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Abstract Objectives: To study the
pattern of lung emptying and expira-
tory resistance in mechanically ven-
tilated patients with chronic obstruc-
tive pulmonary disease (COPD).
Design: A prospective physiological
study. Setting: A 12-bed Intensive
Care Unit. Patients: Ten patients
with acute exacerbation of COPD.
Interventions: At three levels of
positive end-expiratory pressure
(PEEP, 0, 5 and 10 cmH2O) tra-
cheal (Ptr) and airway pressures,
flow (V’) and volume (V) were con-
tinuously recorded during volume
control ventilation and airway occlu-
sions at different time of expiration.
Measurements and results: V-V’
curves during passive expiration were
obtained, expired volume was divid-
ed into five equal volume slices and
the time constant (t) and dynamic
deflation compliance (Crsdyn) of each
slice was calculated by regression
analysis of V-V’ and post-occlusion
V-Ptr relationships, respectively. In
each volume slice the existence or not

of flow limitation was examined by
comparing V-V’ curves with and
without decreasing Ptr. For a given
slice total expiratory resistance was
calculated as t/Crsdyn, whereas expi-
ratory resistance (Rrs) and time
constant (trs) of the respiratory sys-
tem were subsequently estimated
taken into consideration the presence
of flow limitation. At zero PEEP,
trs increased significantly toward
the end of expiration due to an in-
crease in Rrs. PEEP significantly
decreased Rrs at the end of expira-
tion and resulted in a faster and rel-
atively constant rate of lung empty-
ing. Conclusions: Patients with
COPD exhibit a decrease in the rate
of lung emptying toward the end of
expiration due to an increase in Rrs.
PEEP decreases Rrs, resulting in a
faster and uniform rate of lung emp-
tying.

Keywords Resistance · Flow
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constant

Introduction

Chronic obstructive pulmonary disease (COPD) is char-
acterized by increased resistance to airflow and loss
of lung elastic recoil. These disturbances in respiratory
system mechanics decrease the rate of lung emptying and
may cause flow limitation during passive expiration [1, 2,
3]. As a result dynamic hyperinflation and intrinsic pos-
itive end-expiratory pressure (PEEPi) may develop [1, 2,
3]. Although flow limitation and PEEPi may be present in

stable COPD [4], it is invariably encountered during acute
exacerbation of the disease [5].

In mechanically ventilated patients with acute exac-
erbation of COPD, dynamic hyperinflation is an impor-
tant factor which considerably increases the morbidity
and mortality of the disease. Indeed, ventilatory strategies
in these patients are mainly planned to reduce the mag-
nitude of dynamic hyperinflation [6]. It follows that the
assessment of pattern of lung emptying and, particularly,
expiratory resistance (the main determinant of dynamic
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hyperinflation in these patients) is of fundamental im-
portance for understanding the disease pathophysiology
and its interaction with the mechanical ventilation. How-
ever, in the presence of flow limitation, expiratory flow is
independent of airway pressure (Paw) and, thus, the as-
sessment of expiratory resistance using the difference
between alveolar and airway pressure as driving pressure
for flow is not valid [2, 7, 8]. Recently, in patients with
acute respiratory distress syndrome (ARDS), we de-
scribed a technique that estimates the expiratory resis-
tance of respiratory system at presence of flow limitation
[9]. The purpose of the present study was to examine the
pattern of lung emptying and assess expiratory resistance
in patients with acute exacerbation of COPD during
controlled mechanical ventilation, taking the presence of
flow limitation into consideration. This may help us to
gain a better understanding of the behavior of the respi-
ratory system during expiration in these patients. Fur-
thermore, because indirect data indicate that external
positive end-expiratory pressure (PEEP) may decrease
expiratory resistance in flow-limited patients by coun-
teracting airway compression [10, 11], the effects of
PEEP on respiratory system mechanics were also exam-
ined.

Methods
(see also Electronic Supplementary Material)

Ten patients with COPD, requiring mechanical ventilation to
manage acute respiratory failure due to an acute exacerbation of
chronic airflow obstruction, were studied. All patients had a pre-
vious diagnosis of COPD and met established spirometric criteria
for this diagnosis [12]. The Institutional Ethics Committee ap-
proved the study and informed consent was obtained from each
patient or next of kin.

All patients were ventilated on volume control mode (Puritan-
Bennett, Carlsad, CA, or Evita 2, Drager, Germany) using a con-
stant inspiratory flow rate and settings determined by the primary
physician (Table 1). In all patients no end-inspiratory pause was
applied, whereas inspiratory time to total breath duration was equal
to or less than 1/3. For the purpose of the study the patients were
heavily sedated to achieve respiratory muscle inactivity [13]. Flow
(V’) at the airway opening was measured with a heated pneumo-
tachograph (3700, Hans-Rudolf, Kansas City, MO), placed between

the endotracheal tube and the Y-piece of the ventilator. A manually
operated pneumatic driven occlusion valve (Hans-Rudolf 9300)
was inserted between the pneumotachograph and the Y-piece of the
ventilator. Volume (V) and airway and tracheal pressures were
measured as previously described [9].

Protocol

Each patient was studied at three levels of PEEP (0, 5 and
10 cmH2O) applied randomly. Ventilator settings were the same at
all levels of PEEP as determined by the primary physician (Ta-
ble 1). Tidal volume (VT) was, however, increased by 70 ml to
compensate for the increase in dead space due to instrumentation.
When the patients were stable on each PEEP level (at least 25 min)
arterial blood gasses were measured. Thereafter, the airways were
occluded at end-inspiration for 3 s using the end-inspiratory hold
button of the ventilator and after the release of the occlusion var-
ious manipulations were performed [9]. These manipulations were
as follow:

1. The patient was permitted to exhale to end-expiratory lung
volume determined by the PEEP level and the duration of ex-
piration (Fig. 1a).

2. Airway occlusions lasting approximately 3 s were performed
randomly at different time of expiration (Fig. 1b). Each study
breath was occluded once during expiration after the release of
end-inspiratory occlusion using the pneumatic occlusion valve.
In each subject and for a given level of PEEP at least 20 airway
occlusions during expiration were performed aiming to obtain
data throughout expiration. Tracheal pressure exhibited two
distinct pressure changes after interruption, an initial rapid in-
crease (Ptrinit) followed by a slower increase to a plateau value
[9, 14, 15, 16]. By plotting Ptrinit against the corresponding
volume above passive functional residual capacity (FRC) Ptrinit-
volume curve were constructed at all PEEP levels [9].

3. With zero PEEP, passive expiration was performed directly to
the atmosphere by removing the expiratory ventilator circuit
during the preceding end-inspiratory occlusion (Fig. 1c). When
PEEP was applied, the PEEP was reduced by 2 cmH2O during
the end-inspiratory occlusion and the patient permitted to exhale
to the new PEEP level [9].

4. At each level of PEEP, end-expiratory lung volume above
passive FRC (EELV) was calculated by removing the expiratory
ventilator circuit during the preceding end-inspiratory occlusion
and permitting the patient to exhale passively to the atmosphere
until expiratory flow became zero. EELV was calculated as the
difference between the total expired volume and VT.

For a given experimental condition PEEPi was measured using
the end-expiratory occlusion method [17].

Table 1 Patients characteristics
and baseline ventilator settings
(VT tidal volume, Fr breathing
frequency, FIO2 fractional con-
centration of inspired O2,
PaCO2/PaO2 partial pressure
of arterial CO2/O2)

Patient Sex Age VT Fr FIO2 pH PaCO2 PaO2

(years) (l) (br/min) (%) mmHg

1 M 72 0.40 13 0.28 7.49 56.7 83.4
2 M 76 0.40 12 0.35 7.35 72.9 77.8
3 F 73 0.45 14 0.35 7.43 43.0 108.3
4 F 76 0.58 15 0.55 7.38 55.0 70.0
5 M 71 0.57 15 0.40 7.43 59.0 93.0
6 M 66 0.46 14 0.50 7.36 60.1 99.8
7 M 74 0.40 15 0.30 7.40 54.9 77.8
8 M 69 0.48 16 0.50 7.50 49.9 88.1
9 M 67 0.50 16 0.30 7.36 66.0 64.2

10 M 66 0.50 16 0.40 7.41 65.2 81.5
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Data analysis

Step 1: Assessment of flow limitation

For a given PEEP, an expiratory flow-volume curve was obtained
with and without decreasing the downstream pressure. The pres-
ence of flow limitation was assessed by comparing expiratory flows
at a given portion of lung volume (Fig. 2) [2, 9, 18, 19].

Step 2: Determination of the pattern of emptying

The pattern of emptying was assessed using the method of Gutt-
mann et al. [20]. Briefly, at each PEEP level the average volume-
flow curve during uninterrupted expiration was analyzed. Volume
was plotted against flow and the inflection point of the curve, de-
fined as the point of maximum slope of the curve following the
expiratory peak flow, was identified [9]. The expired volume from
inflection point to the end of expiration was then subdivided into
five consecutive slices of equal size (Fig. 3). The slope of the linear
fit to V-V’ data pertaining to a given volume slice was taken as the
time constant (t) for that slice.

For a given volume slice, total resistance (Rtot) was calculated
as t/Crsdyn, where Crsdyn was the dynamic deflation compliance,
defined as the slope of volume/Ptrinit relationship, obtained by
linear regression analysis of the deflation Ptrinit-volume curve on
points at that particular volume slice. Although for a given PEEP,

to construct the Ptrinit-volume curve, at least 20 points were ob-
tained, the number of points was not sufficient for some volume
slices, making the regression analysis questionable. For this reason
the Ptrinit-volume curve was described using the sigmoidal equation
proposed by Venegas et al. [21, 22] (Fig. 3). Considering that
Crsdyn was nearly constant in each volume slice, linear regression
analysis on points obtained by the sigmoidal equation was per-
formed and Crsdyn of the volume slice was determined as the slope
of volume/Ptrinit relationship.

Volume slices were considered to be non-flow limited if expi-
ratory flows were consistently higher (>5%) when Paw was low-
ered for at least 90% of the volume slice (Fig. 2). In these slices, the
time constant of pure respiratory system (trs) was calculated as the
product of Crsdyn and flow resistance of respiratory system (Rrs).
Rrs was calculated by subtracting from Rtot the endotracheal tube
(Rtube) and expiratory ventilator circuit (Rvent) resistances [9].
Where flow limitation was present for at least 90% of the volume
slice (Fig. 2), t obtained from the slope of volume/flow relationship
and Rtot calculated from t/Crsdyn ratio were considered, respec-
tively, to be the trs and Rrs. Where flow limitation was present for
less than 90% of the total volume slice the flow and non-flow
limited segments were analyzed separately, as described above for
volume slices with and without flow limitation. The Rrs of that
volume slice was calculated by adding the Rrs of the flow and non-
flow limited segment, corrected for their contribution to the total
resistance as previously described [9].

Fig. 1 Airway (Paw, cmH2O) and tracheal (Ptr, cmH2O) pressures,
flow (l/s) and volume (l) in a representative patient ventilated with
zero positive end-expiratory pressure during the various manipu-
lations of the study. a Passive un-interrupted expiration after end-
inspiratory occlusion, to end-expiratory lung volume (determined
by the ventilator expiratory time) in the presence of the ventilator
expiratory circuit. b Rapid airway occlusion during expiration. c
Passive un-interrupted expiration after end-inspiratory occlusion to

end-expiratory lung volume without the ventilator expiratory cir-
cuit. Observe the difference in peak expiratory flow after release of
end-inspiratory occlusion between a (0.44 l/s) and c (0.78 l/sec),
due to different downstream pressure (i.e., lower Ptr and Paw in c).
Notice also that Ptr is lower during inspiration and higher during
expiration than the corresponding values of Paw. At low expiratory
flow Ptr is slightly higher than Paw, while at zero flow Paw and Ptr
are identical
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Data were analyzed by multi-factorial analysis of variance for
repeated measurements (ANOVA) and linear regression analysis,
where appropriate. A value of P<0.05 was considered statistically
significant. Data are expressed as mean € SD.

Results (see also Electronic Supplementary Material)

The analyzed volume slice averaged 0.09€0.01, 0.09€
0.01 and 0.10€0.01 l with 0, 5 and 10 cmH2O of PEEP,
respectively (P>0.05). With zero PEEP, EELV amount-
ed to 0.43€0.39 l, and increased significantly with in-
creasing PEEP (DEELV 0.17€0.16 and 0.60€0.25 l with 5
and 10 cmH2O of PEEP, respectively). Total PEEP (ex-
ternal + intrinsic) is shown in Table 2. Blood gasses re-
mained relatively stable throughout (P>0.05, data not
shown).

In all cases and independent of conditions studied, the
sigmoidal equation was fitted to the V-Ptrinit data ade-
quately, yielding R2 values above 0.98. Similarly, in each
volume slice the V/Ptrinit relationships were described
with excellent accuracy, due to the relatively small vol-
ume size, by linear regression analysis (R2>0.99). Fur-
thermore, in each volume slice the V/V’ relationship was
highly linear (R2>0.90).

Crsdyn did not differ as a function of PEEP and in-
creased progressively toward the end of expiration (Ta-
ble 3). The difference between Ptrinit and Ptrplateau did not
differ as a function of PEEP, averaging at mid-tidal vol-
ume 0.9€0.2, 1.0€0.3 and 1.1€0.5 cmH2O with 0, 5 and

10 cmH2O PEEP, respectively. Independent of PEEP, at

Fig. 2 Expiratory flow-volume curves, obtained at two PEEP lev-
els (upper panel: zero PEEP; lower panel: 10 cmH2O PEEP) with
(dashed lines) and without (solid lines) decreasing the airway
pressure in a representative patient. With zero PEEP, bypassing the
expiratory ventilator circuit caused an initial increase in expiratory
flow, which subsequently decreased to values obtained with expi-
ratory ventilator circuit in place. With 10 cmH2O of PEEP expi-
ratory flows were consistently lower (>5%) than those observed
when PEEP was reduced by 2 cmH2O during the preceding end-
inspiratory occlusion (PEEP positive end-expiratory pressure)

Fig. 3 Flow-volume (upper panel) and post-occlusion tracheal
pressure-volume (lower panel) curves during passive expiration in
a representative patient ventilated with zero PEEP. Upper panel:
Small arrows indicate the analyzed volume slices. Lower panel:
Closed circles; Data points. Open triangles; Points obtained by the
equation curve-fitted to the data. Long arrows (both panels) indi-
cate the direction of expiration

Table 2 Individual total PEEP (external + intrinsisc) at different
external PEEP (PEEP positive end-expiratory pressure)

Patient PEEP (external, cmH2O)

0 5 10

1 5.7 6.0 10.5
2 1.4 5.6 10.5
3 2.0 6.2 11.0
4 3.9 5.0 10.3
5 3.5 5.5 10.1
6 5.2 6.0 10.4
7 9.7 7.9 11.0
8 6.1 8.1 10.4
9 5.9 5.5 10.0

10 6.7 8.3 11.6
Mean 5.0 6.4 10.5*
SD 2.4 1.2 0.5

* Significantly different from the value at zero and 5 cmH2O PEEP

Table 3 Dynamic respiratory system compliance (l/cmH2O) of the
consecutive volume slices at different PEEP

Volume slice PEEP (cmH2O)

0 5 10

1 0.050€0.02* 0.049€0.02* 0.044€0.01*

2 0.060€0.02* 0.058€0.02* 0.057€0.01*
3 0.068€0.02* 0.067€0.02* 0.070€0.02*

4 0.074€0.02 0.075€0.02 0.081€0.03
5 0.079€0.02 0.081€0.02 0.090€0.03

* Significantly different from the value at the fifth volume slice
(end of expiration)
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the first volume slice Crsdyn was slightly, but signifi-
cantly, lower than volume/Ptrplateau relationship. Without
PEEP, t and trs increased significantly from the beginning
(first slice) to the end expiration (fifth slice) (Table 4).
This difference decreased progressively with increasing
PEEP. These changes in time constant were mainly due to
alteration in expiratory resistance (Rtot and Rrs) (Table 5
and Fig. 4).

Discussion

The main findings of this study were: (1) patients with
acute exacerbation of COPD, mechanically ventilated
with zero PEEP, exhibited flow limitation during a sig-
nificant part of expiration, (2) with zero PEEP expiratory
resistance of respiratory system at the end of expiration
was significantly higher than that at the beginning of
expiration, causing a significant braking of the lung
emptying, and (3) application of PEEP caused a graded
decrease in expiratory resistance, resulting in a faster and
more uniform rate of lung emptying.

Previous studies have shown that flow limitation dur-
ing passive expiration is common feature in this group of

patients [2, 23]. We also demonstrated that the magnitude
of flow limitation decreased progressively with increasing
PEEP, in line with data showing a reduction in flow
limitation by external resistance, as suggested by the de-
crease in spike area of expiratory flow obtained after ra-
pid release of airway occlusion [11]. It is of interest to
note that with PEEP in some of our patients flow limi-
tation was observed only at the beginning of expiration,
probably due to relatively high expiratory flows and al-
veolar-tracheal pressure difference [7, 8]. The existence
of flow limitation makes the calculation of expiratory
resistance using the difference between alveolar and
mouth pressures as driving pressure for flow unreliable [7,
8]. The calculation of expiratory resistance is further
complicated by the non-linear dynamic pressure-volume
relationship of the respiratory system observed during
tidal expiration, which precludes the use of a single value
of elastance to estimate alveolar pressure.

In our study we assumed that, in the presence of flow
limitation, removal of endotracheal tube did not affect
expiratory flow. However, this is not always true because
endotracheal tube removal, by decreasing tracheal pres-
sure to zero, may cause further compression of down-
stream airways and decrease in expiratory flow, a phe-

Table 4 Time constant of the
consecutive volume slices at
different PEEP [t time constant
of the total system (respiratory
system, endotracheal tube, ex-
piratory ventilator circuit), trs
time constant of the respiratory
system]

Volume
slice

PEEP (cmH2O)

t (s) trs (s)

0 5 10 0 5 10

1 1.19€0.6* 1.20€0.6* 0.87€0.3* 1.10€0.7*&amp; 1.06€0.6*&amp;

0.70€0.4&amp;

2 1.90€0.9* 1.54€0.6 1.16€0.4+ 1.80€1.0*&amp; 1.41€0.7&amp;

0.95€0.5+&amp;

3 2.58€1.2* 1.95€0.9 1.32€0.4+ 2.53€1.3* 1.82€0.9+&amp; 1.11€0.4+&amp;

4 3.03€1.6* 2.18€1.3+ 1.50€0.7+ 3.00€1.7* 2.04€1.3+&amp; 1.28€0.7+&amp;

5 3.75€2.3 2.15€1.0+ 1.58€0.7+ 3.75€2.3 1.97€1.0+&amp; 1.33€0.7+&amp;

* Significantly different from the corresponding value (for a given PEEP) at the fifth volume slice (end
of expiration)
+ Significantly different from the corresponding value (for a given volume slice) at zero PEEP
& Significantly different from the corresponding value (for a given PEEP and volume slice) of the total
system

Table 5 Total and respiratory system expiratory resistance of the consecutive volume slices at different PEEP [Rtot expiratory resistance
of the total system (respiratory system, endotracheal tube, expiratory ventilator circuit), Rrs expiratory resistance of the respiratory system)

Volume slice PEEP (cmH2O)

Rtot (cmH2O/l/s) Rrs (cmH2O/l/s)

0 5 10 0 5 10

1 23.83€8.1* 24.92€7.4 21.13€6.3 20.94€11.0*&amp; 21.29€9.3&amp; 16.68€7.4&amp;

2 31.36€12.3* 26.55€7.1 20.50€4.3+ 29.02€15.6*&amp; 23.69€9.1&amp; 16.50€5.7+&amp;

3 36.94€15.9* 28.98€10.7 19.22€3.7+ 35.82€17.2* 26.71€12.3&amp; 15.85€4.4+&amp;

4 40.22€22.3 28.42€14.3+ 18.12€4.6+ 39.56€23.1 26.28€15.6+&amp; 15.20€4.7+&amp;

5 46.61€28.9 26.34€12.0+ 17.82€7.4+ 46.61€28.9 23.93€12.2+&amp; 15.00€7.5+&amp;

* Significantly different from the corresponding value (for a given PEEP) at the fifth volume slice (end of expiration)
+ Significantly different from the corresponding value (for a given volume slice) at zero PEEP
& Significantly different from the corresponding value (for a given PEEP and volume slice) of the total system
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nomenon referred to as negative effort dependence [24].
In this case, in the presence of flow limitation, time con-
stant and expiratory resistance of respiratory system are
underestimated. We believe that this underestimation, if
any, should be of a small magnitude because negative
effort dependence is observed with considerable decrease
in downstream pressure [23, 24]. In our study the pressure
drop across the tube was minimal due to low expiratory
flow. Additionally, we did not observe negative effort
dependence when Paw decreased by 1–2 cmH2O. Nev-
ertheless, the phenomenon of negative effort dependence
should be present mainly at zero PEEP where flow lim-
itation was observed during a significant part of expira-
tion, thus strengthening the results of our study (i.e., un-
derestimation of trs and Rrs with zero PEEP).

The volume/flow relationship was obtained during
passive deflation after a 3-s end-inspiratory pause. During
that time elastic energy stored during inspiration to the
viscoelastic elements of the respiratory system was dis-
sipated [25], and the pressure that initially drove expira-
tory flow was the static recoil pressure [26]. Thereafter,

the recoil pressure that determined the expiratory flow
was estimated by rapid airway occlusion and measuring
Ptrinit, which was lower than the static recoil pressure, due
to regional ventilation and/or viscoelasticity (stress re-
covery) [14, 15, 16, 27]. It follows that during expiration
the V/Ptrinit relationship dictates, in association with total
airflow resistance, the V/V’ relationship [9].

Lourens et al. [28] measured the expiratory time con-
stant in mechanically ventilated COPD patients by cal-
culating the quotient of exhaled volume and the corre-
sponding change in flow at 100% and the last 75%, 50%
and 25% of exhaled volume, and observed a progressive
increase in time constant toward the end of expiration,
results qualitatively similar to ours. Their analysis, how-
ever, is greatly complicated by the curvilinear shape of
volume-flow curve [29]. It follows that mainly qualitative
information on the pattern of lung emptying can be ob-
tained by this method [29]. Indeed, the limits of agree-
ments between the predicted time needed for complete
expiration and the actual time were quite large (approxi-
mately €6 s) [28]. On the other hand, in our study, ex-

Fig. 4 Individual respiratory system expiratory resistance as a
function of volume slice and PEEP. Arrow indicates the direction of
expiration. In each plot the patient’s number appears in the upper
right corner. Notice in each patient the effect of PEEP on end-

expiratory lung volume above passive FRC. Black lines: zero
PEEP. Red lines: 5 cmH2O PEEP. Green lines: 10 cmH2O PEEP.
For clarity of presentation the scale of x and y axes is different in
each patient depending on individual values
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piratory time constant was calculated by regression anal-
ysis using independent small volume portions (approxi-
mately 90 ml), a method that largely circumvents the
problem of the shape of volume-flow curve. In this rela-
tively small volume range, the V/V’ relationship was
highly linear with an r value approaching unity in all
cases. Therefore, it is reasonable to assume that the vol-
ume course in each volume slice might be adequately
described by a mono-exponential function with a single
time constant. Thus, we were able to quantify the volume
dependence of expiratory time constant. Furthermore, we
demonstrated that the pattern of passive lung emptying is
considerably affected by PEEP. The observed volume and
PEEP dependence of the rate of lung emptying indi-
cate that when expiratory time constant is calculated in
these patients the expired volume at which calculation
was performed, as well as the PEEP level, should be
specified.

The fact that, with zero PEEP, flow limitation was
observed in all patients during a significant portion of
expired volume caused, as dictated by our method of data
analysis, the expiratory resistance and time constant of the
whole system (respiratory system, endotracheal tube and
expiratory ventilator circuit) to be closely similar to those
pertaining only to respiratory system. These results are
different from those obtained in patients with ARDS (us-
ing a similar analysis) in whom the expiratory time con-
stant of the whole system was significantly different from
that of respiratory system [9]. This discrepancy is likely
due to two reasons. Firstly, compared to patients with
ARDS, patients with COPD exhibited flow limitation
during a significant greater portion of expired volume.
Secondly, in our patients expired flows were considerably
lower than these in ARDS patients. Low expiratory flow in
the absence of flow limitation minimizes the contribution
of endotracheal tube and ventilator expiratory circuit to
total pressure drop. It follows that in patients with COPD
mechanically ventilated with zero PEEP, neither endotra-
cheal tube nor expiratory circuit modifies significantly the
pattern of lung emptying. In these patients, calculating the
time constant using the volume-flow relationship may give
a relatively accurate estimate of the true time constant of
respiratory system. This, however, may not apply in
presence of PEEP, which by decreasing expiratory resis-
tance may eliminate the flow limitation.

Without PEEP, Rrs increased considerably toward the
end of expiration. Compared to the first volume slice
(beginning of expiration), Rrs of the fifth volume slice (end
of expiration) increased more than twofold. To our
knowledge this is the first study that quantifies effective

expiratory resistance in mechanically ventilated patients
with COPD. Airway closure and increasing airway com-
pression could be the pathogenetic mechanisms of this
increase [11, 30]. In patients in whom application of low
levels of PEEP (5 cmH2O) caused a significant drop of
respiratory system expiratory resistance without a con-
comitant increase in end-expiratory lung volume airway
compression downstream from the choke point may pre-
dominate (Fig. 4, patients 1, 4, 7 and 9). Indeed, it has been
shown that small airway closure is critically dependent on
end-expiratory lung volume [30] and, therefore, if airway
closure was the predominant mechanism for the observed
change in expiratory resistance in these patients, we would
expect a decrease only with corresponding increase in end-
expiratory lung volume with PEEP. However, in other
patients, particularly those with minimal end-expiratory air
trapping and/or large increase in end-expiratory lung vol-
ume with PEEP application (Fig. 4), airway closure [30]
should certainly contribute to the increase in effective
expiratory resistance toward the end of expiration.

The significant decrease in expiratory resistance of the
respiratory system observed with PEEP resulted in an
increase in the overall rate of emptying. Although the
purpose of the study was not to examine the effect of
PEEP on dynamic hyperinflation, our data indicate that
PEEP may be used as a method to reduce absolute lung
volume by increasing the rate of lung emptying (see pa-
tients 7 and 9), in line with prediction of recent mathe-
matical models of flow limitation [31]. It seems that,
similar to assisted ventilatory support [32], PEEP may
also be beneficial during passive mechanical ventilation.
Nevertheless, the optimal amount of PEEP (certainly less
than intrinsic PEEP) that reduces the dynamic hyperin-
flation, as well as the group of patients for whom appli-
cation of PEEP for this purpose is indicated, remains to be
studied. In several of our patients PEEPi at zero PEEP
was relatively low (<5 cmH2O, Table 2), mainly due to
applying ventilator strategy (low VT and long expiratory
time). Thus, PEEP levels of 5 and 10 cmH2O were ex-
cessive and resulted in further increase in EELV. A dif-
ferent study design may clarify this issue.

The method of calculation of expiratory resistance is
rather complex and might not be currently applicable at
the bedside. Although the purpose of the study was to
examine the pattern of lung emptying and expiratory re-
sistance, and not to propose a new bedside method of
measuring the time constant and expiratory resistance of
respiratory system, future development of appropriate
ventilator software might simplify the procedures.
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