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ABSTRACT: The forced deflation (FD) technique is the recommended gold stan-
dard to generate forced expiratory vital capacity (FVC) curves and to measure
maximum expiratory flow-volume (MEFV) relationships in intubated infants and
children. However, the influence of the endotracheal tube (ETT) on the site of flow
limitation, the shape and the analysis of the resultant MEFV curves have not been
defined.

Nine anaesthetized (thiopentone, 8 mg·kg-1·h-1) rhesus monkeys (mean weight
(±SEM) 10±1 kg) were intubated consecutively with ETTs of different internal diam-
eters (ID 3.0–5.5 mm, at intervals of 0.5 mm); the largest representing the appro-
priate ETT size for the animal. Quadruplicate MEFV curves were generated by
FD using the standard +40 cmH2Oinsp/-40 cmH2Oexp pressures and recorded at
each ETT diameter. The effect of the different ETT diameters on the FD flow-
volume curve was analysed by comparing maximum expiratory flows at isovolume
points at 50, 25 and 10% FVC (MEF50, MEF25 and MEF10, respectively).

The shape of the resulting MEFV curves could be divided into an initial hori-
zontal part (tube-dependent), and a final descending slope (airway-dependent). No
difference in FVC occurred irrespective of the ETT size (p>0.05 by analysis of
variance (ANOVA)). MEF50 increased with increasing tube diameter (p<0.05).
MEF25 remained unchanged using ETTs which were less than 1.5 mm smaller than
the largest ETT. Smaller ETTs resulted in significantly reduced MEF25 (p<0.05).
MEF10 was not influenced by the ETT size.

We conclude that maximum expiratory flows measured by the forced deflation
technique are not influenced by an appropriately sized endotracheal tube at lung
volumes below 25% forced vital capacity in our monkey model with normal lungs.
We postulate that the effect of endotracheal tubes on maximum expiratory flow
volume curves in intubated infants might be of similar or even smaller magnitude,
which remains to be established.
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Recent technical developments allow pulmonary func-
tion measurements to be performed in even the sickest
of infants [1, 2]. However, it is important to note that,
in the case of intubated patients, measurements of pul-
monary function include the physical properties of the
endotracheal tube (ETT) [3]. Previous studies examin-
ing this problem have focused on the measurements of
passive respiratory mechanics and found that these mea-
surements are affected by the length and the diameter
of the ETT [4–6].

The forced deflation technique (FD) has increasingly
been used to measure maximum expiratory flow-volume
(MEFV) relationships and forced vital capacity (FVC)
in intubated animals and human infants unable to gen-
erate a voluntary maximum expiratory manoeuvre [1,
3, 7, 8]. We have previously demonstrated flow limita-
tion by FD in intubated rhesus monkeys [9, 10] and
intubated normal infants [11] at lung volumes below
25% FVC, using a deflation pressure of -40 cmH2O and
an appropriately sized ETT. The presence of intratho-
racic flow limitation during part of the expiration is like-
ly to abolish the effect of the ETT resistance on flow
measurements at low lung volume subdivisions. Know-
ledge of the influence of the ETT is a necessary pre-
requisite for standardization and validation of the FD

technique, as recently pointed out by an American Thoracic
Society/European Respiratory Society (ATS/ERS) Working
Group on infant lung function testing [3].

We, therefore, studied the influence of the internal ETT
diameter on the shape of the FD flow-volume curves
and respective flow and volume measurements in anaes-
thetized rhesus monkeys, using the standard +40 cmH2O-
insp/-40 cmH2Oexp pressures. The aim of this study was
to characterize the limitations of the FD technique by
defining the volume points at which ETTs start to affect
maximum expiratory flow measurements.

Methods

Nine male rhesus monkeys (Macaca mulatta) with
a mean age of 8.7±0.5 yrs (range 7–11.5 yrs) and a
mean weight of 9.8±0.6 kg (range 5.6–11.6 kg) were
used in these studies. All animals were initially sedated
intramuscularly with ketamine (40 mg·kg-1), and anaes-
thetized intravenously by infusion of thiopentone sod-
ium (8.0 mg·kg-1·h) for the duration of the experiment.
The larynx, epiglottis and vocal cords were anaesthe-
tized with 2 mL of topical xylocaine (1% solution).
Each animal was intubated consecutively with cuffed ETTs
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(Mallinckrodt, Glens Falls, NY, USA) of different inter-
nal diameters (ID) ranging 3.0–5.5 mm (at intervals of
0.5 mm). The ETTs were changed in random order, the
largest representing the appropriate size for the mon-
keys. All ETTs were cut to the same length (16 cm)
and care was taken to ensure they had comparable cur-
vatures. The cuff was inflated during the experiment to
prevent any air leak detectable by auscultation when the
lungs were inflated to +60 cmH2O pressure.

The animals breathed room air spontaneously, and the
stomach contents were drained via paediatric nasogas-
tric tube. The animals were placed in the supine/left lat-
eral position, and body temperature was monitored with
an oesophageal probe and maintained between 37.8 and
38.2°C. Three-lead continual electrocardiographic mon-
itoring was performed, and respiratory rate was deter-
mined by changes in thoracic electrical impedance (Sirecust
Model 1281; Siemens, Erlangen, Germany). Arterial oxy-
gen saturation was monitored by pulse oximetry (Nellcor,
Hayward, CA, USA). Each animal was suctioned for
secretions at the beginning of testing and, subsequently,
as necessary.

FD manoeuvres were performed as described previ-
ously [9–11]. Briefly, the lungs were inflated by squeez-
ing a 0.5 L Jackson-Rees anaesthesia bag, filled from a
continuous compressed air supply with an inspired oxy-
gen fraction (FI,O2) of 0.21. The inflation gas flow was
delivered through the side port of a three-way direc-
tional sliding valve (Series 8540; Hans Rudolph, Kansas
City, MO, USA) placed at the proximal end of the ETT.
Inflation pressures of +40 cmH2O were generated and
held static for at least 3 s, after which the monkey's air-
ways were opened to a 100 L negative pressure reser-
voir through a pneumotachograph (Model 4700; Hans
Rudolph, Kansas City, MO, USA) linear between 0.01
and 1.7 L·s-1. An identical airway opening pressure of
-40 cmH2O was used for all manoeuvres. The lungs
were deflated until expiratory flow ceased at residual
volume. Quadruplicate manoeuvres were performed and
recorded at each tube diameter.

The resultant flow and integrated volume signals were
recorded as MEFV curves utilizing a personal computer-
based data acquisition system (Model 2600 Pediatric
Pulmonary Cart; SensorMedics, Anaheim, CA, USA).
Prior to the study volume signals were calibrated using
a 100 mL syringe (Series 5510; Hans Rudolph, Kansas
City, MO, USA). Maximum expiratory flows obtained
with the different ETTs were compared at isovolume
points at 50, 25 and 10% FVC (MEF50, MEF25 and
MEF10, respectively). The exhaled volume obtained from
the manoeuvre with the largest ETT served as the re-
ference volume for the calculation and comparison of
flow rates at isovolume points, with the curves anchored
at residual volume. For each ETT diameter the FD
manoeuvre achieving the highest flows was analysed.
A one-way analysis of variance (ANOVA) was used for
overall group comparisons, with a p-value of less than
0.05 considered significant, the grouping variable being
the ETT diameter. Bonferroni adjustment was used to
determine differences among groups.

Animals were maintained in an in-house colony at
Sandoz AG, Basel, Switzerland, under the full-time care
of an experienced primate veterinarian and his staff.
Animals were fed and housed under conditions allowing

normal growth, play, and social interactions. All ex-
perimental protocols conformed to international standards
of animal welfare and were approved and periodically
reviewed by the Kantonale Tierversuchs-Kommission
von Basel-Stadt und Baselland, the independent exter-
nal body for animal experimentation.

Results

As displayed in figure 1, the MEFV curve is affect-
ed at lower and lower lung volumes with decreasing
ETT diameters. The MEFV curves could be divided into
an initial, nearly horizontal part (tube-dependent) and a
final descending slope (airway-dependent). All curves
overlapped in the shared descending portions.

FVC and flows at the various subdivision of FVC
measured at the respective internal ETT diameters are
displayed (as mean±SEM) in table 1. There were no sig-
nificant differences in FVC, irrespective of the ETT
diameter used (F=0.129; p=0.98 by ANOVA). MEF50
was significantly different with the different ETT sizes
(F=66.75; p<0.0001 by ANOVA). There was no sig-
nificant difference in MEF50 between the ETTs of 5.0
and 5.5 mm ID (Bonferroni p>0.05). This is most like-
ly to be due to the greater scatter of the flow data,
because individual MEFV curves overlapped in only
two of the nine monkeys at 50% FVC. MEF25 was
also significantly different between all groups (F=9.33;
p<0.0001 by ANOVA). However, there was no signif-
icant difference in MEF25 between the ETTs of 4.5, 5.0
and 5.5 mm ID (Bonferroni p>0.05) in the mean data.
MEFV curves overlapped at 25% FVC with the three
largest ETTs (4.5, 5.0 and 5.5 mm ID) in six of the nine
monkeys, and with the two largest ETTs in eight of the
nine monkeys. MEF10 were not significantly different
between all groups (F=0.657; p=0.657 by ANOVA). In-
dividual MEFV curves overlapped at 10% FVC in all
monkeys using ETTs ≥3.5 mm ID.

The mean±SEM intraindividual coefficients of varia-
tion obtained from the four FD manoeuvres at each ETT
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Fig. 1.  –  Representative forced deflation (FD) flow-volume curves
from one rhesus monkey intubated consecutively with cuffed endo-
tracheal tubes (ETT) of different internal diameters  (ID). The curves can
be visually divided into an initial, nearly horizontal, part and a final
descending slope, and demonstrate the influence of the tube diame-
ter on their shape and flow measurements at defined volume subdi-
visions. — —: ETT 5.5 mm ID; — —: ETT 5.0 mm ID; —●—: ETT
4.5 mm ID; —❍—: ETT 4.0 mm ID: —∆—: ETT 3.5 mm ID; —❏—
: ETT 3.0 mm ID. 

■ ▲



diameter were 1.4±0.6% for FVC, 4.7±0.2% for MEF25
and 9.5±0.5% for MEF10, which illustrates the good re-
producibility of the technique under controlled conditions.

Discussion

The main finding of this study is that in rhesus mon-
keys with normal lungs, maximum expiratory flows
measured by the FD technique at low lung volumes
(MEF25 and MEF10) are not influenced by an appro-
priately sized ETT and, therefore, represent small airway
function. Peak expiratory flows and, usually, MEF50 are
influenced by the resistance of the ETT and are, there-
fore, meaningless. In contrast, the measurement of FVC
is not influenced by the ETT size. These findings val-
idate the current analytical practice of FD manoeuvres,
and may be helpful in setting standards for performance
and interpretation of MEFV curves in intubated infants.

The analysis of MEFV relationships provides a sen-
sitive test of lung function abnormalities, and contri-
butes greatly to the diagnosis and treatment of obstructive
lung disease. The occurrence of flow limitation is
responsible for the reproducibility of the MEFV curve,
which represents the airway conductance upstream of
the flow limiting segment of the tracheobronchial tree
[12]. The FD technique is the recommended method to
generate MEFV manoeuvres in intubated infants, and
has previously been used to assess bronchial hyper-
reactivity and bronchodilator responsiveness in infants
with various causes of respiratory failure [13–15]. A
recognized limitation of the FD technique is its require-
ment for the presence of an ETT. As with all other
techniques of pulmonary function testing in intubated
patients, the physical tube characteristics will affect
subsequent results. In particular, the resistance to air-
flow is influenced by the tube's physical properties, and
acts as an elevated resistance to the entire flow enter-
ing and leaving the respiratory system.

Techniques measuring dynamic or passive respira-
tory mechanics are frequently used to assess pulmonary
function in intubated infants and to interpret the results
in terms of a linear, single-compartment model of the
respiratory system [2]. This model, quite apart from its
obvious limitation in representing inhomogeneous lung
disease, is particularly affected by the influence of the
ETT resistance [4–6]. The resistive properties of the

ETT may distort the shape of the passive expiratory
flow-volume curve making the calculation of an accu-
rate time constant difficult or impossible [2, 16], be-
cause of errors related to the extrapolation towards zero
flow and zero volume.

In contrast to measurements of respiratory mechan-
ics, forced expiratory manoeuvres are characterized by
the generation of intrathoracic flow limitation during all
or part of the expiration. We have recently validated the
FD technique by demonstrating effort and volume inde-
pendence of flow measurements below 25% FVC with
an airway opening pressure of -40 cmH2O in intubated
rhesus monkeys and intubated infants without lung
disease [9–11]. Flow limitation occurs at a given lung
volume when there is a site in the airways where intra-
bronchial and intrapleural pressures equalize, acting like
a fixed resistance (equal pressure point). As exhalation
progresses, the equal pressure point moves deeper into
the lung, because airway resistance increases as lung
volume falls [17]. It follows that the ETT resistance will
be negligible for maximum expiratory flow measure-
ments at volume subdivisions where the airway resis-
tance is higher than the resistance of the ETT.

The MEFV curve generated by the FD technique is
affected at lower and lower lung volumes with decreas-
ing ETT diameters and the overall shape of the MEFV
curve is typically distorted by the use of small ETTs.
If an orifice offers a significant resistance at the end of
a breathing system, it initially limits expiratory flow
until a lower lung volume is reached, at which point the
lung becomes flow limiting. Hence, the shape of the
MEFV curve is characterized by an initial horizontal
part representing the resistive properties of the ETT,
and a final descending slope representing the airway
resistance upstream of the respective lung volume
points. The sloping plateau of the initial part of the FD
curves is probably caused by the decline in elastic recoil
pressure and the increase of the respiratory resistance
at lower lung volumes. Similar shapes have been described
by OLAFSON and HYATT [18] in adults who forcefully
exhaled through orifices of different sizes. It follows
that for data acceptance, the shape of the MEFV curve
needs to be evaluated critically when analysing maximum
expiratory flows generated through an ETT. Such mea-
surements should be ignored if they occur at volume
points in the (initial) horizontal part of the MEFV curve.
This is also of clinical importance, because children
are usually intubated with ETTs smaller than the cor-
responding tracheal diameter, to avoid pressure in the
subglottic region. If cuffed ETTs are considered in pae-
diatric patients, it has been recommended to use a cuffed
ETT which is 0.5 mm ID smaller than the calculated
uncuffed ETT for age, to prevent either short-term (post-
extubation stridor) or long-term (subglottic stenosis)
complications [19]. Our study demonstrates that the inter-
nal ETT diameter had no influence on MEF25 and MEF10,
if appropriately sized ETTs (according to current rec-
ommendations) are used.

Nevertheless, data obtained from mature rhesus mon-
keys may not be applicable to infants due to differences
in airway anatomy. Our previous studies applying FD
from +40 cmH2O in intubated, normal infants demon-
strated flows at 25 and 10% FVC [11], which are about
50% lower than those obtained in rhesus monkeys [9,
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Table 1.  –  Maximum expiratory flows and forced vital
capacity from forced deflation manoeuvres in nine
anaesthetized rhesus monkeys intubated with cuffed
endotracheal tubes of different internal diameters

ETT ID MEF50 MEF25 MEF10 FVC
mm mL·s-1 mL·s-1 mL·s-1 mL·kg-1

3.0 327±13* 285±16* 217±37* 79.7±2.9*
3.5 457±9‡ 385±12‡ 253±37* 81.9±3.5*
4.0 589±7‡# 491±32‡# 266±42* 81.5±3.6*
4.5 730±24# 580±45#$ 254±40* 82.1±3.5*
5.0 932±49$ 692±70$ 198±24* 83.4±3.4*
5.5 1040±65$+ 702±102$ 205±23* 83.0±2.9*

Values are presented as mean±SEM. In each column, values
with the same symbol are not significantly different (Bonferroni
p>0.05). ETT: endotracheal tube; ID: internal diameter; FVC:
forced vital capacity; MEF50: maximum expiratory flow at
50% FVC; MEF25: maximum expiratory flow at 25% FVC:
MEF10: maximum expiratory flow at 10% FVC.



10]. This would suggest that the rhesus monkeys have
larger airways than infants of comparable weight. These
considerations make it likely that maximum expiratory
flows are unaffected by the ETT diameter at even higher
lung volumes in infants and children when compared to
rhesus monkeys. It is unlikely that the relative fraction
of FVC at which the ETT influences maximum expira-
tory flows will change significantly with lung growth.
The very few published studies in which forced expi-
ratory flows and lung volumes were measured in a large
group of infants found that maximum flow at functional
residual capacity (V 'max,FRC) and FRC increase in pro-
portion, suggesting isotopic growth of airways and lung
parenchyma in infants and children [20–22]. This might
be different in neonates, who may have higher size-
corrects flows than older children [23]. However, in the
presence of obstructive airways disease (e.g. bron-
chopulmonary dysplasia), where forced expiratory flow
analysis will be most useful, the influence of the ETT
will be less marked and will affect flows only at even
higher lung volumes than in normal lungs.

In conclusion, the present study demonstrated that mea-
surements of maximum expiratory flows below 25%
forced vital capacity by the forced deflation technique
represent airway flow and not tube flow in intubated
rhesus monkeys, if appropriately sized endotracheal tubes
are used. This suggests that maximum expiratory flows
below this volume can be used to assess airway function
in intubated infants and children, and that flows above
this volume should be used with caution, especially in
the absence of airways disease. Standardization of per-
formance, interpretation and analysis of techniques are
some of the more pressing tasks in infant pulmonary
function testing, which are difficult to attain even in the
intensive care unit (e.g. varied ventilator settings, endo-
tracheal tube sizes), where study conditions can usual-
ly be more tightly controlled. The findings in this study
should be relevant to the documentation of normative
data and the comparison of forced expiratory manoeu-
vres, even if the patients are intubated with different
size endotracheal tubes.
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