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ORIGINAL

Expiratory time constants in mechanically
ventilated patients with and without COPD

Abstract Objective: In mechanical-
ly ventilated patients, the expiratory
time constant provides information
about the respiratory mechanics and
the actual time needed for complete
expiration. As an easy method to
determine the time constant, the ra-
tio of exhaled tidal volume to peak
expiratory flow has been proposed.
This assumes a single compartment
model for the whole expiration.
Since the latter has to be questioned
in patients with chronic obstructive
pulmonary disease (COPD), we
compared time constants calculated
from various parts of expiration and
related these to time constants as-
sessed with the interrupter method.
Design: Prospective study.

Setting: A medical intensive care
unit in a university hospital.
Patients: Thirty-eight patients (18
severe COPD, eight mild COPD, 12
other pathologies) were studied
during mechanical ventilation under
sedation and paralysis.
Measurements and results: Time
constants determined from flow-
volume curves at 100 %, the last 75,
50, and 25 % of expired tidal vol-

Introduction

In chronic obstructive pulmonary disease (COPD) acute
respiratory failure is a common and, in many cases, life-
threatening complication, requiring ventilatory support.
Mechanically ventilated patients with COPD are at risk
of difficult weaning and chronic ventilatory dependency.

ume, were compared to time con-
stants obtained from interrupter
measurements. Furthermore, the
time constants were related to the
actual time needed for complete ex-
piration and to the patient’s pulmo-
nary condition. The time constant
determined from the last 75 % of the
expiratory flow-volume curve
(RCfv75) was in closest agreement
with the time constant obtained
from the interrupter measurement,
gave an accurate estimation of the
actual time needed for complete ex-
piration, and was discriminative for
the severity of COPD.

Conclusions: In mechanically venti-
lated patients with and without
COPD, a time constant can well be
calculated from the expiratory flow-
volume curve for the last 75 % of
tidal volume, gives a good estima-
tion of respiratory mechanics, and is
easy to obtain at the bedside.

Key words Mechanical ventilation -
Chronic obstructive pulmonary
disease - Respiratory mechanics -
Flow-volume curve - Time constant -
Airflow obstruction

Monitoring respiratory mechanics in these patients is a

prerequisite to assess the patient’s pulmonary condition,

to detect poor patient-ventilator interaction and, conse-
quently, optimise ventilator settings. By appropriately
setting the ventilator, hyperinflation, intrinsic PEEP
and, consequently, work of breathing can be minimised
resulting in a more favourable outcome.
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Many studies have addressed the issue of the me-
chanical properties of the respiratory system during
lung inflation. The assessment of respiratory mechanics
during relaxed expiration with simple tools, in clinical
settings, has been rather unsuccessful.

The expiratory time constant provides information
on the mechanical properties of the respiratory system,
is a measure of lung emptying, and can be used to pre-
dict the minimal time needed for complete exhalation
[1, 2]. A generally accepted way to determine the expi-
ratory time constant is by multiplying compliance and
resistance, assessed with the interrupter method [3, 4,
5]. However, this method interferes with the relaxed ex-
piration and is not considered a simple tool for bedside
use. An easier way to determine the expiratory time
constant is based on the slope of the relaxed expiratory
flow-volume curve [1, 2, 6, 7, 8, 9, 10, 11]. Brunner
et al., proposed to determine the expiratory time con-
stant as the ratio of exhaled tidal volume to peak expira-
tory flow [1]. This approach assumes a single compart-
ment model for the whole expiration, i.e., a single com-
partment emptying itself through a constant resistance.
This has to be questioned in patients with COPD in
view of the presence of ventilatory inhomogeneity and
expiratory flow-limitation [12]. However, a linear rela-
tionship between flow and volume has been described
for the later part of expiration in patients with airway
obstruction [7, 13, 14, 15]. Because this linear relation-
ship is inherent in a one-compartment model, we hy-
pothesise that an effective time constant can more ap-
propriately be calculated from the later part of expira-
tion in these patients.

The purpose of this study was to assess the applicabil-
ity of the expiratory time constant determined from the
expiratory flow-volume curve at different percentages
of exhaled volume in mechanically ventilated patients
both with and without COPD. These time constants
were compared to reference time constants obtained
from values of compliance and resistance determined
with the interrupter method. To evaluate the clinical
value of the time constants, we related them to the actu-
al time needed for complete expiration to functional re-
sidual capacity and to the presence and severity of air-
flow obstruction.

Patients and methods

Patients

The study was conducted on 38 patients admitted to the respirato-
ry intensive care unit. Patients were included if they fulfilled the
following criteria: mechanical ventilation via an endotracheal or
tracheostomy tube with an inner diameter =7 mm, a ventilator-
PEEP level < 10 cm H, O, respiratory rate < 20 breaths per minute,
and absence of air leaks. Twenty-six patients had a history of
COPD. Amongst these, 18 patients suffered from severe COPD

and required ventilatory support for respiratory failure due to
acute exacerbation of COPD. All these patients fulfilled the crite-
ria of severe COPD according to the ERS consensus: a clinical di-
agnosis of COPD and previous spirometric data showing an FEV,
<50% of predicted (mean 30 % of predicted) [16]. The remaining
eight patients had a history of moderate COPD and a previous
FEV, between 50 and 70 % of predicted (mean 59 %) [16]. These
patients were ventilated for other conditions than COPD. In 12 pa-
tients, underlying diseases included a variety of medical conditions
all complicated by respiratory failure and ventilator dependency.
Thirty patients were intubated with an endotracheal tube (inner di-
ameter 7.5-9 mm), and eight patients with a tracheostomy tube
(inner diameter 7-8.5 mm). All patients were ventilated with a Sie-
mens Servo 900 C ventilator (Siemens-Elema, Solna, Sweden).
Ventilator settings were set by the primary physician and remained
unchanged during the study, except that if present, ventilator-
PEEP was removed. In 32 patients, the volume-controlled mode
was used, and in six patients the pressure-controlled mode. The av-
erage minute volume was 9.7 I/min, ranging from 61 to 17.5 1 per
minute. The average respiratory rate was 16 breaths per minute,
ranging from 10 to 20 breaths per minute. At volume-controlled
ventilation, the ratio between inspiratory and expiratory time was
35:65. In the pressure-controlled mode, the ratio between inspira-
tory and expiratory time was 50:50. During the study, all patients
were sedated with midazolam (Roche Nederland, Mijdrecht, Hol-
land) and paralysed with vecuronium (Organon Teknika, Boxtel,
Holland). Informed consent was obtained from the patient or their
next of kin. The study was approved by the local ethics committee.

Respiratory measurements

A heated pneumotachometer (Lilly, Jaeger, Wiirzburg, Germany)
was connected to the endotracheal tube to measure flow. Volume
was obtained by computerised integration of the flow signal. Air-
way opening pressure was measured proximal to the pneumo-
tachometer using a pressure transducer (Validyne Engineering,
Northridge, Calif., USA). Data were stored and analysed using a
personal computer (Commodore 486 SX33, Commodore Business
Machines, West Chester, Pa., USA) at a sample frequency of
100 Hz.

Analysis of the flow-volume curve

The time constant was obtained by calculating the quotient of ex-
haled volume and the corresponding change in flow at different
values of exhaled volume. Time constants were calculated for
100% (RCfv100), the last 75% (RCfv75), 50% (RCfv50), and
25% (RCfv25) of exhaled volume. In the formula for the RCfv50:

RCfv50 = 0.5%Vt/(V’50,ex -V’end,ex)

where RCfv50 is the time constant obtained from flow-volume
curve for last 50% of exhaled tidal volume (s), 0.5*Vt is 50% of
expiratory tidal volume (1), V’50,ex is the flow at 50 % of exhaled
volume (I/s), and V’end,ex is the flow at end-expiration (I/s).

For the calculation of the RCfv100 the peak flow was consid-
ered as 100 % flow-level (Fig. 1). To compare our time constants
with the method proposed by Brunner et al., the time constant
was also calculated as the ratio of exhaled volume and peak flow
(RCfvp) [1]. To estimate the actual time needed for lung emptying,
the expiratory line of the ventilator circuit was disconnected from
the ventilator at end-inspiratory pause and the patient was allowed
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Fig.1 Flow-volume curve of a patient with COPD. V’100.ex,

V’75.ex, V’50ex, V’25,ex and V’end,ex are indicated

to expire completely (n = 27). Taking into account the noise in the
flow recording, expiration was considered complete when the
flow was <0.04 I/s. The time needed for complete expiration was
measured (Tact). All measurements were performed in triplicate
and the average was calculated.

Interrupter measurements

A pneumatic interrupter installed distal to the pneumotachometer
in the ventilator circuit, was used for repeated occlusions of the up-
per airway during expiration. The valve was computer-controlled.
Opening and closing of the valve was alternated at a cycle time of
500 ms. The interrupter procedure was performed throughout the
expiration. Pressure and flow signals were stored on a computer
for subsequent analysis. Values of the post-interruption plateau in
tracheal pressure, of preceding flow, and of corresponding volume
were obtained for all subsequent occlusions during one expiration.
Volume-pressure (V/P) and pressure-flow (P/V’) curves were plot-
ted from these values. Using a least squares linear regression meth-
od, a line was fitted through the data from the second interruption
till a volume was expired equal to the pre-set tidal volume. Compli-
ance and resistance were determined for this tidal volume range
from the slope of the V/P and P/V’ curve, respectively. During
flow limitation the resistance behaviour is complex and resistance
has to be considered as effective resistance. The time constant
(RCint) was calculated by multiplying compliance- and resis-
tance-values. All measurements were performed in triplicate and
the average was calculated.

Data analysis

Time constants obtained from the flow-volume curve and from the
interrupter method were compared using the method of Bland and
Altman for assessing agreement between two methods of clinical
measurement [17]. Differences between RCint and RCfv were
plotted against the means of the corresponding values of RCint
and RCfv, and limits of agreement were estimated as =2 SD of
the differences.

To assess the differences in time constants between the groups
with mild COPD, severe COPD, and other pathologies, the Krus-

kal-Wallis test was performed. A P-value < 0.05 was considered
significant.

To evaluate the sensitivity and specificity of the time constant
as measure for COPD, receiver operating characteristic (ROC)
curves were computed for the time constants obtained with the in-
terrupter and flow-volume method at different percentages of ex-
haled volume [18, 19]. An FEV, <70% of predicted value prior
to ventilatory support was used as a standard for discrimination be-
tween patients with other pathologies and COPD (moderate and
severe). The area under the ROC curve represents the combined
sensitivity and specificity behaviour of the index used.

The time constants obtained from flow-volume curves were
correlated with the actual time needed for complete expiration.
According to the concept of a single compartment model, passive
lung emptying is described by the following exponential equation:

V(1) = V(0)*et?

with V(0) and V(t) as, respectively, the lung volume at the start
(time t = 0) and at t (time =t) s from the onset of expiration and ©
as the expiratory time constant [7, 8, 9, 10]. According to this equa-
tion, three times the time constant is needed to achieve exhalation
down to 5% of the initial volume. The time constants determined
from the flow-volume curve were multiplied by three and corre-
lated to 95% of the actual time needed for complete expiration,
using Pearson’s correlation. To show the relationship between
RCfv and Tact the Bland and Altman method was used. The differ-
ences between 3*RCfv and Tact were plotted against their means.
Limits of agreement were estimated as + 2 SD of the differences.

Results

In all patients, both relationships between volume and
pressure and between pressure and flow obtained from
interrupter measurements were found to be approxi-
mately linear for the volumes studied (2 =0.99, SD
0.01 and 7* = 0.97, SD 0.02, respectively).

The values of the time constants obtained from
flow-volume curves and interrupter measurements are
shown in Table 1. Comparing the time constants of
the three patient groups within one method, significant
differences were found between the groups with mod-
erate and severe COPD and between the groups with

Table 1 Time constants obtained from flow-volume curves and in-
terrupter measurements. For abbreviations and definitions see text

Severe Moderate Other

COPD COPD pathologies
Rcint Mean (SD) 2.88 (1.61)* 1.02 (0.40)®> 0.65 (0.28)
Refvp Mean (SD) 0.75(0.20)  0.70 (0.19)  0.60 (0.10)
RCfv100 Mean (SD) 0.85(0.18) 0.79(0.22) 0.63 (0.12)
RCfv75 Mean (SD) 2.84 (1.53)* 1.05(0.32)> 0.72(0.18)
RCfv50 Mean (SD) 3.42(1.61)* 1.25(0.44) 0.84 (0.39)
RCfv25 Mean (SD) 4.20(1.99)* 1.47(0.57) 1.06 (0.63)

2 Significant difference between time constants of severe and mod-
erate COPD

b Significant difference between time constants of moderate
COPD and other pathologies
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Fig.2 Bland and Altman anal- ¢
ysis of differences (RCint
—RCfv) plotted against the
means of RCint and RCfv.
Mean and standard deviations
are indicated. [], patients with
severe COPD; A, patients with
moderate COPD; O, patients " @
with other pathologies
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severe COPD and other pathologies for the RCint,
RCftv75 RCfv50, and RCfv25 (all P < 0.001). The dif-
ference found between the group with moderate
COPD and the group with other pathologies was only
significant for the RCint (P =0.034) and the RCfv75
(P =0.017).

The agreement between the time constants obtained
from flow-volume curves and interrupter measurements
is shown in the Bland and Altman analyses (Fig. 2). The
differences between RCint and RCfv are plotted against
their means. Mean difference and limits of agreement
are indicated.

ROC-curves were computed for all time constants.
The area under the curve was 0.93 for the RCint, 0.75
for the RCfvp, 0.82 for the RCfv100, 0.94 for the
RCfv75, 0.92 for the RCfv50, and 0.89 for the RCfv25.
The RCfv75 with a cut-off level of 0.82 combines the

highest sensitivity (0.96) and specificity (0.83) as mea-
sure of airway obstruction.

The mean difference between actual times needed
for complete expiration and 3*RCfv was 0.5 s (sd 2.8)
for the RCint, 2.9 s (sd 4.2) for the RCfvp, 2.8 s (sd 4.2)
for the RCtv100, 0.4 s (sd 2.4) for the RCfv75, -0.5s
(sd 3.1) for the RCfv50, and 1.6 (sd 3.6) for the
RCfv25. Pearson’s test yielded the following correla-
tions between Tact and the respective time constants:
RCint: 0.81 (P<0.001), RCfvp: 026 (P>0.1),
RCfv100: 0.38 (P =0.052), RCfv75: 0.85 (P <0.001),
RCtv50: 0.79 (P < 0.001), and RCfv25: 0.82 (P < 0.001).
In Fig. 3, the Bland and Altman plot of 3*RCfv75 and
Tact is shown.
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Fig.3 Bland and Altman analysis of the differences between 3*
the time constant obtained from the last 75 % of tidal volume of
the flow-volume curve (3*RCfv75) and the time needed for com-
plete exhalation (Tact) against the means of 3*RCfv75 and Tact,
in seconds. Mean and standard deviations are indicated. [], pa-
tients with severe COPD, A, patients with moderate COPD, O,
patients with other pathologies

Discussion

This study demonstrates that in mechanically ventilated
patients with and without COPD the expiratory time
constant determined from the expiratory flow-volume
curve for the last 75 % of tidal volume is in closest agree-
ment with the time constant obtained with interrupter
measurements. The RCfv75 is a good prognosticator
for the actual time needed for complete exhalation and
is discriminative for the severity of COPD.

In the present study, time constants obtained from the
flow-volume curves and time constants obtained with the
interrupter technique were compared. The interrupter
method is based on the assumption that a rapid equili-
bration occurs between alveolar and airway opening
pressures during a brief period of airway occlusion [3, 4,
5]. In this study, the airways were occluded intermittently
for 250 ms. In COPD patients with airway obstruction,
pressure equilibration may be delayed because of re-
gional differences in mechanical properties within the
lungs [3, 4]. However, we observed pressure plateaus
during airway closure within 250 ms in all patients. This
is comparable to the findings of others, describing a pla-
teau in airway opening pressure within 300 ms during ex-
piratory interruptions [3]. In the present study, the pres-
ence of an endotracheal tube or a tracheal cannula elimi-
nated the influence of the upper airway. Therefore, no
delay in pressure equilibration occurred related to the
compliance of the extrathoracic airways [20].

On the other hand, the presence of the endotracheal
tube might have influenced the time constant. The de-
sign of the study precluded removal of the endotracheal
tube since all patients were on controlled ventilation
with sedation and paralysis. However, a previous study
showed that in patients with COPD the presence of the
endotracheal tube did not appreciably affect the slope
of the later part of the expiratory flow-volume curve,
due to the low flow-rates in these patients [21]. In the pa-
tient group with other pathologies, the average flow-
rate during expiration is usually higher. The endotrache-
al tube can cause a minor decrease in flow in these pa-
tients, resulting in a slightly higher time constant [21].
With respect to the exhalation valve of the ventilator, it
has been described that this valve significantly decreases
the peak flow, but does not affect the slope of the flow-
volume curve during the later part of expiration [21].

The passive expiratory flow-volume relationship can
be divided into an early rapid component, which reflects
resistive behaviour of predominantly extrathoracic re-
sistive elements, and a consecutive slower component,
mainly reflecting viscous and elastic properties of the
lungs and chest wall [2, 22, 23]. The transition point be-
tween these components has been referred to as the in-
flection point, determined as the point of maximum
slope following the peak expiratory flow [2]. In this
study, we found that the time constants calculated from
the part of the flow-volume curve beyond the inflection
point more closely approached the values determined
with the interrupter method, especially in patients with
COPD. The RCfv75 and RCfv50 were found to be in
good agreement with the RCint. The results of the
RCfv25 were less favourable, and this is most likely
due to an increase in the noise-signal ratio because of
the low flow-rates at end-expiration. The RCfv100 and
RCfvp gave a systematic underestimation of the time
constant, particularly in patients with COPD. In these
patients the peak flow only minimally contributes to
the exhalation, and the rate of lung emptying is predom-
inantly determined by the slope of the flow-volume
curve beyond the inflection point (Fig. 1). Therefore,
the method to determine the time constant as the ratio
of exhaled volume to peak flow, proposed by Brunner
et al., is less appropriate in COPD patients [1]. As the
part of the expiratory flow-volume relationship beyond
the inflection point approaches linearity, both in pa-
tients with COPD and with other pathologies, it is
more suitable for calculation of the time constant. This
linearity has also been described by others [7, 13, 14,
15]. We chose to use the RCfv75 instead of the RCfv50
for several reasons: the RCfv75 was in closest agree-
ment with the RCint, it was the best discriminator for
the severity of COPD, and it represented a greater part
of the expiratory flow-volume curve.

This is in agreement with the findings of Galbusera
et al., who also studied expiratory time constants during
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mechanical ventilation at different percentages of ex-
haled volume [11]. However, in their calculation of the
time constant, the end-expiratory flow is not taken into
account. In mechanically ventilated patients with flow
limitation, expiration is usually terminated before the
end-expiratory flow reaches zero l/s. Therefore, the
end-expiratory flow should also be included in the cal-
culation.

The present study shows that the time needed for
complete expiration was approximately three times the
calculated time constant for all patient groups, in which
the RCfv75 correlated best with the Tact. This indicates
that the time constant can be a useful tool in setting the
ventilator. Recently, the expiratory time constant deter-
mined over the last 75 % of expiratory tidal volume has
even been implemented in the software of the Hamilton
ventilator “Galileo” (Hamilton Medical, Rhéziins, Swit-
zerland), giving information about the suitable respira-
tory rate. In patients with severe COPD, however, it
may be impossible to set the expiratory time at three
times the time constant in view of the minimum respira-
tory rate required for sufficient ventilation. In these pa-
tients, the time constant is informative on the patient’s
pulmonary condition and can be used to optimise pa-
tient-ventilator interaction.

The time constant was found to discriminate between
patients with and without COPD. These findings are in
line with previous studies, in which the time constant
and the FEV1 were closely related both in spontaneous-
ly breathing and in mechanically ventilated patients
with COPD [7, 14].

The present study was performed on paralysed pa-
tients. During paralysis, exhalation is passively driven

by the elastic recoil of the total respiratory system. In
mechanically ventilated patients without paralysis, mus-
cle activity may interfere during expiration. Several
studies have described the presence of inspiratory mus-
cle activity during the first part of expiration, opposing
emptying of the lungs [24, 25, 26]. It has, however, been
shown in spontaneously breathing patients with COPD
that the measured flow-volume relationship closely fol-
lowed the course of the flow-volume curve predicted
on the basis of the passive time constant during late ex-
piration [24]. Another study reported activity of the dia-
phragm for only the first 50 % of expiration [26]. In pa-
tients with COPD an even faster decline in inspiratory
muscle activity has been described during expiration
[27, 28]. Therefore, it is likely that a time constant can
be determined from the later part of expiration in me-
chanically ventilated patients without paralysis. Further
studies are required to validate the feasibility of the ex-
piratory time constant in non-paralysed patients.

In conclusion, in mechanically ventilated patients an
expiratory time constant can best be calculated from
the expiratory flow-volume curve for the last 75 % of ex-
haled tidal volume. Both in patients with COPD and in
patients with other pathologies, RCfv75s are in good
agreement with time constants assessed with interrupter
measurements. Furthermore, the RCfv75 is found to be
a good prognosticator for the actual time needed for
complete expiration and to be an indicator of the sever-
ity of COPD. Thus, a time constant calculated from the
last 75% of the expiratory flow-volume curve is an
easy method to assess respiratory mechanics at the bed-
side in artificially ventilated patients.
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