween MB and TB and that the WOB and VO2 increases
found during MB were due only to the increase in venti-
latory demand.

The difference in physiological dead space (VD
phys)

between MB and TB was about 75 ml. In a cadaver
study by Nunn and colleagues [4] the extrathoracic dead
space was 72±32 ml. Rohrer [3] estimated that the vol-
umes of the nasal cavity, pharynx, and trachea were 15,
30, and 45 ml, respectively. Thus, the VD

phys difference
between MB and TB in our study was similar to the 
upper airway volume found in prior morphological 
studies [3]. This suggests that in our study alveolar dead

space was not noticeably different between MB and TB.
Our results differ from those of Mohr and colleagues
[27], who studied 45 mechanically ventilated surgical
patients before and after tracheostomy. Only minimal
improvements in pulmonary mechanics occurred after
tracheostomy. Moreover, changes in physiological dead
space did not predict the outcome of weaning. Neverthe-
less, several differences in study population, methods,
and end-point must be outlined. First, the study popula-
tion was very different from ours. Second, Mohr and col-
leagues [27] compared pulmonary mechanics before and
after tracheostomy, whereas our study compared TB to
MB in tracheostomized patients. Third, Mohr and col-
leagues [27] compared two artificial airway conditions,
both of which by-passed the upper airway, (i.e., tracheo-
stomy vus. endotracheal tube). Thus the absence of a dif-
ference in dead space between these two conditions is
not surprising. However, our study was not designed to
evaluate factors that influence weaning from tracheosto-
my [2, 28, 29]. We can only speculate that the large in-
crease in WOB due to decannulation evidenced in our
study may be a mechanism of respiratory failure after
decannulation, especially in patients with small tidal 
volumes. This should be taken into account when plan-
ning decannulation in patients with severe neurological
restrictive disease. As noninvasive ventilation has been
demonstrated to reduce WOB [30], we can also hypothe-
size that noninvasive ventilation may reduce WOB after
decannulation. However, this needs to be evaluated in
clinical studies.

Conclusion

This in vivo study provides the first clues needed to un-
derstand the major physiological changes that occur after
tracheostomy decannulation. Ventilation was augmented
primarily because of the addition of dead space. No other
lung and airway mechanical properties were modified.
The dead space loading resulted in a substantial increase
in WOB and inspiratory effort. Further studies are need-
ed to evaluate the clinical implications of this finding,
especially in neuromuscular patients.
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