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BACKGROUND: The resistance of the endotracheal tube (ETT), the heat and moisture exchanger
(HME), and the ventilator may affect the patient’s respiratory status. Although previous studies
examined the inspiratory work of breathing (WOB), investigation of WOB in the expiratory phase
is rare. We estimated tracheal pressure at the tip of the ETT (Ptrach) and calculated expiratory
WOB imposed by the ETT, the HME, and the expiratory valve. We examined imposed expiratory
WOB in patients under a continuous mandatory ventilation (CMV) mode and during spontaneous
breathing trials (SBTs). We hypothesized that imposed expiratory WOB would increase with height-
ened ventilatory demand. METHODS: We measured airway pressure (Paw) and respiratory flow
(V̇). We estimated Ptrach using the equation Ptrach � Paw – K1 � V̇K2 – 2.70 � V̇(L/s)1.42. K1 and K2

were determined by the inner diameter (ID) of the ETT. Imposed expiratory WOB was calculated
from the area of Ptrach above PEEP versus lung volume. We examined imposed expiratory WOB
and imposed expiratory resistance in relation to mean expiratory flow. RESULTS: We examined 28
patients under CMV mode, and 29 during SBT. During both CMV and SBT, as mean expiratory
flow increased, imposed expiratory WOB increased. The regression curves between mean expira-
tory flow (x) (L/s) and imposed expiratory WOB (y) (J/L) were y � 1.35x0.83 (R2 � 0.79) for 7 mm
ID ETT under CMV, y � 1.12x0.82 (R2 � 0.73) for 8 mm ID ETT under CMV, y � 1.07x1.04

(R2 � 0.85) for 7 mm ID ETT during SBT, and y � 0.84x0.93 (R2 � 0.75) for 8 mm ID ETT during
SBT. Levels of imposed expiratory WOB were affected by ETT diameter and ventilator mode. The
reason for increasing imposed expiratory WOB was an increase in expiratory resistance imposed by
the ETT and HME. CONCLUSIONS: Under mechanical ventilation, imposed expiratory WOB
should be considered in patients with higher minute ventilation. Key words: tracheal pressure; work
of breathing; endotracheal tube; heat and moisture exchanger; ventilator; mechanical ventilation; re-
sistance. [Respir Care 2013;58(7):1157–1169. © 2013 Daedalus Enterprises]

Introduction

Mechanical ventilation serves as an important method
of treating patients with respiratory failure, and endotra-

cheal intubation is a procedure performed during mechan-
ical ventilation in the majority of such patients. When a
person has an endotracheal tube (ETT) inserted, the nor-
mal humidifying function of the upper airway is bypassed.
Because inhaling cold, dry gases leads to complications, it
is necessary to provide humidification of the incoming
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humidifier and a heat and moisture exchanger (HME),
during mechanical ventilation. The HME is now widely
used.1 While gas is actively heated and moistened by the
heated humidifier in the inspiratory limb of the ventilatory
circuit, gas is passively humidified by the media of the
HME connected between the ETT and the ventilatory cir-
cuit.1 The ETT and HME both offer resistance to gas flow,
which increases the patient’s respiratory load. The resis-
tance of the expiratory valve of the ventilator may also
affect the patient’s respiratory status.

Inspiratory work of breathing (WOB) during mechani-
cal ventilation has been examined in previous studies.3-8

Pressure support ventilation (PSV) has been developed to
achieve a decrease in inspiratory WOB.3-5 Only an auto-
matic tube compensation mode has been developed to coun-
teract additional WOB during inspiration and expiration.3,6,9

However, WOB in the expiratory phase has rarely been
investigated. The resistance of an ETT and an HME and an
expiratory valve of a given ventilator might increase re-
spiratory load during expiration. Total expiratory WOB
experienced by the patient is equal to the sum of expira-
tory WOB by the lungs and imposed expiratory WOB.
Imposed expiratory WOB adds to the total expiratory WOB
experienced by the patient, and increases expiratory load
on the patient.

Increased expiratory load induces lung hyperinflation in
passive expiration or active expiratory effort, sometimes
inducing problems such as lung injury, circulatory depres-
sion, or increased energy demands in critically ill pa-
tients.10-13 Patients receiving mechanical ventilation often
need greater amounts of ventilation than do healthy sub-
jects because of abnormal lung function and/or increased
metabolic demand.14 The respiratory load imposed by an
ETT, an HME, or an expiratory valve would therefore
increase in such patients. We hypothesized that the expi-
ratory load imposed on patients by an ETT, an HME, or an
expiratory valve of the ventilator would increase in the
case of high ventilatory demand. We examined imposed
expiratory WOB and imposed expiratory resistance (RE)
in relation to mean expiratory flow. We measured the
estimated tracheal pressure at the tip of the ETT (Ptrach) to
calculate imposed expiratory WOB and imposed expira-
tory RE by the ETT, the HME, and the expiratory valve of
the ventilator, among patients receiving mechanical ven-
tilation in the ICU.

Methods

The study protocol was approved by the ethics commit-
tee of Osaka University Hospital (approval 8270) and per-
formed in accordance with the Declaration of Helsinki.
Written consent was obtained from patients’ family mem-
bers. Patients under mechanical ventilation were studied in
an ICU at Osaka University Hospital. We excluded tra-

cheostomized patients. The study was performed between
September 2009 and May 2010.

Method of Estimation of Ptrach

All patients were ventilated using the same ventilator
(Nellcor Puritan Bennett 840, Covidien, Boulder, Colo-
rado). A disposable HME (DAR Hygrobac S, Covidien,
Boulder, Colorado) and an ordinary disposable ventilatory
circuit (DAR adult breathing circuit, Covidien, Boulder,
Colorado) were used. The HME was replaced prior to each
measurement. We measured airway pressure (Paw) and re-
spiratory flow (V̇) during mechanical ventilation. Paw was
measured on the ventilator side of the HME. A differential
pressure transducer (TP603T, Nihon Kohden, Tokyo, Ja-
pan) and an amplifier (AR601G, Nihon Kohden, Tokyo,
Japan) were used to measure Paw. Patient air flow was
measured using a pneumotachograph (4705, Hans Rudolph,
Shawnee, Kansas), a differential pressure transducer
(TP602T, Nihon Kohden, Tokyo, Japan), and an amplifier
(AR601G, Nihon Kohden, Tokyo, Japan). The pneumo-
tachograph was placed between the HME and the venti-
latory circuit. The data output from the amplifiers was
recorded and analyzed by a data acquisition system
(WINDAQ, Dataq Instruments, Akron, Ohio). The data
sampling frequency of each signal was set at 100 Hz.

We estimated Ptrach by the following equation, by sub-
traction of the pressure drop caused by the ETT (�PETT),
the HME (�PHME), or the pneumotachograph (�PPT) from
the Paw:

Ptrach � Paw – ��PETT � �PHME � �PPT� (1)

QUICK LOOK

Current knowledge

Inspiratory work of breathing imposed by the endotra-
cheal tube, humidifier, and ventilator alter patient com-
fort and respiratory status. Smaller tube diameter, larger
equipment dead space, and inappropriate ventilator set-
tings are associated with greater imposed work. Under
passive conditions during mechanical ventilation, expi-
ratory work is considered negligible.

What this paper contributes to our knowledge

During mechanical ventilation at high minute volumes,
the imposed expiratory work of breathing created by
the endotracheal tube, heat and moisture exchanger,
and expiratory valve increased with increasing expira-
tory flow. These effects may lead to increased intrinsic
PEEP and hyperinflation.
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Several mathematic models were used to approximate
the measured pressure-flow dependence,15,16 one of which
was a combined linear and quadratic approximation:

P � K1 � V̇2 � K2 � V̇ (2)

Another model was a nonlinear approximation:

P � K1 � V̇K2 (3)

We decided on the appropriate approximation equations
for the ETT, HME, and pneumotachograph according to
the results of previous studies and from regression analy-
sis.15,16

We estimated �PETT by the equation

�PETT�cm H2O� � K1 � V̇�L/s�K2 (4)

according to the study of Guttmann et al.15 The constants
of the equation (K1 and K2) were determined by ETT
diameter and the direction of respiratory flow.15 The val-
ues for K1 and K2 during inspiration were 11.12 cm H2O�s/L
and 1.99 cm H2O�s/L, respectively, using the 7 mm ID
ETT, and 6.57 cm H2O�s/L and 1.94 cm H2O�s/L, respec-
tively, using the 8 mm ID ETT.15 The values for K1 and
K2 during expiration were 11.69 cm H2O�s/L and
1.85 cm H2O�s/L, respectively, using the 7 mm ID ETT,
and 7.50 cm H2O�s/L and 1.75 cm H2O�s/L, respectively,
using the 8 mm ID ETT.15 The equation for �PHME ob-
tained from the manufacturer’s data was:

�PHME�cm H2O� � K3 � V̇�L/s)K4 (5)

where K3 � 2.70 and K4 � 1.42 (R2 � 0.99).
Because the pneumotachograph was not connected to

the ordinary respiratory circuit, �PPT should be taken into
consideration to simulate the normal bedside situation. The
equation for �PHME obtained from the manufacturer’s data
was:

�PPT�cm H2O� � K5 � V̇�L/s�2 � K6 � V̇�L/s� (6)

where K5 � 0.72 and K6 � 0.71 (R2 �� 0.99). Because
the measurement site of Paw was set at the patient’s side of
the pneumotachograph, the correction by using �PPT was
performed only during the expiration. Therefore, we esti-
mated Ptrach according to the following equations. In pa-
tients with a 7 mm ID ETT:

Ptrach�cm H2O� � Paw � 11.12 � V̇�L/s�1.99 � 2.70

� V̇�L/s�1.42 (7)

during inspiration, and

Ptrach�cm H2O� � Paw � 11.69 � V̇�L/s�1.85 � 2.70

� V̇�L/s�1.42 � 0.72 � V̇�L/s�2 � 0.71 � V̇�L/s� (8)

during expiration.
In patients with an 8 mm ID ETT:

Ptrach�cm H2O� � Paw � 6.57 � V̇�L/s�1.94 � 2.70

� V̇�L/s�1.42 (9)

during inspiration and

Ptrach�cm H2O� � Paw � 7.50 � V̇�L/s�1.75 � 2.70

� V̇�L/s�1.42 � 0.72 � V̇�L/s�2 � 0.71 � V̇�L/s� (10)

during expiration.

Calculations

Imposed Expiratory WOB. Imposed expiratory WOB
was calculated from the area of Ptrach above PEEP versus

Fig. 1. Tracheal pressure at the tip of the endotracheal tube (Ptrach)
versus lung volume loop. Imposed expiratory work of breathing
(WOB) was calculated from the area of Ptrach above PEEP versus
the lung volume curve.
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the lung volume curve, according to the equation shown in
Figure 1.6,17 The PEEP level was determined as the aver-
age Paw during the final 5% of exhaled gas volume. WOB
values were calculated by the following equation:

Estimated imposed expiratory WOB � J�

� �
Ve0

VTe

�Ptrach – PEEP� dV (11)

where V � volume, Ve0 � exhaled volume at the start of
exhalation, and VTe � exhaled tidal volume. WOB values
were shown as values per ventilation (J/L) by dividing the
values of WOB by exhaled tidal volume. WOB values
were also shown as values per minute (J/min).

Ventilator-Imposed Expiratory Resistance

Paw-PEEP is the driving force that causes gas to flow
through the ventilator.17 Ventilator-imposed RE is calcu-
lated as the integrated average resistance during exhala-
tion, averaged by volume.17 Instantaneous resistance is
integrated over 95% of the exhaled volume, and that in-
tegral is then divided by tidal volume to obtain ventilator-
imposed RE:

Ventilator-imposed RE ��
Ve0

Ve95

RdV /�Ve0

Ve95

dV (12)

where R � resistance, V � volume, Ve0 � exhaled vol-
ume at the start of exhalation, and Ve95 � exhaled volume
at 95% of exhalation.

Expiratory Resistance Imposed by the ETT and
HME

Ptrach-PEEP is the driving force that causes gas to flow
from the lung. Total imposed RE is also calculated as the
integrated average resistance, using tracings of Ptrach dur-
ing exhalation, averaged by volume. RE imposed by ETT
and HME is obtained from the following equation:

RE imposed by the ETT and HME � total imposed RE

– ventilator-imposed RE (13)

End-Expiratory Ptrach

To evaluate the levels of intrinsic PEEP produced by
imposed RE, Ptrach essentially should be measured at the
beginning of inhalation. However, this was difficult to
measure because of our method of estimating Ptrach. There-
fore, we measured end-expiratory Ptrach as the average
Ptrach during the final 5% of exhaled gas volume. Because
PEEP settings varied between the 4 groups, the values of
end-expiratory Ptrach-PEEP setting were compared.

We also calculated other respiratory data from the trac-
ings of Paw, Ptrach, and flow. Mean expiratory flow was
determined as the average flow during 95% of the tidal
volume exhaled after the beginning of expiration. Tidal

Table 1. Subject Characteristics

Continuous Mandatory Ventilation
Group

Spontaneous Breathing Trial
Group

ETT inner diameter, mm

7 8 7 8

n 12 16 9 20
Age, mean � SD y 56.6 � 16.8 63.9 � 16.4 56.2 � 16.7 62.8 � 13.5
Male, no. 2 16 2 19
Body weight, mean � SD kg

Actual 59.5 � 9.5 60.1 � 10.8 61.2 � 6.5 66.3 � 10.7
Predicted* 51.7 � 10.0 64.3 � 5.4† 52.2 � 8.5‡ 65.3 � 6.4†§

Duration of mechanical ventilation, mean � SD d 2.7 � 3.5 4.2 � 3.4 5.3 � 4.3 3.9 � 2.0
Diagnostic category, no.

Post cardiovascular surgery 6 9 4 18
Post general surgery 6 1 4 2
Medical 0 6 1 0

* The predicted body weight of male subjects was calculated as 50 � 0.91 (centimeters of height–152.4); that of female subjects was calculated as 45.5 � 0.91 (centimeters of height–152.4).
† P � .001 compared with continuous mandatory ventilation group with 7 mm endotracheal tube (ETT).
‡ P � .001 compared with continuous mandatory ventilation group with 8 mm ETT.
§ P � .001 compared with spontaneous breathing trial group with 7 mm ETT.
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volume was evaluated by dividing actual tidal volume by
predicted body weight, as same as the previous study.14

The predicted body weight of male patients was calculated
as:

50 � 0.91 �centimeters of height � 152.4 � (14)

The predicted body weight of female patients was calcu-
lated as:

45.5 � 0.91 �centimeters of height � 152.4� (15)

Protocol

Patients were divided into 4 groups: 2 ventilatory modes
(continuous mandatory ventilation [CMV]) mode, or spon-
taneous breathing trial [SBT] performed using a ventila-
tor), and 2 inner diameter (ID) sizes of ETT (7 or 8 mm).

Patients under mechanical ventilation in CMV mode for
� 12 h were enrolled in the CMV mode study. In the
CMV mode study the settings of FIO2

, ventilatory rate,
PEEP setting, inspiratory pressure control level, inspira-
tory time, and inspiratory triggering level were determined
by the ICU physicians responsible for treatment. Patients
being considered for removal from mechanical ventilatory
support were enrolled in the SBT study. SBT was per-
formed under CPAP plus PSV mode. Application and ces-
sation of SBT were determined by the ICU physicians
responsible for treatment. Patients who failed after 15 min
of SBT were excluded. The settings of SBT were 5 cm H2O
of CPAP plus 5 cm H2O of PSV. The triggering setting
was 	1.5 cm H2O, and FIO2

was 0.50. The setting for
expiratory triggering was 25% of peak inspiratory flow.

We measured the estimated Ptrach and other respiratory
characteristic data, and calculated imposed expiratory WOB
under either CMV mode or SBT. Patients were divided

Table 2. Measurement Data

Continuous Mandatory
Ventilation Group

Spontaneous Breathing Trial
Group

ETT inner diameter

7 8 7 8

Breathing frequency, breaths/min 19.4 � 6.5 22.4 � 8.2 16.0 � 4.7 21.4 � 6.3
Minute ventilation, L/min 9.1 � 3.6 12.4 � 4.8 7.7 � 3.3† 9.0 � 1.9†
Tidal volume, mL/kg actual body weight 8.1 � 1.7 9.5 � 1.6 8.4 � 3.9 6.7 � 1.6†
Tidal volume, mL/kg predicted body weight 9.4 � 2.1 8.8 � 1.9 9.4 � 2.9 6.7 � 1.2*†‡
Inspiratory time, s 1.12 � 0.18 1.06 � 0.21 1.29 � 0.16 1.17 � 0.25
Inspiratory Paw, cm H2O 22.5 � 4.0 23.5 � 5.6 8.7 � 0.3*† 8.5 � 0.3*†
Inspiratory Ptrach, cm H2O 19.1 � 3.6 19.9 � 5.2 5.4 � 2.4*† 6.5 � 0.5*†
Expiratory time, s 2.35 � 1.14 2.07 � 1.19 2.79 � 1.00 1.86 � 0.64
Expiratory Paw, cm H2O 9.1 � 3.1 10.7 � 4.0 6.3 � 0.2† 6.6 � 0.3†
PEEP, cm H2O 8.1 � 2.3 9.5 � 3.6 6.2 � 0.2† 6.3 � 0.4†
Expiratory Ptrach, cm H2O 10.9 � 4.0 13.0 � 4.4 7.5 � 0.8† 7.8 � 0.7†
End-expiratory Ptrach PEEP setting, cm H2O 1.1 � 0.7 1.9 � 1.2 1.4 � 0.4 1.5 � 0.5
Maximal expiratory flow, L/s 0.76 � 0.13 0.89 � 0.14* 0.42 � 0.13*† 0.48 � 0.07*†
Expiratory flow, L/s 0.31 � 0.11 0.42 � 0.13* 0.23 � 0.07† 0.29 � 0.07†
Imposed expiratory WOB, J/L 0.51 � 0.17 0.55 � 0.14 0.24 � 0.09*† 0.27 � 0.06*†
Imposed expiratory WOB, J/min 5.18 � 3.79 7.28 � 4.00 2.06 � 1.67† 2.48 � 1.02†
Expiratory resistance imposed by ETT and HME, cm H2O/L/s 7.32 � 1.30 6.52 � 0.86 5.42 � 1.11*† 4.97 � 0.59*†
Ventilator-imposed expiratory resistance, cm H2O/L/s 3.63 � 2.98 3.61 � 2.91 1.82 � 0.32 2.17 � 0.56
pH 7.42 � 0.06 7.42 � 0.08 7.42 � 0.06 7.42 � 0.04
PaCO2

, mm Hg 43 � 6 43 � 11 43 � 9 43 � 5
PaO2

, mm Hg 103 � 27 133 � 57 121 � 60 162 � 56*
PaO2

/FIO2
230 � 85 271 � 150 241 � 121 324 � 112

Values are mean � SD.
* P � .05 compared with continuous mandatory ventilation group with 7 mm endotracheal tube (ETT).
† P � .05 compared with continuous mandatory ventilation group with 8 mm ETT.
‡ P � .005 compared with spontaneous breathing trial group with 7 mm ETT.
Paw � airway pressure
Ptrach � tracheal pressure at the tip of the ETT
WOB � work of breathing
HME � heat and moisture exchanger
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into 4 groups, by ventilatory mode and ID ETT (7 or
8 mm). Imposed expiratory load is largely determined by
the imposed RE and the level of expiratory flow. Mean
expiratory flow is a key factor in examining expiratory
load under mechanical ventilation. To compare the char-
acteristics of the 4 groups, the relationships among mean
expiratory flow and imposed WOB and RE were exam-
ined. Measurements were recorded after ventilatory set-
tings had been stable for � 15 min. Data were acquired
from tracings of stable, consecutive breaths over 1 min.

Statistical Analysis

Respiratory data were expressed as mean � SD. Dif-
ferences in the data of each group were tested by one-way
factorial analysis of variance, followed by a Scheffé mul-
tiple comparison post hoc test. If the Pearson correlation
coefficient between the mean expiratory flow and imposed
expiratory WOB, RE imposed by ETT and HME, ventila-
tor-imposed RE, or end-expiratory Ptrach-PEEP setting were
significant, regression analysis was then performed. Re-
gression curves from mean expiratory flow to these were
obtained by the statistical analysis function of spreadsheet
software (Excel 2010, Microsoft, Redmond, Washington).
Approximation was performed by the least squares method,
using either the linear expression model, quadratic expres-
sion model, power expression model, exponential expres-
sion model, or logarithmic expression model. Regression
curves were excluded if their shape was not suitable for
approximation. Values of the coefficient of determination
in each model were used to determine the most appropriate
expression model. Differences among the regression plots
of each group were checked by analysis of covariance.
P � .05 was considered significant. Statistical analysis
was performed using statistics software (the Japanese ver-
sion of SPSS 16.0, SPSS, Chicago, Illinois).

Results

The patient characteristics for each group are shown in
Table 1. The percentage of male patients with 8 mm ID
ETT was higher than the others. The predicted body weights
of patients with 8 mm ID ETT was higher than the others.
In patients with 7 and 8 mm ID ETTs the ventilatory
settings under CMV mode were as follows: FIO2

0.45 � 0.07
and 0.44 � 0.05, ventilatory rate 16.8 � 5.6 breaths/min
and 18.2 � 7.90 breaths/min, inspiratory pressure control
level 16.5 � 3.5 cm H2O and 16.7 � 3.4 cm H2O; in-
spiratory time 1.06 � 0.15 s and 1.06 � 0.18 s; and
PEEP 7.4 � 2.1 cm H2O and 8.5 � 3.7 cm H2O. Measured
ventilatory data are shown in Table 2. Some measured
ventilatory data varied among groups because of differ-
ences in ETT size, ventilatory mode, and ventilatory set-
tings. Mean expiratory flow is proportional to minute ven-

tilation. The regression curves between minute ventilation
(L/min) (x) and mean expiratory flow (L/s) (y) were
y � 0.029x � 0.044 (R2 � 0.89), according to the data
from all patients. Representative tracings of respiratory
flow, Paw, and Ptrach from patients during CMV mode and
SBT with 7 mm ID ETT are shown in Figure 2.

The relationships of imposed expiratory WOB (J/L) and
(J/min) with mean expiratory flow are shown in Figures 3
and 4, respectively. As mean expiratory flow increased,
imposed expiratory WOB (J/L) and (J/min) increased in
all groups. The regression curves between mean expiratory
flow and imposed expiratory WOB (J/L) during SBT with
both 7 and 8 mm ID ETT were not different. The regres-
sion curves between mean expiratory flow and imposed
expiratory WOB (J/min) during SBT with 7 mm ID ETT
and under CMV mode with 8 mm ID ETT were not different.
However, the other combinations of regression curves were

Fig. 2. Representative tracings of respiratory flow, airway pres-
sure, and tracheal pressure, with a 7 mm inner diameter endotra-
cheal tube, from patients during (A) continuous mandatory venti-
lation mode and (B) a spontaneous breathing trial (CPAP plus
pressure support).
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significantly different. Levels of imposed expiratory WOB
were affected by ID ETT and ventilatory mode.

The relationship of RE imposed by ETT and HME with
mean expiratory flow is shown in Figure 5. As mean ex-
piratory flow increased, RE imposed by the ETT and HME
increased in all groups. The regression curves between
mean expiratory flow and RE imposed by ETT and HME
were different in all combinations. Smaller ETT size and
CMV mode exhibited greater imposed RE.

The relationship of ventilator-imposed RE to mean ex-
piratory flow is shown in Figure 6. The correlation coef-
ficients were not significant under CMV mode or SBT
with 8 mm ID ETT. The correlation coefficients under
CMV mode and SBT with 7 mm ID ETT were also rela-
tively small. The regression curves between mean expira-
tory flow and ventilator-imposed RE under CMV mode
with 7 mm ID ETT were not significantly different from
those during SBT with 7 mm ID ETT. There was little
effect of mean expiratory flow on ventilator-imposed RE.
Although the effects of ETT and ventilatory mode on ven-
tilator-imposed RE were small, the values of ventilator-
imposed RE in some patients under CMV mode were very
large.

The relationship of the end-expiratory Ptrach-PEEP set-
ting with mean expiratory flow is shown in Figure 7. As

mean expiratory flow increased, end-expiratory Ptrach-
PEEP setting increased in all groups. The regression curves
under CMV mode with both the 7 and 8 mm ID ETT were
not different. Intrinsic PEEP caused by imposed RE would
increase as mean expiratory flow increased.

Discussion

Under both CMV mode and SBT, imposed expiratory
WOB increased with the increase in mean expiratory flow
among patients undergoing invasive mechanical ventila-
tion. Levels of imposed expiratory WOB were affected by
the ID of the ETT and ventilator mode. The main reason
for the increased imposed expiratory WOB is the increase
in RE imposed by the ETT and HME. Although ventilator-
imposed RE was relatively low and was not clearly related
to mean expiratory flow, the ventilator-imposed RE was
very large for some patients under CMV mode. As mean
expiratory flow increased, the end-expiratory Ptrach-PEEP
setting increased under both CMV mode and SBT. Intrin-
sic PEEP caused by imposed RE would increase as mean
expiratory flow increased.

Few studies have measured Ptrach during the expiratory
phase in patients under mechanical ventilation. Stenqvist
et al measured Ptrach directly in 10 patients under mechan-

Fig. 3. Mean expiratory flow versus imposed expiratory work of breathing (WOB). CMV � continuous mandatory ventilation. ID � inner
diameter. ETT � endotracheal tube. SBT � spontaneous breathing trial. * P � .05.
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ical ventilation.18 Wrigge et al estimated Ptrach using Paw

and flow signals in patients with acute lung injury.19 They
reported that end-expiratory Ptrach was not different from
end-expiratory Paw when using 7–8 mm ID ETT. In these
studies, Ptrach was not shown during the entire expiratory
phase. We estimated Ptrach during the whole respiratory
cycle in patients under CMV mode and SBT.

It was appropriate to use WOB in order to evaluate the
interaction between patient and ventilator, rather than sim-
ple Paw analysis.3-8,20 Although imposed inspiratory WOB
has been examined in many studies,3-7 imposed expiratory
WOB has not benefited from extensive study. We deter-
mined imposed expiratory WOB according to the defini-
tion used in previous studies.6,17 Because the extent of
imposed expiratory WOB (J/L) increased as mean expira-
tory flow increased, imposed expiratory WOB (J/min) in-
creased as a power function of mean expiratory flow. Pa-
tients under mechanical ventilation often need greater
amounts of ventilation, involving higher expiratory flow,
than do healthy subjects.14 The expiratory load imposed by
an ETT, an HME, and an expiratory valve of the ventilator
would therefore increase in the case of increased ventila-
tory demand.

The ID of the ETT affected the elevation of imposed
expiratory WOB, with an increase in mean expiratory flow.
The imposed RE from the ETT and HME was not constant,

but a power function of mean expiratory flow, and was
affected by the ID of the ETT. Therefore, the ID of the
ETT was considered to be a determinant factor for im-
posed expiratory WOB, despite the absence of a signifi-
cant difference in imposed expiratory WOB (J/L) during
SBT between the 7 mm ID ETT and the 8 mm ID ETT.
Extrapolation errors were considered to be the cause of
this absence because of the fact that mean and peak expi-
ratory flow values during SBT were relatively low.

Ventilatory mode was another factor affecting the ele-
vation of imposed expiratory WOB. The CMV mode ex-
hibited greater imposed RE of ETT and HME than in SBT.
Under the CMV mode, higher inspiratory Ptrach produced
higher peak expiratory flow, which would increase im-
posed RE of ETT and HME. Ventilator-imposed RE is also
related to the difference in imposed expiratory WOB be-
tween CMV mode and SBT. Although ventilator-imposed
RE was relatively low and was not clearly related to mean
expiratory flow, ventilator-imposed RE was very large for
some patients under CMV mode. The dissociation between
the expiratory phase of the ventilator and the patient’s
expiration would increase imposed expiratory WOB. Un-
der the CMV mode, regression analysis of numbers of
assist ventilation, which was derived from breathing fre-
quency minus ventilatory frequency setting, to ventilator-
imposed RE is shown in Figure 8. As numbers of assisted

Fig. 4. Mean expiratory flow versus imposed expiratory work of breathing (WOB). CMV � continuous mandatory ventilation. ID � inner
diameter. ETT � endotracheal tube. SBT � spontaneous breathing trial. * P � .05.
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ventilations increased, ventilator-imposed RE increased.
Asynchrony between the ventilatory setting and patient
respiratory effort may exist in such patients. If the inspira-
tory time setting under CMV mode is too long, expiration
begins at a high Paw.21 Because PSV has an expiratory
triggering function different from that of CMV mode, the
possibility of the asynchrony between ventilatory setting
and patient’s respiratory effort might be small. The expi-
ratory triggering setting of PSV is thought to affect im-
posed expiratory WOB. The differences in imposed expi-
ratory WOB between the CMV mode and SBT may also
be derived from extrapolation errors because of the fact
that mean expiratory flow values were uniformly higher
during CMV, compared with those during the SBT. No
further conclusion about the expiratory function of the
ventilator was obtained from the present findings, and fu-
ture research will be needed to resolve this.

Clinical Implications

In quiet or passive breathing, when expiration is per-
formed only by the elasticity of the respiratory system,
expiratory WOB would need additional lung inflation at
the end of inspiration. Hyperinflation of the lung can in-

duce lung damage.10,13 Although we did not measure in-
trinsic PEEP in the present study, the end-expiratory Ptrach-
PEEP setting increased as mean expiratory flow increased.
Intrinsic PEEP caused by imposed RE would increase as
ventilation levels increase. In a lung model study, Haberthür
et al reported that an increase in minute ventilation increased
the volume of air trapping and levels of intrinsic PEEP in
mechanical ventilation with both 7 and 8 mm ID ETTs.22

The settings of PEEP under mechanical ventilation for
patients with acute lung injury have been discussed, and
intrinsic PEEP is thought to be a crucial factor.23,24 The
present study indicated that the levels of minute ventila-
tion affected Ptrach during the expiratory phase. Ptrach should
be considered in order to determine PEEP in patients with
acute lung injury. In patients capable of spontaneous breath-
ing, intrinsic PEEP acts as an inspiratory threshold load
and increases inspiratory WOB.13,25 Intrinsic PEEP also
impairs triggering of the ventilator, which would induce
dissociation of the ventilator and the patient’s breathing
efforts.13 Moreover, this dissociation would likely increase
intrinsic PEEP by increasing Ptrach.

SBT assumes the role of simulating respiratory load in
the post-extubation period. Because the setting level of
PSV affected patients’ inspiratory WOB in PSV mode, the

Fig. 5. Mean expiratory flow versus imposed expiratory resistance (RE) by the endotracheal tube (ETT) and the heat and moisture exchanger
(HME). CMV � continuous mandatory ventilation. ID � inner diameter. ETT � endotracheal tube. SBT � spontaneous breathing trial.
* P � .05.
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appropriate settings provided the same level of patients’
inspiratory WOB in the post-extubation period.5 Brochard
et al reported that the PSV level compensating for addi-
tional WOB by the ETT and ventilator was 5.7 cm H2O in
patients free of intrinsic lung disease.5 Because we used a
PSV level of 5 cm H2O in the present study, patients’
inspiratory WOB level was not very different from that at
post-extubation level. In contrast, patients’ expiratory WOB
during SBT has rarely been investigated. A portion of
patients’ expiratory WOB during SBT is derived from
imposed expiratory WOB. Elsasser et al measured im-
posed expiratory WOB under CPAP mode in a lung model.6

In agreement with the results of the present study, they
reported that an increase in minute ventilation increased
imposed expiratory WOB. Straus et al reported that WOB
dissipated in the supraglottic airway, with extubation val-
ues of 0.12 J/L and 1.97 J/min, which were less than those
for imposed expiratory WOB in the present study.8 Be-
cause an increase in imposed expiratory WOB would need
additional expiratory effort from the patient, it is possible
that an increase in imposed expiratory WOB would affect

the results of SBT, especially in patients with high minute
ventilation.

Limitations

In previous studies, Ptrach was measured directly using a
small measuring tube inserted into the trachea through the
ETT.16,26,27 However, direct measurement by this method
raises several concerns. First, the insertion of the measur-
ing tube itself would increase the resistance of the ETT.
Second, the high resistance of the small measuring tube
would create a time delay and interfere with the accuracy
of the pressure curve of Ptrach. Third, the position of the tip
of the measuring tube would affect the data.16,26 Therefore,
we used a calculated figure for Ptrach to assess expiratory
load, rather than an actual measurement. Although previ-
ous reports indicated the accuracy of this method of cal-
culating Ptrach,15,19 concerns about the discrepancy between
calculated and actual values remain. For example, this
could occur at the end of expiration when calculated pres-
sure differences through the ETT theoretically decrease to

Fig. 6. Mean expiratory flow versus ventilator-imposed expiratory resistance (RE) ( cm H2O/L/s). There are no significant differences between
the regression curves. CMV � continuous mandatory ventilation. ID � inner diameter. ETT � endotracheal tube. SBT � spontaneous
breathing trial.
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Fig. 7. Mean expiratory flow versus end-expiratory tracheal pressure (Ptrach) – PEEP setting. CMV � continuous mandatory ventilation. ID �
inner diameter. ETT � endotracheal tube. SBT � spontaneous breathing trial. * P � .05.

Fig. 8. Numbers of assisted breaths per minute versus ventilator-imposed expiratory resistance (RE) during continuous mandatory venti-
lation. The number of assisted breaths was calculated as breathing frequency 	 set ventilatory rate.
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zero, due to respiratory zero flow. This introduces the
possibility of underestimating the calculated Ptrach. Fur-
thermore, bending of the ETT and attachment of secretions
on its inner surface would make the resistance of the ETT
larger than the calculated value.28,29 Although there was
no clear evidence of bending of the ETT or narrowing of
the ETT by secretions, the possibility of underestimating
Ptrach remains.

In passive expiration, measurement of intrinsic PEEP is
useful to evaluate the effects of imposed expiratory WOB.
Inspiratory holding with relaxation or deep sedation is
needed to measure intrinsic PEEP. Because most of our
patients were lightly sedated, we did not perform inspira-
tory holding. Instead, we calculated the end-expiratory
Ptrach-PEEP setting. While the main focus of the present
study was imposed expiratory work, measurement of esoph-
ageal pressure is preferable in evaluating patients’ intrinsic
PEEP and active expiratory work load. Because insertion
of an esophageal balloon and fine adjustment of the posi-
tion and volume of the balloon are needed to measure
esophageal pressure, this could not be measured in the
present study. In a future study, examination of patients’
expiratory work should be performed.

Because the PaO2
/FIO2

was greater than 200 mm Hg in
most of the study patients, the degree of lung injury was
relatively small. The ratio of tidal volume to ideal body
weight in our study was in the range 8–10 mL/kg. Pa-
tients’ lung characteristics and ventilatory settings would
affect imposed expiratory WOB. Further research is needed
to evaluate imposed expiratory WOB in patients with se-
vere lung injury.

We used only one type of ventilator. Because ventilator
performance was thought to affect the results of the study,
other ventilators would produce different data. However,
because the ventilator we used was the most up-to-date
available, similar problems would likely exist for other
ventilators.

Conclusions

In conclusion, Ptrach was measured under CMV mode
and during SBT in patients receiving mechanical ventila-
tion. We calculated imposed expiratory WOB by an ETT,
an HME, and the expiratory valve of the ventilator. Im-
posed expiratory WOB increased as mean expiratory flow
increased in both modes. Under mechanical ventilation,
Ptrach should be considered, especially in patients with
higher minute ventilation.
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HJ, et al. Expiratory automatic endotracheal tube compensation re-
duces dynamic hyperinflation in a physical lung model. Crit Care
2009;13(1):R4.

23. Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A,
Ancukiewicz M, et al.; National Heart, Lung, and Blood Institute
ARDS Clinical Trials Network. Higher versus lower positive end-
expiratory pressures in patients with the acute respiratory distress
syndrome N Engl J Med 2004;351(4):327-336.

24. de Durante G, del Turco M, Rustichini L, Cosimini P, Giunta F,
Hudson LD, et al. ARDSNet lower tidal volume ventilatory strategy
may generate intrinsic positive end-expiratory pressure in patients

with acute respiratory distress syndrome. Am J Respir Crit Care Med
2002;165(9):1271-1274.
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