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ORIGINAL

Volume-dependent compliance in ARDS:
proposal of a new diagnostic concept

Abstract Objective: Adaptation of
ventilator settings to the individual’s
respiratory system mechanics re-
quires information about the pres-
sure-volume relationship and the
change of compliance which is de-
pendent on inflated volume. Unfor-
tunately, established methods of ob-
taining this information are invasive
and time-consuming, and, therefore,
not well suited for clinical routine.
We propose a new standardized di-
agnostic concept based on the re-
cently developed slice method. This
multiple linear regression method
(MLR) determines volume-depen-
dent respiratory system compliance
(Cgp1cp) Within the tidal volume
(V1) during ongoing mechanical
ventilation. The impact of a ventila-
tor strategy, recommended by a
consensus conference, on the course
of compliance within Vwas inves-
tigated in patients with the acute re-
spiratory distress syndrome
(ARDS) or acute lung injury (ALI).
Design: Prospective observational
study.

Setting: Intensive care unit of a uni-
versity hospital.

Patients: 14 ARDS patients, 2 pa-
tients with ALIL

Introduction

Optimal respiratory therapy for patients suffering from
severe acute respiratory distress syndrome (ARDS) or
acute lung injury (ALI) remains one of the most diffi-

Interventions: None.

Measurements and results: After
measurement of flow and airway
pressure and calculation of tracheal
pressure, Cq; g Was determined.
The resulting course of Cg; ;g Within
Vrwas estimated using a mathema-
tical algorithm. Cg; ;g data were
compared to those obtained by
standard MLR. We found decreas-
ing Cg; ;cp mainly in the upper part
of V1 in all patients. In 7 patients,
we found an additional increasing
Cg1 1ce mainly in the lower part of

Conclusions: Cgj ;o Was not con-
stant in patients with ARDS/ALI
whose lungs were ventilated accord-
ing to consensus conference recom-
mendations. The proposed diagnos-
tic concept may serve as a new tool
to obtain a standardized estimation
of respiratory system compliance
within V| non-invasively without
interfering with ongoing mechanical
ventilation.

Key words Compliance -
Overinflation - Recruitment -
Derecruitment - Alveolar collapse -
Slice method

cult tasks in intensive care medicine. The physician at

the bedside faces at least two major problems. First, pul-

monary gas exchange is severely impaired. Second, re-
spiratory system mechanics are changed to a great ex-
tent, accompanied by the risk of pulmonary trauma be-
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cause of too high [1] or too low [2] inspiratory pressure
and volume. Consequently, the former strategy aiming
at normal arterial blood gas tensions has been replaced
by a strategy aiming at the prevention of alveolar col-
lapse and overdistension [3]. This strategy has found its
way into different ventilatory regimens [4-8]; some
of them adjusting positive end-expiratory pressure
(PEEP) according to the lower inflection point on the
static pressure-volume curve [6], others setting the ven-
tilator based on empirical data [7, 8]. Only one of these
trials demonstrated a benefit [6]. The disappointing re-
sults of the two other trials [7, 8] “may be related to the
lack of individual titration of ventilation”, as stated by
Brochard et al. referring to their own work [8]. Obvious-
ly, the maneuvres needed for such an adaptation are
cumbersome and time-consuming. Consequently, sim-
pler methods to describe respiratory mechanics may be
useful. In this context, we propose a new diagnostic con-
cept based on the recently developed slice method [9],
which is an enhancement of the standard multilinear re-
gression analysis (MLR), modeling a passive respiratory
system [10, 11]. The concept has three features: (1) The
course of compliance is determined not for large vo-
lumes but within the tidal volume (V). (2) The non-in-
vasive analysis is done without change or interruption
of mechanical ventilation. (3) The resulting course of
compliance is processed with a mathematical algorithm
yielding standardized estimations free from observer
bias.

We evaluated the impact of a ventilatory strategy re-
commended by a consensus conference in 1993 [4] on
the course of compliance within Vi (Cg ) in 16 pa-
tients with ARDS or ALI For reference, compliance
was also determined using standard MLR (Cyg)
[10, 11].

Materials and methods

Patients

Between February 1997 and May 1998 we investigated 16 consecu-
tive adult patients mechanically ventilated for ARDS or ALI (de-
fined in Bernard et al. [12]). All patients studied were transferred
to our institution from other hospitals for advanced life support.
Patients with intracranial trauma, chronic obstructive pulmonary
disease, or leakage of the respiratory system were excluded. The
study was conducted according to the principles established in Hel-
sinki. Patients were studied after we obtained approval of the insti-
tutional ethical committee and written informed consent of the pa-
tient’s relatives as early as possible after admission. During mea-
surement, all patients except 1 (patient E) were in the supine posi-
tion. Patients were treated for clinical reasons not related to this
study with flunitrazepam, piritramid, and pancuronium bromide.
Muscular relaxation was checked by train of four stimulation. Pa-
tients’ lungs were ventilated according to consensus conference re-
commendations [4], similar to other studies [7]. The strategy imple-
ments the concept of permissive hypercapnia [5]. We did not target

a specific arterial carbon dioxide tension, but rather we tried to
avoid severe respiratory acidosis (pH below 7.25). The aspired
minimum arterial oxygen tension (PaO,) was 60 mm Hg. We used
a Servo 900C ventilator (Siemens-Elema, Solna, Sweden) set by
the attending physician to the pressure-controlled mode. The ratio
of inspiratory to expiratory time was set to 2 : 1. PEEP was elevat-
ed in small steps until the fractional inspired oxygen (F1O,) was re-
duced to or below 0.5. If this target was not reached with a PEEP of
18 mbar (1.8 kPa), FIO, was increased for adequate oxygenation.
Hemodynamic side effects of PEEP were treated by volume ex-
pansion and/or by dobutamine infusion.

To prevent severe respiratory acidosis, patients’ lungs were
ventilated with a respiratory rate up to 26 breaths/min, while the
plateau pressure (P, was limited to 30 mbar (3 kPa). If pH fell
below 7.25, P, was increased up to 40 mbar (4 kPa). If PaO, could
not be elevated or stabilized at 60 mm Hg (~ 8 kPa), even with high
FIO, in the first few hours after admission, patients were treated
with venovenous extracorporeal lung assist (ECLA). The extracor-
poreal circuit resembled that described by Gattinoni et al. [13].
The need for a high FIO, above 0.5 for several days with no im-
provement was a second indication for ECLA. In the patients
treated with ECLA, P_;,, and respiratory rate were reduced if pos-
sible.

Since we were interested in the effects of the given ventilator
settings on the course of compliance within V, neither were the
settings changed nor recruitment maneuvers performed preceding
the measurement.

plat

Determination of compliance: volume-dependent Cg ;g and Cy; g

In 2 patients, we measured the gas flow rate with a heated pneumo-
tachograph (Fleisch No.2, Metabo, Epalinges, Switzerland) at the
proximal end of the endotracheal tube, calibrated with a syringe
of 1000 £ 1 ml (Calibration-Syringe 54500460, Jaeger, Wiirzburg,
Germany). Flow proportional pressure difference was measured
by a differential pressure transducer (SPS1, Hoffrichter, Schwerin,
Germany). Airway pressure was measured at the site of the pneu-
motachograph by a transducer (1210A, ICSensors, Milpitas,
Calif., USA) previously tested for linearity between + 80 mbar
(x 8 kPa) and calibrated (Calibrator, Revue Thommen, Walden-
burg, Switzerland). The measured signals were digitized with
100 Hz (12-bit resolution, SDM863, Burr Brown, Tucson, Ariz.,
USA) and stored on a computer hard disk. In the remaining pa-
tients, we used a CP-100 pulmonary monitor (Bicore Monitoring
Systems, Irvine, Calif., USA). The CP-100 monitor was calibrated
according to the manufacturer’s instructions. The raw data sam-
pled with 50 Hz were transmitted to a standard laptop computer.
After measurement, the raw data of both systems were trans-
mitted to a workstation (SparcStation 4, Sun Microsystems, Palo
Alto, Calif., USA) for calculation of volume-dependent respira-
tory system compliance using the slice method [9] (also described
in Lichtwarck-Aschoff et al. [14]). In brief, V is subdivided into
six consecutive volume slices of equal size. For each volume slice,
one value of dynamic compliance (Cg ;) is determined by MLR
using the simple linear RC model within each slice [15]. The meth-
od is based on the continuously calculated tracheal pressure, with a
good correspondence of =1 mbar to measured tracheal pressure
[16]. The slice method considers intrinsic PEEP [17] and resis-
tance. The plot of Cg g over the corresponding volume gives
volume-dependent compliance within V. Data from the first
15 breaths of each measurement were averaged (mean = SD). The
same data set was used for calculation of standard Cy;; 5 [10].
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Results

Patients’ age, sex, diagnoses, outcome, PaO,/FIO,, lung
injury score (LIS) [19], ECLA therapy, and ventilator
settings are outlined in Table 1. All but two patients (B
and F) suffered from ARDS (LIS = 2.5); patient K im-
proved from an LIS of 3 the day before the measure-
ment to an LIS of 2.25 during the investigation.

The compliance-volume curves and the correspond-
ing shape categories are presented in Fig.2: Cg; ;o data
are marked as mean + SD; shape categories are drawn
schematically over the compliance data. Ventilator set-
tings resulted in decreasing compliance in all patients
(shape category D, D,, or ID); additional increasing
compliance was seen in 7 patients (shape category ID).
Cyr 1 drawn as a horizontal line within each graph
and its absolute value and SD are given.
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Fig.1 Above The S-shaped pressure-volume curve is translated to
the trapeziform compliance-volume curve. Below Six shape cate-
gories, each reflecting a partial “view” on the compliance-volume
curve. L linear part with constant Cgj;cg, /D increasing and de-
creasing Cgpycg, 15, and D, , moderately and severely increasing
or decreasing Cq; ;g

Shape categories

To avoid observer bias in the interpretation of the Cgy ;cg-volume
curve, we prospectively defined six shape categories for its standar-
dized interpretation based on preliminary measurements and on
the following considerations. The slope of the respiratory system’s
S-shaped pressure-volume curve is defined as compliance. There-
fore, the pressure-volume curve can be translated into volume-de-
pendent compliance, which is its derivative (Fig.1). As a differen-
tial value, compliance is very sensitive to changes in the shape of
the volume-pressure curve. The compliance-volume curve has a
trapeziform appearance [18].

During mechanical ventilation, the Vyis only a small part of to-
tal lung capacity. Consequently, only a small part of the S-shaped
pressure-volume curve or the trapeziform compliance-volume
curve can be seen. We prospectively defined six shape categories
depicted schematically as symbols in Fig.1, each representing a
partial “view” on the trapeziform compliance-volume curve. Their
exact definition is given in the appendix. L is ventilation in the
steepest, linear part of the S-shaped pressure-volume curve with
maximal and constant compliance; /D is increasing and decreasing
compliance within the V; D, is moderately decreasing compli-
ance; D, is severely decresing compliance; /; is moderately increas-
ing compliance; and [, is severely increasing compliance.

Discussion

In this study, we propose a new diagnostic concept to as-
sess volume dependency of respiratory system compli-
ance within V during ongoing and unchanged mechan-
ical ventilation. The proposed estimation of the result-
ing compliance-volume curve is free of observer bias.
In all 16 patients suffering from ARDS or ALI, whose
lungs were ventilated in accordance with consensus re-
commendations [4], compliance decreased mainly in
the upper part of V. In 7 patients, compliance increased
as well in the lower ranges of V.

Methodological considerations

The slice method is based on standard MLR [10, 11],
which does not require maneuvers or changes of the
ventilatory pattern. For standard MLR, data on the
whole breath are used. Consequently, the volume de-
pendency of compliance cannot be detected within the
breath itself. For that purpose, standard MLR has been
extended to the slice method [9]. With this method, Vi
is subdivided into six small portions (slices); then each
slice is analyzed separately using MLR. This preserves
the simplicity and robustness of the MLR algorithm.
Volume-dependent Cg ;g is based on data obtained
during ongoing mechanical ventilation, hence, under
dynamic conditions. Consequently, standard MLR was
chosen as a reference for dynamic compliance. Compar-
ison of our data with static compliance is not appropri-
ate. However, the principal difference between dynamic
and static methods should be addressed. Since the lungs
are not allowed to rest with the dynamic methods, Cy; g
and Cg;cp not only represent the respiratory system’s
elastic recoil pressure, they also contain a viscoelastic
component and the effects of inhomogeneities, depend-
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Table 1 Patient characteristics and ventilatory parameters (LIS
lung injury score, ECLA extracorporeal lung assist, P, end-in-
spiratory plateau pressure, PEEP positive end-expiratory pres-

sure, CPR cardiopulmonary resuscitation, HELLP hemolysis, ele-
vated liver enzymes, low platelet count, SRS systemic inflamma-
tory response syndrome, MOF multiple organ failure)

Patient Age Sex  Diagnoses PaO,/FIO, LIS* ECLA®  Survived No.of PEEP® | V¢
(years) days of (mbar) (mbar) (ml)
mechani-
cal venti-
lation
A 31 M Aspiration 160 2.75 - Yes 20 11 30 750
B 18 M After CPR 193 1.75 - No 1 12 28 560
(Romano-Ward-syndrome)
C 48 F Pneumonia 102 2.75 - No 16 11 37 390
D 45 M Pneumonia and sepsis 153 3 (+) Yes 4 14 31 690
E 24 F Malaria tropica 233 2.5 - Yes 4 10 28 500
F 40 M Stab wound injury 188 2 - Yes 3 10 28 640
of pericardium and liver
G 36 F HELLP syndrome 118 3.75 - Yes 6 15 29 500
H 30 M Blunt chest trauma with 126 3 - Yes 2 10 35 290
rupture of diaphragm
I 26 M Pneumonia and sepsis 45 3.75 + No 5 14 40 280
after multiple trauma
J 37 M Pneumonia 122 35 + No 15 13 30 470
K 75 M Pneumonia, SIRS, MOF 175 225 - No 6 8 27 590
L 40 M Blunt chest trauma, 113 2.75 - Yes 3 17 33 500
multiple trauma
M 23 F Aspiration 57 35 +) Yes 2 12 35 650
N 24 M Multiple trauma 110 35 + No 10 14 34 400
O 24 M Blunt chest trauma 140 3.5 - Yes 10 14 38 250
P 42 F Peritonitis 160 3.75 + Yes 17 14 37 120

2 Modified during ECLA: despite a PaO, of about 60 mmHg
(~ 8 kPa) with an FIO, of 0.4, 4 points for the severity of gas ex-
change impairment were given because patients’ blood was satura-
ted with oxygen mainly by the extracorporeal oxygenators

ing on gas flow, respiratory rate, and inflated volume
[20]. In other words, dynamic methods describe the re-
spiratory system’s behavior during ongoing mechanical
ventilation. In contrast to this, static methods describe
the respiratory system’s behavior under the conditions
of zero flow [21-26], neither encountered in mechanical
ventilation or during normal breathing. Later on, based
on these static measurements, predictions are made
about the behavior of the respiratory system under the
dynamic conditions of ongoing mechanical ventilation.
However, it is not clear which information such static
data provide for the description of a dynamic system.
Therefore, dynamic parameters may be more relevant
than static ones for setting the ventilator [27]. This has
been shown recently in an animal model [28].

® (+) before or after ECLA therapy
¢ Conversion to kPa: 0.1

Interpretation of volume-dependent Cg; ;g

It is often recommended that Vshould be placed on the
steepest linear part of the static pressure-volume curve,
where compliance is maximal and constant (e.g., see
Dreyfuss and Saumon [29]). PEEP should be titrated
above the lower inflection point (LIP) [22, 30] in order
to prevent alveolar trauma due to cyclical closing and
reopening of alveoli [2]. On the other hand, Vyand P,
should be limited so as not to exceed the upper inflec-
tion point (UIP) to prevent alveolar overinflation [29].
However, the validity of LIP and UIP as markers of ti-
dal recruitment and overinflation has been questioned
recently [18, 31]. In fact, the LIP may just mark the be-
ginning of recruitment rather then its endpoint [27].
These considerations could also be applied to the in-
terpretation of the course of Cg; g Within V. Ventila-
tion at low lung volumes with ongoing tidal recruitment
would be indicated by an increasing Cg; ;cg. Ventilation
at high lung volumes with alveolar overdistension would
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Fig.2 Cg g data (mean+SD, ml/mbar, conversion to l/kPa:
0.01). Volume increases from left to right, CI-6. Cy i of the same
breaths are plotted as a straight line, mean values (+ SD) are given.
The letters correspond to patients in Table 1. Shape categories are
labeled and schematically drawn over the Cg; g data for each pa-
tient

be indicated as a decreasing Cg; ;cg- In contrast, ventila-
tion in the middle part of the pressure-volume relation-
ship would be indicated by an almost unchanged Cg; ;.
However, considering the above, almost constant Cg; ;g
does not necessarily exclude alveolar recruitment dur-
ing inspiration and alveolar collapse during expiration.
The interpretation of mechanical data obtained by the
slice method or other methods is further complicated
by the fact that a diseased lung may not have uniform
mechanical properties [32]. With a given PEEP, V1, and
P a» sOme alveoli may be recruited during inspiration,
while others may be already overdistended. Conse-
quently, mechanical data should be used carefully, re-
gardless of which method is used. Further investiga-
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tions, like that of Muscedere et al. [2], are needed to
clarify the relationship between respiratory mechanics
and structural damage to the lung.

For the interpretation of Cg; g, another aspect
should be addressed. The slice method describes the
mechanical behavior of the respiratory system in a given
ventilatory situation. The resulting data cannot be used
to predict respiratory system mechanics in other situa-
tions. For example, it is not clear from a decreasing
course of Cg; ;o Whether a recruitment maneuver might
be useful. Maybe the course of compliance would
change after such an intervention. Our measurements
were performed without a preceding recruitment man-
euver. Consequently, the respiratory system was on the
“inflation limb” of the pressure-volume relationship of
total lung capacity. A recruitment maneuver preceding
the measurement would have resulted in shifting V to
the respiratory system’s “deflation limb”, at least imme-
diately after the recruitment maneuver. The inflation
and deflation limb of a static pressure-volume curve
may differ substantially [33]. Such a hysteresis, which is
in part explained by recruitment during inflation and
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collapse during deflation, may be reduced with the ele-
vation of PEEP [31, 33]. After the recruitment, a shift
back to the inflation limb could be expected. Data about
the time needed for this shift are conflicting [14, 34].
Therefore, it is unclear if a recruitment maneuver pre-
ceding the measurements would have caused different
results. Notwithstanding these considerations, we were
interested in the impact of the actual ventilatory pattern
without any intervention. However, the slice method
continuously applied may be a useful tool to record the
short- and long-term effects of a recruitment maneuver.

Implications

Applying the proposed diagnostic concept yielded a
non-constant Cg;;cp Within the Vi in patients with
ARDS or ALI whose lungs were ventilated according
to accepted recommendations [4]. Without disregarding
the considerations above, decreasing Cg; ;- may suggest
alveolar overinflation and increasing Cg; ;cg may indi-
cate ongoing recruitment during tidal inflation and al-
veolar collapse during tidal deflation. These findings
are in line with the results of a recent study by Roupie
et al. using static pressure-volume curves in 25 ARDS
patients [24].

Because the course of Cg ;g varies largely from pa-
tient to patient, ventilator settings should be adapted to
the actual mechanical state of the individual’s respira-
tory system. Until now, various attempts based on static
or quasi-static methods have been undertaken in this di-
rection without gaining widespread acceptance or clini-
cal application [24, 30, 35, 36]. Our diagnostic concept
may facilitate future attempts, since it focuses on the ac-
tual V1 in the dynamic situation of ongoing mechanical
ventilation, and it is easier to use in the clinical setting
than other methods. Since this method dos not require
hardware additional to that needed for standard MLR,
it may be incorporated easily into ventilators or devices
for respiratory monitoring. This has already been done
for tracheal pressure calculation (Evita 4, Dréger, Lii-
beck, Germany) and for Cy;  (Galileo, Hamilton, Rha-
zlinz, Switzerland).

Limitations

Using tracheal pressure for the calculation of compli-
ance, we cannot distinguish between alterations in com-
pliance caused by the lung itself or by the chest wall, or
both. Only a measurement of pleural pressure would al-
low this. Since pleural pressure is not easily accessible,
esophageal pressure is often used as a substitute. Unfor-
tunately, esophageal pressure measurements are sub-
jects to artifacts in the supine position [23], due to the
weight of the mediastinum. However, numerous studies

of ARDS have used esophageal pressure, yielding con-
flicting results about its relevance. Not only lung com-
pliance but also chest wall compliance seems to be di-
minished in ARDS [23,37]. LIP, especially, is often
caused by the chest wall and not by the lung [38], while
UIP always seems to be caused by the lung [24, 38].
This understanding led to the distinction of a direct in-
sult to the lung and extrapulmonary disease causing
ARDS [39]. The authors showed that decreased respira-
tory system compliance in pulmonary ARDS was pre-
dominantly caused by mechanical alterations of the
lung itself. In contrast, in extrapulmonary ARDS both
the lungs and the chest wall contributed to a decrease
of respiratory system compliance [39]. A similar distinc-
tion was made by Ranieri et al. [23], differentiating be-
tween surgical (abdomen) and medical ARDS. Further-
more, in some of their patients suffering from surgical
ARDS, the elastic properties of the chest wall and the
lungs grossly changed after abdominal decompression
[23]. Given this background, it seems desirable to in-
clude esophageal pressure measuring in the proposed
diagnostic concept. However, while this could easily be
done technically, measuring esophageal pressure would
change this concept to an invasive technique, no longer
suited for routine clinical use.

In conclusion, the new diagnostic concept can be
used to detect variable compliance within V. This is
done non-invasively and without intervention into the
respiratory pattern. The estimation of the resulting
course of compliance is standardized mathematically
and, therefore, free from observer bias. Increasing com-
pliance within V| may be an indicator of ongoing tidal
recruitment; decreasing compliance within V may indi-
cate alveolar overdistension. However, constant compli-
ance within V. may not indicate optimal ventilator set-
tings, since recent studies have questioned the former
interpretation of mechanical data of the respiratory sys-
tem. Therefore, an “optimal” ventilatory pattern needs
to be established in the future. This cannot be done
based on respiratory system mechanics alone. However,
the proposed diagnostic concept may provide a part of
its methodological basis. The application of the diagnos-
tic concept to 16 ARDS/ALI patients whose lungs were
ventilated following consensus conference recommen-
dations revealed a decreasing Cg; ;¢ in all of them and
an increasing Cg; | in some of them.
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Appendix

Shape categories

The shape categories are calculated from the compliance-volume
data using simple algorithms. In the first step, several characteristic
values are derived from the compliance-volume curve:

Chax: m_a)flmal CsLice
Cin: minimal Cg; ;g

amp1: max —_ “~min
the amplitude of Cg ;g

C, -G,

MDS — %
(y —x) - VsLice

Xy
2<y=<6
as the mean differential compliance between C, and C,, Vg cg is
the volume of one slice, x and y are the numbers of the slices

MDS, = X<y and 1<x=<35 and

The shape categories are checked sequentially by a computer pro-
gram (Pascal for Apple Macintosh):

L If Cpp/Crrax < 0.2

ID: If (MDS;¢/C,0x < — 0.5) and (MDS,,/C,,, > 0.5) and (C,,,, be-
tween C, and Cs)

I;: If MDS,¢ > 0) and (MDS;5 > 1.5 - MDS)

L: If not I; and (tf (MDS;4 > 0) and (MDS;4/C,,.x > 0.5))

D,: If (MDS;4 < 0) and (MDS,4 < 1.5 - MDS,;)

D,: If not D, and ((if IMDS;¢ < 0) and (MDS,¢/C,,.x < — 0.5))



