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ABSTRACT: The pattern of lung emptying was studied in 10 mechanically-ventilated
patients with acute respiratory distress syndrome.

At four levels of positive end-expiratory pressure (PEEP) (0, 5, 10 and 15 cmH,0)
tracheal (Ptr) and airway pressures (Paw), flow (7’) and volume (V) were continuously
recorded. Tidal volume was set between 0.5-0.6 L and V'/V curves during passive
expiration were obtained. Expired volume was divided into five equal volume slices
and the time constant (te) and effective deflation compliance (Ciscg) of each slice
was calculated by regression analysis of V/V’ and postocclusion V/Pur relationships,
respectively. In each slice, the presence or absence of flow limitation was examined
by comparing V'/V curves with and without decreasing Paw. For a given slice, total
expiratory resistance (Rtot) (consisting of the respiratory system (Rrs), endotracheal
tube (Rtube) and ventilator circuit (Rvent)) was calculated as the te/Crses; ratio. In the
absence of flow limitation Rrs was obtained by subtracting Rtube and Rvent from Rtot,
while in the presence of flow limitation Rrs equaled Rtot. The te of the pure respiratory
system (ters) was calculated as the product of Rrs and Crsg.

At zero PEEP, ters increased significantly towards the end of expiration (521+31%)
due to a significant increase in Rrs (461£36%). Application of PEEP significantly
decreased Rrs at the end of expiration and resulted in a faster and relatively constant
rate of lung emptying.

In conclusion, without positive end-expiratory pressure the respiratory system in
patients with acute respiratory distress syndrome deflates with a rate that progressively
decreases, due to a considerable increase in expiratory resistance at low lung volumes.
Application of positive end-expiratory pressure decreases the expiratory resistance,
probably by preventing airway closure, and as a result modifies the pattern of lung
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Acute respiratory distress syndrome (ARDS)
involves an overwhelming inflammatory reaction of
the pulmonary parenchyma to a variety of serious
underlying diseases [1, 2]. ARDS affects adversely the
mechanical properties of the respiratory system with
reduced compliance and, to a lesser extent, increased
resistance as hallmarks [3, 4]. The syndrome is char-
acterized by heterogeneous lung involvement, with
relatively well preserved areas and severely diseased
areas [5]. This heterogeneous involvement may affect
the pattern of lung emptying during passive expira-
tion. This pattern might also be influenced by the
progress of the disease itself or by various therapeutic
interventions, such as positive end-expiratory pres-
sure (PEEP) application. Nevertheless, the pattern of
lung emptying in ARDS patients has attracted little
attention.

GUTTMANN et al. [6] observed that in patients with
ARDS who were mechanically ventilated on PEEP,
consecutive volume (V) portions were exhaled with
nearly identical time constants (te), as indicated by a
relatively constant V/flow (7”) relationship throughout

expiration. This observation was attributed to to the
presence of the endotracheal tube. Indeed, taking into
account the resistance of the endotracheal tube and
ventilator circuit, GUTTMAN et al. [6] recalculated the
te of the pure respiratory system (ters) and observed
a progressive increase toward the end of expiration.
However, in this study [6] the ters was calculated with
the assumption that the respiratory system compliance
did not differ between inspiration and expiration.
The possibility of hysteresis [7] renders this assump-
tion questionable. Furthermore, it has been shown
that mechanically-ventilated patients with ARDS may
exhibit flow limitation during tidal expiration [8]. In
which case the endotracheal tube resistance (Rtube),
as well as the expiratory ventilator circuit, may not
affect the expiratory flow and, thus, the rate of lung
emptying [9, 10]. It follows that calculating the ters
without knowing if expiratory flow at the volume
of interest is or is not limited might be misleading.
Finally, GUTTMANN et al [6] studied the pattern of
emptying with PEEP, which by changing the lung
volume may modify regional ters.
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The purpose of the present study, was to re-evaluate
the pattern of lung emptying in mechanically venti-
lated patients with ARDS, and to assess the effects of
PEEP. The ters (without the endotracheal tube and
expiratory ventilator circuit) was calculated at differ-
ent PEEP levels using data obtained by expiratory
V'IV and postocclusion pressure (P)/V’ curves, taking
into account the presence or absence of flow limitation
during passive expiration. This might increase the
understanding of the mechanistic behaviour of the
respiratory system in ARDS patients.

Methods

Ten adult patients needing mechanical ventilation
due to ARDS were studied prospectively. The diag-
nosis of ARDS was based on American-European
Consensus Conference criteria [1]. Exclusion criteria
included a previous history of obstructive lung disease
or asthma, the presence of a chest tube with a per-
sistent air leak and haemodynamic instability. The
Institutional Ethics Committee approved the study
and informed consent was obtained from each patient
or next of kin.

All patients were orotracheally intubated with an
endotracheal tube (inner diameter 7.5 mm in three
patients, 8 mm in five and 8.5 mm in two) and
ventilated (Servo Ventilator 300; Siemens, Solna,
Sweden) on a volume-control mode using a constant
inspiratory flow with settings determined by the
primary physician (table 1). The patients were sedated
with a continuous infusion of propofol-fentanyl and
paralyzed with cisatracurium. Flow at the airway
opening was measured with a heated pneumotacho-
graph (adult size, HansRudolf 3700; Hans-Rudolf, KS,
USA) and a differential pressure transducer (Micro-
Switch 140PC; Honeywell Ltd, ON, Canada), both
placed between the endotracheal tube and the Y-piece
of the ventilator. A pneumatic-driven occlusion valve
(Hans Rudolf 9300; Hans-Rudolf) was inserted
between the pneumotachograph and the Y-piece of
the ventilator. Flow was electronically integrated to
provide volume. Airway pressure (Paw) was measured
from a side port between the pneumotachograph and
the endotracheal tube. Tracheal pressure (Ptr) was

measured with a polyethylene catheter (inner diameter
1.5 mm) with multiple side holes and an occluded
end hole, placed 2-3 cm past the carinal end of the
endotracheal tube. Each signal was sampled at 150 Hz
(Windaq Instruments Inc, OH, USA) and stored on
computer disk for later analysis.

Protocol

Initially the inspiratory oxygen fraction (FI,0,) was
increased to 100% and was maintained at this level
throughout the study. Each patient was studied at
four levels of PEEP (0, 5, 10 and 15 cmH,0) applied
randomly. At each level of PEEP the patients were
ventilated with tidal volume (V'T) and a breathing
frequency similar to those determined by the primary
physician. When the patients were stable at each
PEEP level (at least 15 min) V'T was set between 0.5-
0.6 L, given with constant inspiratory flow, a venti-
lator frequency of 10 breaths'min™' and inspiratory
time/total breath time of 0.3. To ensure that these
settings resulted in a end-expiratory lung volume that
reached passive functional residual capacity (FRC)
determined by PEEP level, the expiratory line of the
ventilator at the end of expiration was occluded by
pressing the end-expiratory hold button. If there was
an increase in Paw after end-expiratory occlusion,
indicating intrinsic PEEP (PEEPi), V'T was further
decreased until end-expiratory occlusion did not
demonstrate the existence of PEEPi. With these set-
tings the patients were ventilated for 10 breaths to
standardize the volume history. In the following
breath, (study breath), the airways were occluded
at end-inspiration for 3 s using the end-inspiratory
hold button of the ventilator. After the release of the
occlusion various manipulations were performed as
follows. 1) The patient was permitted to exhale to
passive FRC, determined by the PEEP level. For a given
level of PEEP at least 5-7 breaths with uninterrupted
expiration to passive FRC were collected. These breaths
were averaged to give a single expiratory V'/V curve. 2)
Airway occlusions lasting 3 s were performed randomly
at different points during expiration. Each study breath
was occluded once during expiration after the release
the end-inspiratory occlusion. The occlusion was

Table 1.—Patient characteristics and baseline ventilator settings

Patient Age Sex BW PEEP VT L Fr Days ALI Cause of
no. yrs kg cmH,0 br-min on MV score ARDS
1 62 M 77 7 0.46 19 7 2 Aspiration
2 50 M 85 6 0.52 20 9 2.3 Pneumonia
3 52 M 75 8 0.50 21 4 2.3 Aspiration
4 35 F 79 5 0.31 30 3 2 Sepsis
5 73 F 68 8 0.42 24 5 2 Sepsis
6 38 F 70 5 0.40 20 5 2 Pneumonia
7 65 M 72 9 0.50 15 2 3 Aspiration
8 63 F 65 8 0.48 15 5 2.3 Aspiration
9 68 F 72 8 0.49 21 6 2.3 Pneumonia
10 40 F 82 8 0.45 28 4 2.6 Sepsis

BW: body weight; PEEP: positive end-expiratory pressure; FT: tital volume; Fr: ventilator frequency; MV: mechanical
ventilation; ALI: acute lung injury; ARDS: acute respiratory distress syndrome; M: male; F: female.
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performed manually with the pneumatic occlusion
valve. In each subject and for a given level of PEEP, at
least 20 airway occlusions during expiration were
performed to obtain data throughout expiration. Ptr
exhibited two distinct pressure changes after interrup-
tion, an initial rapid increase to one level (Ptriy;)
followed by a slower increase to a plateau value (Ptrp).
Ptrip; was considered the effective recoil pressure for
expiratory flow, whereas Ptr, was the static elastic
recoil pressure [11-13]. In order to deal with oscilla-
tions in the pressure signal, Ptrj,; was measured by
fitting a smooth curve to the postocclusion portions of
the pressure signal and extrapolating the fitted curve
to the point in time where V’ was zero, as previously
described [13]. Pir, was measured at 3 s after occlu-
sion. By plotting Ptrj;; and Pir, against the corre-
sponding V" above passive FRC at zero PEEP (ZEEP)
(FRCZEEP, see later) Pirini/} and Purp/V curves were
constructed at all PEEP levels. 3) With ZEEP, passive
expiration was performed directly to the atmosphere
by removing the expiratory ventilator circuit during
the preceding end-inspiratory occlusion. When PEEP
was applied the PEEP was reduced by 2 cmH,O
during the end-inspiratory occlusion and the patient
was permitted to exhale to the new PEEP level. For a
given PEEP (or ZEEP) 5-7 breaths were collected.
These breaths were averaged to give a single expi-
ratory V'/V curve, which was compared with the
corresponding expiratory V'/V curve obtained during
passive uninterrupted expiration to ZEEP or various
PEEP levels in order to assess the presence or absence
of flow limitation (see later) [14]. 4) When PEEP
was applied it was removed during the end-inspiratory
occlusion and the patient exhaled passively to ZEEP.
The end-expiratory volume difference between ZEEP
and PEEP was the change in end-expiratory lung
V induced by PEEP. This procedure was performed
once.

The first three manipulations were performed
randomly, while the fourth was performed at the
end before changing the PEEP level.

Data analysis

Assessment of flow limitation. At ZEEP the average
V'IV curve obtained during expiration to FRCZEEP
was superimposed on the V'/V curve obtained when
the patient exhaled directly into the atmosphere by
removing the expiratory ventilator circuit. With PEEP
the average V'/V curve obtained during expiration to
PEEP level was superimposed on the average V'/V
obtained during expiration to the new PEEP which
was 2 cmH,O lower than the corresponding PEEP
level. Therefore, for a given PEEP (or ZEEP), the V'/V
curve was obtained with and without decreasing
the downstream pressure. The two V'/V curves were
superimposed assuming that the end-inspiratory lung
level was identical under both conditions, as indicated
by a similar Ptr at the end of inspiratory occlusion. The
presence of flow limitation was assessed by comparing
expiratory V' over a given portion of lung V[8, 10, 14].
If expiratory V' was consistently higher when down-
stream P was lowered by removing the expiratory

V' L-min
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Fig. 1.—Expiratory flow/volume (V'/V) curves, obtained at zero
positive end-expiratory pressures (PEEP) with (- -) and without
(-) the ventilator expiratory circuit, in two representative patients
(a and b). Arrows: V' became similar (+0.02 L-sec’) at 90 mL
and 120 mL above end-expiratory lung V in patients a and b,
respectively.

ventilator circuit or decreasing the PEEP level, the
V' portion was classified as being without flow
limitation (fig. 1). If decreasing the downstream P
caused expiratory V' to be similar (+0.02 L-s") to that
achieved with the higher downstream P the ¥ portion
was classified as having flow limitation. In all cases the
onset of flow limitation was easily identified by a knee
in the V'/V curve (fig. 1). The extent of flow limitation
was quantified in terms of the portion of V'T over which
the expiratory V’ were similar under both conditions
and was expressed as % of the V'T.

Determination of the pattern of emptying

The pattern of emptying was assessed using the
method of GUTTMANN et al. [6]. Briefly, at each PEEP
level the average V'/V curve during uninterrupted
expiration was analysed. V" was plotted against V" and
the inflection point (IP) of the curve, defined as the
point of maximum slope of the curve following the
expiratory peak flow, was identified [6]. Early expira-
tion from the beginning to IP, was assumed to be
influenced to some extent by inertial effects and,
therefore, was not used for further analysis. In some
cases IP could not be identified, probably because
peak expiratory flows were relatively low. In these
cases the initial 0.06 L of the expired volume, which
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was equal to the average volume from the beginning
of expiration to IP, was not used for analysis. The
expired V' from IP to the end of expiration was then
subdivided into five consecutive slices of equal size
(90-100 mL. each). Each V slice was treated as if
it came from a single compartment model of cons-
tant compliance served by a pathway of constant
resistance. In this case passive expiration follows a
monoexponential pattern with a te given by the
product of respiratory system deflation compliance
and total flow resistance (Rtot). This can be obtained
from the slope of V/V’ relationship [6, 15, 16].

For a given V slice, Rtot was calculated as the
ratio te/Crserr, Where Crsr was the effective deflation
compliance, defined as the slope of V/Ptry,; relation-
ship, obtained by linear regression analysis of the
deflation Ptriy;/V curve at the V of interest. Although
in order to construct the Ptry,;/V curve for a given
PEEP, at least 20 points were obtained, the number
of points was not sufficient for some V slices. For
this reason the Ptry,;/V curve was described using the
sigmoidal equation proposed by VENEGAs et al. [17]
and Harris et al. [18] and described previously [16, 19]
of the form:

V=a+b(l+e F-o/d)~! (1)

where P is the pressure at a given V' above end-
expiratory lung volume and a, b, ¢ and d are con-
stants. Thus, at each PEEP the Ptr,;/V relationship
during expiration was described by a curve consisting
of several points (fig. 2). Considering that in each V'
slice Crse;r was constant, linear regression analysis on
points obtained by equation 1 was performed and
Crseqr of the V slice was determined as the slope of
the V/Ptr,;, relationship (fig. 2). Similar analysis was
performed with the Pur,/V curve yielding the static
deflation compliance of respiratory system (Crs).

V slices were considered to be nonflow limited if at
least 95% of the V'slice expiratory V' were consistently
higher when Paw was lowered. In these slices ters was
calculated as the product of Crs.ir and the resistance
of the respiratory system (Rrs). Rrs was calculated by
subtracting from Rtot the endotracheal tube (Rtube)
and expiratory ventilator circuit (Rvent) resistances.
Rtube and Rvent were directly obtained by dividing the
difference between Ptr and Paw, and Paw and PEEP by
the corresponding expiratory V”, respectively. Because
Rtube and Rvent were flow dependant, for a given V'
slice the different values of Rtube and Rvent obtained
by the sampling rate of P and V' (sampling rate
150 Hz), were averaged to give a single value of Rtube
and Rvent, which pertained to the V of interest (mean
Rtube and Rvent).

In the presence of flow limitation during at least
95% of the V slice, te obtained from the slope of the
VIV' relationship and Rtot calculated from te/Crsegy
ratio were considered, respectively, to be the ters and
Rrs. In the presence of flow limitation during a portion
of the V slice >5% of the total V slice, the flow- and
nonflow-limited segments were analysed separately,
as described earlier for V' slices with and without
flow limitation. The Rrs of that V slice was calculated
by adding the Rrs of the flow and nonflow-limited
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Fig. 2.—a) The initial rapid increase of tracheal pressure/volume
(Puinit/V) curve of the respiratory system in a representative
patient. @: data points. A: points obtained by the equation curve
fitted to the data. b) Effective deflation compliance (Crser) calcu-
lated by linear regression analysis on points obtained with the
equation curve fitted to the data for each of the five consecutive
volume slices (number 1-5, 100 mL each). Arrows indicate the
direction of expiration.

segments, corrected for their contribution to the Rtot
according to the following equation:

Rrs= RrsFL x FL + RI‘SNFL x NFL (2)

where Rrspp, and Rrsypp are the respiratory system
expiratory resistances of flow-limited and nonflow-
limited segments, respectively. FL and NFL were
volumes, expressed as % of the V slice, of flow-limited
and nonflow-limited segments, respectively.

The end-inspiratory resistance of the respiratory
system was also measured using the occlusion tech-
nique [20, 21]. Under all conditions, inspiratory V'
rate and time were identical. Minimum (Rmin) and
maximum (Rmax) inspiratory resistances of the respi-
ratory system were computed according to standard
formulas [20, 21] and procedures [22]. The difference
between Rmax and Rmin (AR) was also calculated.

Data were analysed by multifactorial analysis of
variance (ANOVA) for repeated measurements. When
the F value was significant, Tukey’s test was used
to identify significant differences. Linear regression
analysis was performed with the least square method.
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Table 2. —End-inspiratory resistance of respiratory system with different positive end-expiratory pressure (PEEP) levels

PEEP ¢cmH,O 0 5 10 15

Rmax cmH,0- L Ly 10.75£3.0 12.33£5.9 14.09%46.1 17.52%47.0
Rmin cmH,O- L 421+1.8 427+1.7 4.08+1.8 4.8242.2
AR cmH,O-L™! 6.54+2.3 8.0614.6 10.01%+5.1 12.70%+5.8

Data are presented as meantsD. Rmdx maximum end-inspiratory resistance; Rmin: minimum end-inspiratory resistance; AR:

difference between Rmax and Rmin.

A value of p<0.05 was considered statistically
significant. Data were expressed as mean=+sp.

Results

Mean expired VT of the test breath was 0.56+0.06 1,
0.5440.07, 0.53+£0.07 and 0.5240.07 L, respectively
with 0, 5, 10 and 15 cmH,O PEEP (p>0.05). The
analysed V slice averaged 0.10+0.01, 0.10+0.01, 0.10+
0.02 and 0.09+0.01 L, respectively with 0, 5, 10 and
15 cmH>O of PEEP (p>0.05).

At ZEEP, nine patients exhibited flow limitation
during tidal expiration, which ranged 8-25% of V'T of
the study breath. In eight patients the last V slice was
considered to be flow limited. In one patient flow
limitation was observed during the last 50 mL of the
fifth ¥V slice. In six patients the fourth V slice also had
a flow limited segment which ranged between 25-44%
of the V slice. In all patients the first three V slices
were nonflow limited. With PEEP, flow limitation
during tidal expiration was eliminated in all patients.

In all cases and independent of the conditions
studied, the sigmoidal equation of VENEGAS et al. [16]
was ﬁtted to the Ptrin;/V and Pur,/V data adequately,
yielding coefficient of determination (r?) values >0.98.
Similarly in each V slice the V/Ptrin; and V/Pir, rela-
tionships were described with excellent accuracy by

: significantly different from the value at zero PEEP.

linear regression (r*>0.99). Furthermore, in each V
slice the V7V relationship was highly linear (r>0.95).

For a given V slice Rtube and Rvent differed be-
tween the beglnnmg and end of the slice by ~1 and
0.5 cmH,0-L"s™!, respectively. In the first ¥ slice
mean Rtube was 46i0.8, 4.840.8, 4.840.9 and 5.0t
0.8 cmH,O-L s, respectively with 0, 5, 10 and
15 cmH,O PEEP and decreased to 0.8+0.2, 0.9+0.2,
0.940.3 and 0.9+0.2 by the fifth slice. The correspond-
ing values of mean Rvent in the first slice were 5.7+0.5,
4.540.7,4.6+£0.7 and 4.5+0.7 and decreased to 3.3+1.1,
3.6%1.1, 3.3+1.0 and 3.4+1.1 by the fifth.

Rmax increased significantly with increasing PEEP.
This increase was mainly due to a significant increase
in the difference between Rmax and Rmin , whereas
Rmin remained relatively stable (table 2).

The difference between Ptr, and Ptrin;; did not differ
as a function of PEEP, averaging at midtidal " 1.0+0.
1, 0.840.4, 1.0+0.3 and 1.1+0.6 cmH,O, respectively
with 0, 5, 10 and 15 cmH,O PEEP. Independent of
PEEP at the fifth V slice Crseer was slightly but signi-
ficantly higher than Crs. For the remaining slices Crsqgr
and Crs did not differ (Crs data not shown).

Table 3 shows te, Crseir and Rtot of the consecutive
V slices with different PEEP. With ZEEP te decreased
significantly from the beginning (first slice) to the end
of expiration (fifth slice). This difference decreased
progressively with increasing PEEP so that at 10 and

Table 3.—-Time constant (te), deflation compliance (Crsef) and total flow resistance (Rtot) of the consecutive volume slices

at different positive end-expiratory pressure (PEEP)

PEEP cmH,O 0 10 15
Volume slice

TE SeC

1 0.9140.3% 0.814+0.2% 0.70+0.2" 0.65+0.27
2 0.8840.3% 0.81£0.2% 0.7610.2 0.7020.27
3 0.8540.3% 0.8340.3% 0.81£0.3 0.70£0.27
4 0.78+0.2 0.73+0.2 0.74+0.3 0.70+0.3"
5 0.70+0.2 0.68+0.2 0.71£0.3 0.64+0.2
Cl'Seff L‘ClIleO-l

1 0.046+0.02 0.046£0.02* 0.039+0.012% 0.034+0.017%1
2 0.05240.02 0.05540.02 0.04840.01 0.044£0.01%
3 0.05740.02% 0.05940.02 0.05540.02 0.05240.02
4 0.05740.02% 0.05940.01 0.06040.02 0.05940.02
5 0.048+0.01 0.058+0.02 0.062+0.02" 0.059+0.02"
Rtot cemH,0-L!-s7!

1 20.6+3.3% 18.2+3.4% 18.0+3.8% 20.1+3.5%
2 17.643.8 15.442.6% 16.3+2.8% 16.242.1%
3 15.0+3.1 14.1£1.5 14.6+2.4 13.5+1.8

4 13.8+1.3 12.4+1.9 12.3+1.6 11.8+1.9
5 149424 11.6+1.6" 11.241.77 10.942.6"

#: significantly different from the value of the fifth volume slice;

volume slice with zero PEEP.

7. significantly different from the value of the corresponding
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15 cmH,O PEEP 7te remained relatively constant
throughout expiration. With ZEEP Crs.r was rela-
tively low at the first and fifth V slice, the maximum
Crseqr being observed at midtidal V. This pattern was
altered significantly by PEEP. Independant of PEEP
Rtot was significantly higher at the beginning than that
at the end of expiration. With ZEEP Rtot of the fifth V'
slice was significantly higher than the corresponding
value with PEEP.

With ZEEP, ters and Rrs increased significantly at
the end of expiration (table 4). With PEEP, ters also
tended to increase toward the end of expiration, but
the difference was not significant. With, ZEEP Rrs
of the fifth V slice was significantly higher than the
corresponding value with PEEP. At the end of expira-
tion (fifth slice) ters was significantly lower with PEEP
than with ZEEP.

As an index of the overall rate of lung emptying, the
mean te and ters of all V slices for a given PEEP were
calculated (fig. 3). Mean te and mean ters decreased
significantly with increasing PEEP.

Compared to ZEEP, end-expiratory lung V
increased progressively with increasing PEEP, the
increase averaging 0.27+0.1, 0.61+£0.2 and 1.00+
0.33 L, with 5, 10 and 15 cmH,O of PEEP, res-
pectively. The effect of PEEP on the Ptr,/V curve is
shown in figure 4. For the whole group the Pur,/V
curve was displaced upward by each level of PEEP,
indicating further recruitment. As an index of recruit-
ment, the V for a given Ptr, between 0 and 5, 5 and 10
and 10 and 15 cmH,O PEEP were compared, where
data were available. At Ptr, of 5.2+1.0 cmH,O (end-
expiratory pressure with 5 cmH,O PEEP) the differ-
ence in lung V' above FRCZEEP between ZEEP and
5 cmH,O PEEP was 0.0840.06 L (p>0.05). Similar
comparisons between 5 and 10 cmH,O PEEP revealed
that at Ptr, of 10.1+1.1 cmH,O the V" above FRCZEEP
differed by 0.084+0.10 L (p>0.05), while the corre-
sponding value between 10-15 cmH,O PEEP at Ptr,
of 15.0£1.2 cmH,0 was 0.17£0.11 L (p<0.05).

Table 4.-Time constant (ters) and resistance (Rrs) of the
respiratory system of the consecutive volume slices at
different positive end-expiratory pressure (PEEP)

PEEP cmH,0O 0 5 10 15

Volume slice
Ters S

1 0.45+0.1% 0.39+0.1 0.35£0.2 0.3440.1
2 0.48+0.2% 0.37+£0.1 0.41£0.1 0.36%0.1
3 0.4240.2% 0.4240.2 0.46+0.2 0.3610.1
4 0.50+0.2% 0.40+0.1 0.44£0.2 0.40%0.2
5 0.68+0.2 0.4240.17 0.45+£0.2" 0.39+0.1°
Rrs

emH,O- L5
1 10.342.6% 8.842.9 89432 10.8+3.5%
2 8.74£3.3% 73424 89420 8.5+2.1
3 7.542.8%  7.1+£1.7 84421 7.1+2.0
4 8.8+1.5% 6.7£1.7 7.3%l.1 6.7+1.9
5 144426 724147 7.0+£1.77 6.6+£2.27
#

'.ﬂ

. significantly different from the fifth volume slice;
significantly different from the value of the corresponding
volume slice with zero PEEP.
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Fig. 3.—Mean time constant (te) of all volume slices as a function
of positive end-expiratory pressure (PEEP). Data are expressed
as meantSD. [: rte; B ters. ™ significantly different from the
value at zero PEEP. ': significantly different from the value at
5 cmH,O PEEP.

Discussion

The main findings of this study were. 1) With ZEEP
the respiratory system deflated through the endo-
tracheal tube at a rate that progressively decreased
toward the end of expiration, due to a considerable
increase in expiratory resistance at low lung V.
2) Application of PEEP significantly decreased the
expiratory resistance of the respiratory system and
resulted in a relatively constant rate of deflation.
3) The overall rate of respiratory system deflation
through the endotracheal tube increased considerably
with increasing PEEP.

In this study, with ZEEP, nine out of 10 patients
were flow limited during tidal expiration. Flow limi-
tation was observed at the end of expiration and the
flow-limited V' ranged between 0.05-0.15 L. These
results reconfirmed those obtained by KouTsoukou
et al. [8], who showed that in the absence of externally
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Fig. 4.—Mean group deflation the increase of tracheal pressure to
a plateau level/volume (Ptr/V) curve with different positive end-
expiratory pressures (PEEP). V' was related to passive FRC at
zero PEEP (ZEEP) (FRCzeep). FRCZzEEP was assigned a value of
zero. @: ZEEP; O: 5 cmH,O PEEP; A: 10 cmH,O PEEP; A:
15 cmH,O PEEP.
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applied PEEP most ARDS patients exhibited flow
limitation during tidal expiration. It was shown
further, that in all instances flow limitation was
eliminated with PEEP as low as 5 cmH,O, indicating
that low lung J was the main determinant of flow
limitation. The existence of flow limitation invalidates
the calculation of expiratory resistance using the
difference between alveolar and mouth pressures [9].
In flow-limited patients, upstream airway resistance at
a specific V should be calculated by dividing the
difference between alveolar pressure and total pres-
sure head at the choke point by the corresponding V’
[23]. Total pressure head is very difficult to measure in
humans and therefore other methods should be used
to calculate expiratory resistance. The calculation of
expiratory resistance in ARDS patients is further
complicated by the nonlinear P/V relationship of
the respiratory system observed during tidal expira-
tion, which precludes the use of a single value of
elastance to estimate alveolar pressure. It follows that
calculation of expiratory resistance in ARDS patients
should take into account both flow limitation and the
nonlinearities of the P/V relationship. In this study
both factors have been taken into consideration.

Modelling of passive expiration in patients with
ARDS has shown that the time course of V' change
during expiration should be described by a double
rather than single exponential function. With two
te, one characterizes a fast and the other a slow com-
partment [24]. In this study, consecutive V slices of
approximately 100 mL each (range 110-160 mL) were
used. In this relatively small V range the V/V’
relationship was highly linear with a correlation
coefficient value approaching unity in all cases. There-
fore, it is reasonable to assume that the 7 course
in each V slice might be adequately described by a
monoexponential function with a single te, enabling
us to investigate the pattern of deflation during tidal
breathing.

The VIV’ relationship was obtained during passive
deflation after a 3-s end-inspiratory pause. During
that time elastic energy stored during inspiration in
the viscoelastic elements of the respiratory system
was dissipated and the pressure that initially drove
expiratory V' was the static recoil pressure [24]. There-
after, the effective recoil pressure that determined
the expiratory V’ was estimated by rapid airway
occlusion and measuring Ptry,;; which at midtidal
was ~1 cmH,O lower than the static recoil pres-
sure (Pirp), due to regional ventilation and/or visco-
elasticity (stress recovery) [11-13]. It follows that
during expiration the V/Ptr;,; relationship dictates, in
association with total airflow resistance, the V/V”’
relationship.

Effective as well as static deflation compliance,
measured sequentially over small V decrements varied
over the range of V'T. Particularly at ZEEP compli-
ance had a bow shape, with the highest value observed
at the midrange of V'T. Conversely, at high PEEP,
compliance progressively increased towards the end
of expiration (table 3, fig. 2). The nonlinear behavior
of the P/V relationship over a commonly used
VT has been described for inflation compliance in
surfacant-depleted animals [25]. Furthermore, in

patients with acute lung injury [26] and in surfactant-
depleted isolated rabbit lungs [27] respiratory system
compliance, calculated during uninterrupted venti-
lation using multilinear regression analysis, has also
been shown to be V dependent. To the best of the
authors’ knowledge, this study is the first showing that
in ARDS patients ventilated with commonly used
V'T, nonlinear P/V is also present during deflation. The
observed pattern of compliance change during defla-
tion is difficult to interpret precisely. The increase in
compliance with deflation could be due either to a
decrease in overdistension or to derecruitment [7].
The latter suggestion is likely with ZEEP and low
PEEP, particularly if it is taken into account that the
threshold closing P for alveoli are usually lower than
the threshold opening P [28]. Thus, during deflation
more alveoli are inflated than at an equivalent P
during inflation because their closing P are lower than
their opening P. This is probably exaggerated at the
beginning of expiration, where P are relatively high,
resulting in low compliance [7]. With the progress
of deflation more and more alveoli are closed, causing
a proportionally greater change in V' than in P
(derecruitment), thus increasing the compliance. At
the end of expiration the portion of the lung that
remains open is relatively small causing a correspond-
ing decrease in compliance. This is supported by
the significant increase in compliance at the end of
expiration with increasing PEEP, which keeps the
lung relatively open. Indeed, with high PEEP com-
pliance progressively increased throughtout expira-
tion. Although a reduction of the overdistension
may account for this increase, derecruitment with
the progress of deflation even at the highest PEEP
remains a possibility. The authors favour the second
possibility as the predominant mechanism because, as
for a given alveolar P, lung V" was significantly higher
with 15 cmH,O PEEP than with 10 cmH,O PEEP,
indicating recruitment (fig. 4). It follows that for a
given lung V, compliance differed as a function of
PEEP. Recent mathematical lung models and human
data support the above interpretation [7, 29]. Con-
versely, if a reduction of overdistension was the pre-
dominant mechanism for the observed increase in
compliance during deflation a similar compliance and
alveolar pressure for a given V between the two
highest PEEP levels would be expected. Nevertheless,
overdistention may contribute to an unknown extent,
to this pattern.

This study has shown that the respiratory system
deflated through the endotracheal tube with a te that
progressively increased by 25% throughout expiration.
This pattern of deflation was entirely due to increased
resistance to airflow. Indeed, the calculated expiratory
Rrs increased significantly at low lung ¥, probably
reflecting closure or narrowing of small airways.
Conversley, with PEEP the rate of deflation remained
relatively constant throughout expiration. This was
due to the significant effect of PEEP on Rrs, which
either remained relatively constant throughout expira-
tion (with 5 and 10 PEEP) or decreased toward the
end of expiration (with 15 PEEP). With PEEP, Rrs
was considerably lower at the end of expiration
than with ZEEP. It is likely that PEEP decreased
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expiratory resistance by preventing airway closure or
narrowing [29]. Furthermore, compared to ZEEP, the
respiratory system emptied through the endotracheal
tube faster with PEEP. The difference was substantial
at the highest PEEP. Indeed, the mean ters of all V'
slices decreased by 26% when PEEP increased from
0 to 15 cmH,O. This suggests that PEEP decreased
the proportion of lung units with slow emptying
dynamics.

The decrease in expiratory resistance with PEEP
contrasts with the results reported by PESENTI et al.
[30], also in ARDS patients, showing that PEEP
increased the expiratory resistance. However, in
the study of PESENTI et al. [30] expiratory resistance
was calculated by estimating the alveolar P assuming
constant compliance. Furthermore, it was thought
that the difference between alveolar and mouth P
represented the P drop required to overcome the
flow resistance. This study demonstrated clearly that
respiratory system deflation compliance was not
constant during tidal expiration, with the majority
of the patients exhibiting flow limitation at low lung
V. This renders the results of PEeSEnTI er al [30]
questionable.

In accordance with previous studies [30, 31], total
inspiratory resistance at end inspiration increased
significantly with increasing PEEP due to a con-
siderable increase in AR. This indicates that PEEP,
increasing end-expiratory lung V, increases either
stress adaptation phenomena or "pendelluft" or both.
It has been suggested that overdistension of some
lung units due to high PEEP might be responsible
for the increase in AR [30].

It would be of interest to see if the relatively
constant and faster rate of deflation PEEP was
associated with improvements in gas exchange.
Arterial blood gasses were not measured in this study
for two technical reasons. Firstly, in order to avoid
dangerous hypoxaemia by reducing or removing
PEEP, F1,0, was increased to 100% and kept at this
level throughout the study. Secondly, the manipula-
tion of VT and breathing frequency, performed in
order to avoid dynamic hyperinflation and to stan-
dardize the volume history, was applied only for
short periods and thus steady state was not achieved.
Nevertheless, animal data have shown that PEEP
associated with a progressive decrease in respiratory
system compliance during tidal inflation, reduces the
pulmonary shunt and shifts perfusion toward areas
with a normal ventilation-perfusion ratio [27]. In this
study at the highest PEEP, a progressive increase in
compliance during tidal expiration was observed, but
is not known if a qualitatively similar improvement
in gas exchange occurred. Finally, the faster rate
of deflation observed with PEEP indicated that the
proportion of fast lung units was increased and this
might result in better gas exchange.

In conclusion, this study showed that without
positive end-expiratory pressure the respiratory sys-
tem in actute respiratory distress syndrome patients
deflates with a rate that progressively decreases, due to
a considerable increase in expiratory resistance at low
lung volume. Application of positive end-expiratory
pressure decreases the expiratory resistance, probably

by preventing airway closure, and results in a
relatively constant and fast rate of lung emptying.
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