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Elevated static compliance

of the total respiratory system:

early predictor of weaning unsuccess
in severe COPD patients mechanically

ventilated

Abstract Objective: To assess in a
group of COPD patients mechani-
cally ventilated for an episode of
acute respiratory failure the respira-
tory mechanics with a simple and
non invasive method at the bedside
in order to evaluate if these param-
eters may be predictive of weaning
failure or success.

Design: A prospective study.
Setting: Intensive care and interme-
diate intensive care units.

Patients: 23 COPD patients venti-
lated for acute respiratory failure
and studied within 24 hours from
intubation.

Methods: Using end-expiratory and
end-inspiratory airway occlusion
technique, we measured PEEPI,
static compliance of the respiratory
system (Crs, st) maximum respirato-
ry resistance (Rrsmax) and mini-
mum respiratory resistance
(Rrsmin).

Measurements and results: The
weaned group (A) and the not

weaned group (B) were not different
regarding to static PEEPi (group A
8.5+4.0 vs group B

8.9+2.6 cmH,0), to Rrsmax
(22.4£5.3 versus

22.2+9.0 cmH,0/1/s) and to
Rrsmin (17.6%+5.5 versus

17.9+£8.0 cmH,0/1/s), while a sig-
nificant difference (p <0.001) has
been found in Cst, rs (62.7+17.5
versus 111.6+18.0 ml/cm H,0). The
threshold value of 88.5 ml/cmH,0
was identified by discriminant anal-
ysis and provided the best separa-
tion between the two groups, with a
sensitivity of 0.85 and a specificity
of 0.87.

Conclusion: Cst, rs measured non
invasively in the first 24 h from in-
tubation, provided a good separa-
tion between the patients who were
successfully weaned and those who
failed.

Key words Respiratory mechanics -
Weaning prediction - COPD

Respiratory mechanics are thought to be a useful

Introduction

Patients affected by chronic obstructive pulmonary dis-
ease (COPD) with chronic respiratory failure are very sus-
ceptible to acute exacerbations and they often undergo
prolonged mechanical ventilation: in a recent study [1] 28
out of 61 patients chronically ventilated had COPD and
the major cause of ventilator dependence was the deterio-
ration of the disease.

approach in mechanically ventilated patients with acute
respiratory failure for assessing their status and progress
[2] and therefore it has been studied in these patients
[2—6]. However, of the 76 total patients of the above
mentioned studies, only 14 had COPD alone. Difficult
weaning has been reported in as much as 20% of mechan-
ically ventilated patients [7]: this group consists mainly of
patients with pre-existing lung diseases. A number of fac-
tors may be responsible for an unsuccessful weaning such
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as impaired pulmonary gas exchange and respiratory
muscle dysfunction [8], high airway resistance, static and
dynamic hyperinflation [9], malnutrition and the increas-
ing number of acute exacerbations [10, 11]. Most of these
causes may be related, at least in part, to abnormal respi-
ratory mechanics.

A number of indices, such as minute ventilation [12,
13], vital capacity [14], maximal inspiratory pressure
(MIP) [12, 14] and neuromuscular drive as assessed by
P.01 [15] have been proposed as predictors of the outcome
of weaning, but their predictive power is generally poor
[16]. Two of the most reliable indexes, CROP, an acronym
for compliance, respiratory rate, oxygenation and MIP
[16], and the rapid shallow breathing index [16] may be
influenced by concomitant acute pathologies (fever, brain
damage, anxiety and others), or require some patient co-
operation (MIP), and therefore they need to be recorded
in a phase of clinical stability.

In the present study, we assessed the respiratory
mechanics with a simple and not invasive method at the
bedside, in a group of COPD patients 24 h after the be-
ginning of mechanical ventilation for an episode of acute
respiratory failure, in order to evaluate if these indices
may be early predictors of weaning failure or success.

Materials and methods

Twenty-three COPD patients, defined following the ATS standard
[17], with acute respiratory failure caused by an exacerbation of
their disease were studied within 24 h after intubation and institu-
tion of mechanical ventilation. None of the subjects had a pre-exist-
ing history of asthma. In data analysis patients were divided into
weaned from mechanical ventilation (A) or not able to be weaned
(B). Patients with evidence of pneumonia or other infiltrative
parenchymal process on the X-ray film were excluded from the
study as well as patients with concomitant neurological diseases,
other respiratory disease, congestive heart failure, cancer and other
systemic disease.

Patients’ characteristics are reported in Table {. Pulmonary
function tests were recorded in 18 of the patients under stable con-
ditions, while still on mechanical ventilation, during brief periods
of spontaneous breathing with supplemental O,. FEV, absolute
value, FEV, % predicted, and FVC absolute and % predicted value
were recorded using a Wright’s spirometer connected to the en-
dotracheal cannula. Setting of mechanical ventilation as prescribed
by primary physician are shown in Table 2. Informed consent for

Table1 General characteristics of the patients

Group A Group B
n 15 8
Tracheostomy 5 4
Sex (M/F) 15/2 1/8
Age (years) 58.8+6 59.2+7
FEV, (% pred.) 26.8+11.1 18.7+£9.8
FEV,/FVC (%) 48.5+10.0 35.3+£7.7*

*p<0.05

Table 2 Setting of mechanical ventilation pH, and blood gases
during mechanical ventilation. Values are mean +SD

Group A Group B
Vt (ml/kg) 11.5+1.3 10.9+1.1
RR (br/min) 14.1+0.3 13.4+£0.3
Ti/Te 1:2.9+0.02 1:2.84£0.03
VvV (1/5) 0.65+0.05 0.68 +0.07
FIO, 0.40+0.2 0.42+0.1
Pa0O, (mmHg) 77.2£13.5 78.1+11.1
PaCO, (mmHg) 51.6+8.4 52.5+7.8
pH 7.33+0.10 7.34+0.12

Definitions of abbreviations: V7 tidal volume; RR respiratory rate;
Ti/Te inspiratory to expiratory time ratio; V inspiratory flow

the study was obtained from the next of kin. The trials were per-
formed in the Intensive Care Unit of Pavia S. Matteo Hospital or
in Intermediate Intensive Care Unit of Montescano Rehabilitation
Center, Italy. The investigative protocol was approved by the In-
stitutional Ethics Committees.

All patients were mechanically ventilated via an endotracheal
tube (14 patients) or tracheostomy (9 patients) (Portex cuffed en-
dotracheal tube or endotracheal cannula, internal diameter ranging
from 7.5 to 8 mm) in controlled mode (CMYV) with a standard venti-
lator (Caesar, Taema, France or Siemens Servo 900 C, Sweden) with
constant inspiratory flow. Some of the patients were tracheostom-
ized after a previous exacerbation of their disease. The time from
tracheostomy to the time of the present study ranged from
4—-21 months; none of these patients was receiving mechanical ven-
tilation at admission to the ICU. Patients were sedated (ben-
zodiazepine) and curarized (pancuronium bromide 0.1 mg/kg) dur-
ing the measurements. Airway suctioning was carefully done 3 min
before each measurements. During the study period a physician not
involved in the procedure was always present to provide for patient
care. Pharmacotherapy consisted of antibiotics in 19 of 23 patients,
mucolityc agents in 15, oral digoxin in 3. Corticosteroids and bron-
chodilators, given iv. or nebulized, were suspended 4 h before the
beginning of measurements to avoid potential acute effects on
respiratory mechanics [18, 19]. ]

Airway pressure (Paw) and flow (V) were measured with the
pressure transducers incorporated into the ventilators; expired tidal
volume (Vt) was obtained by electrical integration of the flow sig-
nal. Accuracy of these measurements is reported elsewhere [18]. All
the signals were recorded on a eight-channel strip chart recorder
(Gould TA 4000, Valley View, OH).

The patients were examined in semirecumbent position. Three to
five measurements each of end inspiratory and end expiratory oc-
clusions were done at fixed intervals of 5 min to assess the repro-
ducibility of the measurements.

After several breaths under controlled mechanical ventilation,
with the patients relaxed, intrinsic PEEP (PEEPi) was directly mea-
sured occluding the airway opening at the end of a tidal expiration,
pressing the end-expiratory hold button incorporated in the ventila-
tors (Fig. 1a).

The occlusion was then released to provide mechanical fung in-
flation. After several breaths, the airway opening was occluded
again at the end of the inflation by the end-inspiratory hold button
of the ventilators. After the occlusion there is a sudden decrease in
Paw from a maximal value (Pmax) to a lower value (P 1), followed
by a gradual decrease until an apparent plateau is reached (P2)
(Fig. 1b). After this plateau was observed (about 2.5—3 s) the occlu-
sion was released. P2 represents the elastic recoil pressure of the to-
tal respiratory system at the end of the mechanical inflation.

The static compliance of the total respiratory system (Cst, 15)
was calculated as.the ratio between the expiratory Vt and the differ-



401

Fig.1 Records of respiratory
mechanics during the study.
From top to bottom: Paw air-
way pressure; V airway flow;
¥t expired tidal volume; E ex-
piration; I inspiration; OC oc-
clusion. When occluding air-
way at the end of a mechani-
cal inspiration (b), Paw de-
creased rapidly from its maxi-
mal value (Pmax) to a lower
value (P 1) and then slowly un-
til an apparent plateau is
reached (P2). When occluding
the airway at the end of expi-
ration (a) the amount of air-
way pressure recorded is static
PEEPi. For further details see
text

ence between P2 and the end-expiratory (PEEPI) plateau pressure.
The value of compliance so obtained was corrected for the compli-
ance of the ventilators tubings and the gas compression.

The end-inspiratory occlusion technique also allows the deter-
mination of the resistive properties of the respiratory system as de-
scribed by Bates [20]. Briefly, dividing (Pmax — P1) by the flow
immediately preceding the occlusion and subtracting the resistance
of the endotracheal cannula and the inspiratory ventilator tubings,
yields a resistance that has been called minimum resistance
(Rrsmin), that has been suggested to represent the “intrinsic”
resistance. Maximum respiratory resistance (Rrsmax) was calculat-
ed by dividing (Pmax — P2) by the preceding constant flow and
subtracting the resistance of the endotracheal cannula. Rrsmax in-
cludes Rrsmin and may reflect two phenomena: the “pendelluft” re-
sulting from unequal time constant within the lungs and chest wall
and the “stress relaxation” due to viscoelastic behavior of the
respiratory system.

We computed the flow-resistive properties of the endotracheal
tubes in vitro as previously described by Behrakis et al. {21]. The
measurements were made using room air and 50% O,. The pres-
sure-flow relationship of the tubes was curvilinear and fitted the
following power function: P = a V? where a is the pressure at V of
11-s7! and b is a number describing the shape of the curve. The
resistance of the ventilators inspiratory tubings was calculated by
measuring the flow and the pressure while the patient was tempo-
rary (few breaths) disconnected. This resistance was flow-depen-
dent, but did not vary significantly changing the Vt, as already re-
ported in literature [22]. In calculation of Rrsmax and Rrsmin, the
error due to the closing time of the ventilators valve was corrected
according to Kochi et al. [23].

The measurements of respiratory mechanics were also repeated
approximatively 3 months after the beginning of mechanical venti-
lation in group B.

Weaning trials were performed a few days after the beginning of
mechanical ventilation with the patients in a phase of clinical stabil-
ity (range from 5—17 days). This was defined as: a) absence of
hyperthermia, b) stable hemo-dynamics (mean arterial blood pres-
sure not varying more than 10 mmHg in the preceeding 3 days), c)
patient conscious and cooperative, d) stability in arterial blood gas-
es under mechanical ventilation (not varying more than 5% in the
preceeding 3 days).

Weaning success was defined as complete autonomy from the
ventilator for at least 48 h with oxygen saturation above 90% (in
room air or O,) and absence of any fatiguing pattern of breathing
(tachypnea, important use of neck inspiratory muscles and asyn-
chronous or paradoxic movements of chest wall and abdomen), as
defined by Rochester [24].

The weaning trials were performed by one of the caring physi-
cians, unaware of the aim of the study, switching the ventilator to
the Pressure Support Mode (PSV) with a Peak Inspiratory Pressure
(PIP) (mean 19+5cmH,0) able to maintain a good expiratory Vt
(about 8~-10ml/kg) with a FiO, able to keep the Sa0,>93%. In
the majority of the patients (19 patients) an external PEEP was also
applied (mean 4.1+3 cmH,0). The hours of ventilation in A/C
mode as respect to the ones in PSV mode were gradually reduced.
If the patients were able to maintain an SaO,>93%, changing less
than 5% the level of PaCO,, during PSV mode for 24 h, the PIP
was progressively reduced (around 12— 14 cmH,0) until ventilation
was suspended. None of the patients with a successful weaning re-
quired again mechanical ventilation during the remaining period of
stay in the ICU.

Weaning failure was defined as failure to be disconnected from
the respirator after 4 months.

Differences between the group of successfully weaned patients
and not weaned group were tested using unpaired #test: a p<0.05
was considered significant. Discriminant analysis was used to deter-
mine the threshold value of Cst, rs able to separate the two groups
of patients. True positive were defined as those patients whose test
predicted weaning success and who actually succeeded. True nega-
tive were those patients whose test predicted weaning failure and
who actually failed. False positive were patients predicted to wean
successfully but who actually failed. False negatives were patients
predicted to fail but who actually succedeed. Standard formulas
were used to calculate the sensitivity (true positive/[true positives
+ false negatives]), specificity (true negatives/[true negative+ false
positives]), positive predictive value (true positives/[true positives
+false positives]), negative predictive value (true negatives/[true
negatives + false negatives]) [25].

Results

The average time of the experiment was around 50 min,
15 out of 23 patients were successfully weaned from me-
chanical ventilation (group A), after 8.2+4.4 days, while
8 patients were not able to be weaned (group B) and were
still mechanically ventilated at 4 months. A statistically
significant difference was observed in the FEV 1/FVC ra-
tio of the two groups (Table 1). Blood gas measurements
at a similar FiO, during mechanical ventilation are re-
ported in Table 2. In recording the respiratory mechanics,
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Table3 Coefficients of variation for the values of respiratory
mechanics. Each subject underwent from 3 to 5 measurements for
each set of occlusion manoeuvres

Group A Group B
PEEPi (cmH,0) 0.9 0.8
Rrsmax (cmH,0/1/5) 1.1 2.0
Rrsmin (cmH,0/L/s) 3.5 2.8
Cst, rs (ml/cmH,0) 2.7 2.5

each subject underwent from 3 — 5 measurements for each
set of manoeuvres; the coefficients of variation of these
values are reported in Table 3.

Static PEEPi (Fig. 2) was present in all the patients,
with no significant differences between the two groups.
Mean value was 8.5+4cmH,O for groupA and
8.9+4.6 cmH,0 for group B. Individual data for the not
weaned group ranged from 4.3 to 20.4 cmH,0.

Also resistances (Fig. 3) did not show any significant
difference between the two groups: mean values for
Rrsmax were 22.4+5.3 cmH,0/1/s in group A and
22.2+9 cmH,0/1/s in group B; Rrsmin 17.6+5.5 cnH,0/
1/s and 17.9+8 cmH,0/1/s respectively.

Static compliance of the respiratory system (Fig. 4)
was significantly (p<0.001) higher in the not weaned
group. It was 62.7+17.5 ml/cmH,0 in the weaned pa-
tients and found to be similar to that described in COPD
patients with acute respiratory failure during mechanical
ventilation [6], while in not weaned group was much high-
er (111.6+18 ml/cmH,0). Individual data showed that 6
out of 8 patients had values of Cst, rs above 100 ml/
cmH,0, the remaining two had 86 and 92 ml/cmH,O re-
spectively. The discriminant value for Cst, rs was 88.5 ml/
cmH,O with a sensitivity of 0.85, a specificity of 0.87, a
positive predictive value of 0.92 and a negative predictive
value of 0.77.
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Fig.2 Individual and mean values of static PEEPi of not weaned
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Fig.3 Individual and mean values of Rrsmin (fop panel) and
Rrsmax (bottom panel) for not weaned (closed circles) and weaned
(opern circles) group. Vertical bars are SD

Measurements of respiratory mechanics were repeated,
only in the not-weaned group, after about 3 months from
the beginning of mechanical ventilation. As illustrated in
Table 4 no significant variations were observed from the
values recorded at the time of intubation.
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Fig. 4 Individual and mean values of Cst, rs of not weaned group
(closed circles) and weaned group (open circles). Vertical bars are
SD
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Tabled Measurements of respiratory mechanics, performed in
the not-weaned group, at the beginning of mechanical ventilation
and after about 3 months still ventilated

Beginning of MV After 3 months

PEEPi (cmH,0) 8.9+4.6 6.1x5.0
Rrsmax (cmH,0/1/s) 22.2+9.0 19.1+8.3
Rrsmin (cmH,0/1/s) 17.9+£8.0 15.7+8.1
Cst, 1s {ml/cmH,0) 111.6+18 109.5+ 16

Discussion

The major finding of this study is that in COPD patients
mechanically ventilated for acute respiratory failure there
is a significant difference in Crs, st between weaning suc-
cess and weaning failure groups and therefore this index
may be an additional and early tool in predicting weaning
outcome.

Difficult weaning is one of the most important prob-
lems in the management of patients requiring mechanical
ventilation: in fact, as many as 20% of initial trials of
spontaneous respiration may not be successful [7]. Wean-
ing may be particularly difficult in patients with chronic
Iung disease [7], who tend to require ventilation for sever-
al days and may take months to achieve spontaneous res-
piration [26]. Indihar [27] analyzed a 10-year experience
with 171 ventilator-dependent patients: several diseases
led to chronic ventilator dependence, but 67.1% of these
patients had COPD. The possibility of an early judge-
ment of weaning failure or success may enable the physi-
cian to identify the subset of subjects who will undergo
prolonged mechanical ventilation. This index could be
therefore useful in deciding in a relatively brief time
whether or not these patients may enter an home care
program for mechanical ventilation.

The most accurate weaning indices so far proposed,
often require the patient’s cooperation. They become dif-
ficult to perform and poorly reliable when broncho-
spasm, increasing bronchial secretions, cardiovascular in-
stability, fever, anxiety, panic reactions etc. are present.
These indexes such as CROP, rapid shallow breathing in-
dex [16] and inspiratory pressure/maximal inspiratory
pressure ratio [8] are therefore reliable only when a clini-
cal stable condition is reached, usually days after the be-
ginning of mechanical ventilation. Indeed it is a common
practice to curarize and sedate the patients in the first few
days, when mechanical ventilation is applied in the con-
trolled mode. Therefore also a parameter like the neuro-
muscular drive (P 0.1), good predictor of weaning success
or failure when the patients are ventilated in an assisted

mode {15, 18, 29] may be not reliable when this condition .

is not reach.
The index we employed may be considered an “early
predictor” being performed within the first 24 h from in-

stitution of mechanical ventilation when the other in-
dexes could be not easily recorded, and it does not require
the patient’s cooperation. Moreover, it can be safely, easi-
ly and simply assessed at the bedside in every ICU and it
has a low coefficient of variation. Comparison with the
predictive power of the parameters recorded in other stud-
ies is not justified because they were performed in stable
patients, ready to be weaned and not confined to COPD
patients. However an index with high specificity or posi-
tive predictive value is valuable because this means that
the number of false positives is small. Despite Cst, rs is
a good predictive weaning index, we still think that the
caring physician cannot merely rely on this or other in-
dices and therefore a weaning trial must be performed
anyway in every patient. Indeed since the recording of re-
spiratory mechanics is obtained under paralysis, this
make the repetition of these measurements difficult dur-
ing weaning. It is also important to note that the thresh-
old value of Cst, rs was obtained in a relatively small pop-
ulation and thus needs to be validated in a larger popula-
tion with a prospective study.

Our population was composed by severe COPD pa-
tients characterized by static PEEPi and high respiratory
resistance. The implications of both PEEPi and respirato-
ry resistance in terms of weaning is already known: dur-
ing inspiration the inspiratory muscles must develop an
additional pressure to counterbalance PEEPi [6], which
represents a sort of inspiratory threshold load [4]. The
obstacle due to the PEEPi is thought to represent one of
the most important mechanisms leading to respiratory
failure [30] and to a problematic weaning [31], due to the
concomitant presence of hyperinflation and decrease in
maximum inspiratory muscle pressure {32].

Our patients did not show any significant difference in
static PEEPI and in Rrsmin and Rrsmax; these latter
reflecting the airway resistance and the Pendelluft and
stress-relaxation phenomenon, respectively [20].

Static compliance of the total respiratory system was
significantly lower in the group of weaned patients, as
compared to the not weaned group and remained con-
stant in these latter patients after 4 months. The mean
values of the weaned group are in keeping with already re-
ported data for COPD patients mechanically ventilated
for acute respiratory failure [2, 3, 6], while the high values
found in the not weaned group,were observed in an other
study [33] although the final outcome of those patients
was not stated. The importance of Cst, rs as prognostic
factor has been already stated in patients with adult respi-
ratory distress syndrome (ARDS). Gattinoni et al. [34]
found that a severely reduced static lung compliance is re-
lated to a lack of response to conventional mechanical
ventilation in ARDS patients. Mancebo et al. [35] in pa-
tients with acute respiratory failure suggested that the
mortality rate is very high in those patients with a low
static pulmonary compliance and treated with conven-
tional mechanical ventilation. However, it is important to
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note that none of the patients studied in this latter paper
had a previous history of chronic pulmonary disease. Our
patients, namely the not weaned group, represent an op-
posite model. Their Cst, rs was in fact far from the nor-
mal values (from 50—75 ml/cmH,0) [21, 36], but on the
opposite side with respect to the ARDS patients. Practi-
cally, Cst, rs measurements in the two different popula-
tion may reflect two different mechanisms of lung dam-
age.

It has been shown that the measurement of static com-
pliance in non-COPD patients depends on the lung vol-
ume at which it is measured [37]; this is not likely to be
true in severe COPD patients where the pressure-volume
curves are almost rectilinear and stiffer compared to nor-
mal subjects or patients affected by other pathologies.
Nevertheless the two groups of COPD may have different
degree of pulmonary hyperinflation, but this was not due
to the modality of mechanical ventilation, not different in
weaned and not-weaned patients (Table 2).

The presence of high levels of Crs, st may suggest that
these patients are affected by a severe degree of pulmo-
nary emphysema, with related parenchymal destruction
associated with a high degree of hyperinflation. We do
not have any direct evidence of different degrees of em-
physema between the weaned and not-weaned patients,
since the chest X-ray showed in all the patients an in-
creased lucency of the pulmonary field and augmented
width of the intercostal spaces. Planimetry demonstrated
only a slight and not significant difference in the two

groups, but the calculation of this parameter is somehow
difficult since X-ray films were recorded while the pa-
tients were ventilated and lying on a bed. Nevertheless the
diagnosis of pulmonary emphysema is unfortunately up
to date histological and there are not other standardized
criteria for a quantitative evaluation, since even the corre-
lation between the pathologic grade of the lung and the
CT scan is rather low [38].

Emphysema is thought [39] to cause an increase in
lung compliance and to reduce the pulmonary recoil pres-
sure at TLC, and although the compliance of the chest
wall remains normal, the chest wall curve is shifted to the
left, which may contribute to the marked increase in FRC.
The reliability of our index of weaning is confirmed by
the fact that it can not be modify by any of the standard-
ized therapy for COPD [18, 19, 22]. In fact while pharma-
cological treatments can significantly reduce airway resis-
tance and static PEEPi, they seem not to acutely in-
fluence the Crs, st.

In conclusion, the present study has shown that: i)
COPD patients ventilated for acute respiratory failure
show high levels of PEEPi, Rrsmin and Rrsmax, but they
don’t seem to influence weaning from mechanical ventila-
tion; ii) the presence of high level of Cst, rs is a negative
factor in their progress and subsequent weaning; iii)
noninvasive assessment at bedside of Cst, rs, done in the
first 24 hours might be an useful, simple and early tool in
predicting weaning failure or success. Further studies
need to be done to validate prospectively this index.
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