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ABSTRACT: This study investigates the impact of proportional assist ventilation
(PAV), a new mode of partial ventilatory support, on exercise tolerance and breathlessness in severe hypercapnic chronic obstructive pulmonary disease (COPD) patients. We also examined the effects of continuous positive airway pressure (CPAP) and
pressure support ventilation (PSV). On two consecutive days, 15 stable hypercapnic
COPD patients underwent four endurance tests on a cycle ergometer at 80% of their
maximal workrate, receiving, via a nasal mask in random order, either: 1) sham ventilation (CPAP: 1 cmH2O); 2) CPAP (6 cmH2O); 3) PSV (inspiratory pressure support: 12–16 cmH2O; expiratory positive airway pressure (EPAP): 1 cmH2O); or 4)
PAV (8.6±3.6 cmH2O·L-1 and 3±1.3 cmH2O·L-1·s-1 of volume and flow assistance, respectively plus EPAP: 1 cmH2O). Oxygen supply was standardized to maintain an
arterial oxygen saturation (Sa,O2) of 92–93%. Breathing pattern and minute ventilation (by respiratory inductive plethysmography), pulse oximetry, end tidal partial
pressure of CO2, cardiac frequency and sensations of dyspnoea and leg discomfort
(by Borg scale) were monitored.
In comparison to sham ventilation, PAV, PSV and CPAP were able to increase the
endurance time (from 7.2±4.4 to 12±5.6, 10±5.2 and 9.6±4.6 min, respectively) and to
reduce dyspnoea and oxygen flow to the nasal mask. However, the greatest improvement was observed with PAV.
We conclude that PAV delivered by nasal mask can im-prove exercise tolerance and
dyspnoea in stable hypercapnic COPD patients and hence this mode of ventilatory support may be useful in respiratory rehabilitation programmes.
Eur Respir J 1998; 11: 422–427.

Breathlessness is the most common symptom that limits exercise in patients with chronic obstructive pulmonary
disease (COPD) and the major reason for referral to respiratory rehabilitation programmes. These usually include
endurance exercise training at different levels of intensity,
which may influence the physiological benefit of the programme [1, 2]. Different reports have shown that breathing
oxygen-enriched air, administration of continuous positive airway pressure (CPAP) or pressure support ventilation
(PSV) can all improve exercise tolerance and breathlessness in stable COPD patients [3–8]. Recently, it has been
indicated that a new mode of partial ventilatory assistance,
proportional assist ventilation (PAV), can also improve exercise tolerance in COPD patients [9].
In the PAV mode, the ventilator is designed to generate
flow and volume in proportion to the patient's inspiratory
instantaneous effort [10–12], synchronizing the end of the
ventilatory inspiratory cycle with the end of the patient's
inspiratory effort. Furthermore, the level of pressure delivered to the patient increases and decreases according to the
patient's ventilatory demand. PAV has been used to unload
the inspiratory muscles for the treatment of patients with
acute respiratory failure [11, 13–16], as well as in a noninvasive manner [17].
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As a consequence of the proportionality and adaptability of the ventilatory support to the intensity and timing of
spontaneous ventilatory patterns, PAV should be of particular value to support exercise training. In a small group of
severe, stable COPD patients, DOLMAGE and GOLDSTEIN [9]
found that PAV increased exercise tolerance. We wondered whether that approach could be extended to more
severe COPD patients, namely those with chronic respiratory failure and carbon dioxide retention. In fact, the recent
development of new therapeutic approaches, such as lung
transplantation and lung volume reduction surgery, mean
that severe COPD patients, even those with chronic respiratory failure, are candidates for rehabilitation programmes.
Therefore, this study was undertaken to investigate the
impact of PAV on exercise tolerance and breathlessness in
severe hypercapnic COPD patients. We also examined the
effects of more conventional modes of partial ventilatory
support such as CPAP and PSV.
Methods
Patients gave their informed consent to participate into
the study which was approved by the Ethics committee of
S. Maugeri Foundation and was conducted according to
the declaration of Helsinki.
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Table 1. – Demographic, anthropometric and functional
characteristics of the patients in the study
Characteristic
Age yrs
64±8
Sex M/F
14/1
Weight kg
77±15
Height cm
165±4
BSA m2
1.84±0.16
119±21
IBW %
32±10
FEV1 % pred
50±16
FVC % pred
51±12
FEV1/FVC %
156±41
FRC % pred
50±21
MIP % pred
75±23
MEP % pred
6.9±0.5
Pa,O2 kPa
6.9±0.9
Pa,CO2 kPa
7.38±0.03
pH
67±25
Max load W
Values are presented as mean±SD, with the exception of sex,
which is given as absolute number. M: male; F: female; BSA:
body surface area; IBW: ideal body weight; FEV1: forced expiratory volume in one second; % pred: % predicted; FVC: forced
vital capacity; FRC: functional residual capacity; MIP: maximal
inspiratory pressure; MEP: maximal expiratory pressure; Pa,O2:
arterial oxygen tension at rest; Pa,CO2: arterial carbon dioxide
tension at rest, breathing 21% O2.

Patients
Fifteen stable COPD patients with chronic hypercapnia
entered the study. COPD was defined according to American Thoracic Society (ATS) criteria [18]. One patient had
been submitted to pneumonectomy 8 yrs previously. Patients with overt cardiovascular or musculoskeletal disease,
other organ failure, cancer and inability to co-operate were
excluded from the study. Demographic, anthropometric and
functional characteristics of patients are shown in table 1.
At the time of the study, the patients had been free from
exacerbations for at least 1 month. All of the patients were
on long-term oxygen therapy, whereas no patient was on
long-term home mechanical ventilation (MV), although
five patients had experienced noninvasive PSV at least 3
months before the study. All patients were receiving inhaled bronchodilators as regular treatment. No changes in
medication or oxygen therapy were made during the week
preceding the study.
Measurements
Pulmonary function tests. Lung volumes and forced vital
spirometry (forced vital capacity (FVC)) were measured
with a constant volume body plethysmograph (Medical
Graphic Corp, St. Paul, MN, USA). The predicted values
of QUANJER et al. [19] were used.
Respiratory muscle function. The respiratory muscle strength was assessed by measuring maximal inspiratory and
expiratory pressures (MIP and MEP, respectively) at the
level of functional residual capacity (FRC) and total lung
capacity (TLC) respectively, according to the method of
BLACK and HYATT [20] using a respiratory module system
(Medical Graphic Corp, St. Paul, MN, USA). The predicted values of BRUSCHI et al. [21] were used.
Arterial blood gases. Arterial blood was sampled at the
radial artery while the patients were in the sitting position

and breathing room air for at least 1 hr. Arterial oxygen
tension (Pa,O2), arterial carbon dioxide tension (Pa,CO2)
and pH were measured by means of an automated analyser (ABL 300; Radiometer, Copenhagen, Denmark).
Exercise test. Symptom limited incremental exercise tests
were performed on an electrically braked cycloergometer
(Ergometris 800S; Sensormedics, Milwaukee, USA) using a standard 1 min incremental cycle exercise protocol.
After stabilization and a 2 min period of unloaded pedalling at 60 cycles·min-1, the load was increased by 10 W
each minute. The patients were strongly encouraged to
cycle to the point of intolerable breathlessness, discomfort
or exhaustion, until the maximal cardiac frequency (fC) was
achieved or an abnormal electrocardiogram (ECG) was
noted (symptom-limited exercise test).
Monitoring. Arterial oxygen saturation (Sa,O2) was continuously monitored by pulse oximetry (Oxicap Monitor;
Ohmeda, Louisville, CO, USA). End-tidal carbon dioxide
tension (Pet,CO2) was monitored continuously at the mask
by means of a capnograph (Oxicap Monitor) and recorded
each minute and at the end of exercise.
Breathing pattern.Time course of respiratory frequency
(fR), tidal volume (VT), minute ventilation (V 'E), respiratory timing (inspiratory time (tI), expiratory time (tE) and
duty cycle (tI/ttot)) and mean inspiratory flow (VT/tI) were
assessed, evaluating thoracic and abdominal movements
by means of respiratory inductance plethysmography (RIP)
(Respitrace plus; Ambulatory Monitoring, Ardsley, NY,
USA). Quantitative diagnostic calibration [22] was performed calibrating the sum of rib cage and abdominal signals
against the signal of VT by the spirometer with the patients
at rest in the sitting position on the cycloergometer. All
these parameters were stored in a memory and analysed
using dedicated computer software (Respitrends; Ambulatory Monitoring, Ardsley, NY, USA). Ten consecutive
breaths were analysed at baseline, after each minute of endurance test and at the end of exercise and mean values
were used for the subsequent analysis. Reliability of RIP
during exercise and during positive pressure ventilation
has been reported previously [5, 23, 24].
Subjective sensations. Subjective rating of dyspnoea and
sensation of leg discomfort was performed by means of a
modified Borg scale [25].
Ventilatory settings
PAV was delivered by means of a prototype portable
ventilator (Respironics, Murrysville, PA, USA) able to compensate for leaks, through a nasal mask (Respironics, Murrysville, PA, USA) with adequate size for each patient
nose. The device was equipped with the Sanders NRV-2
valve (Respironics) to prevent carbon dioxide rebreathing
[26]. A complete description of PAV can be found elsewhere [25]. Briefly, adjustment of PAV entails levels for
volume-related assist (VA) and flow-related assist (FA)
according to the equation of motion [27]:
Pappl = P0 + V × E + V ' × R
where Pappl is the pressure applied to inflate the respiratory system, either by the patient's contracting inspiratory
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muscles or by the ventilator or by the combination of
both, P0 is the elastic recoil pressure at the end of the expiration which is zero if the lung inflation starts from the
elastic equilibrium volume of the respiratory system; V
and V ' are the inspired volume and flow respectively, E is
the total respiratory system elastance and R is total flow
resistance. Therefore, E and R should ideally be known to
set PAV appropriately. Since measurements of E and R are
not routinely performed in patients, they had to be done at
the time of the study. We used the "run-away" method
as described by YOUNES and co-workers [10–12]. Since a
display of the ventilator prototype provided continuous
recording of flow, volume and airway pressure (Paw), through which occurrence of air leaks was eventually recorded, the "run-away" phenomenon was observed on that
display. To measure E, FA was set at 1 cmH2O·L-1·s-1
whereas VA was set at 2 cmH2O·L-1, then VA was raised in
steps of 2 cmH2O·L-1 until the "run-away" phenomenon
occurred. The patients' E was assumed to be the "runaway" value minus 2 cmH2O·L-1. Likewise, R was measured by setting VA and FA at 2 cmH2O·L-1 and 1 cmH2O·
L-1·s-1 respectively, then FA was raised in steps of 1
cmH2O·L-1·s-1 until the "run-away" phenomenon occurred.
The values of the FA at the "run-away" minus 1 cmH2O· L1·s-1 were assumed to reflect patients' flow resistances.
Therefore, individual values of E and R were obtained for
each patient before setting PAV.
E and R obtained with the "run-away" method were 10.5±
4.6 cmH2O·L-1 and 3.8±1.7 cmH2O·L-1, respectively. PAV
was set at a level corresponding to VA and FA at 80% of
the individual values of E and R. Therefore, the average
PAV was 8.6±3.6 cmH2O·L-1 and 3±1.3 cmH2O·L-1·s-1 of
VA and FA, respectively. An end-expiratory positive airway pressure (EPAP) amounting to 1 cmH2O was added to
PAV. If necessary, because of either patients' discomfort or
frequent display of "run-away" events, the settings of PAV
could be changed during the exercise.
CPAP, PSV and sham ventilation were delivered by
means of the same portable ventilator, nasal mask and circuits (Respironics) used for PAV. As suggested by KEILTY et
al. [6], PSV was applied at an inspiratory pressure level
set for patient comfort (range 12–16 cmH2O) and an EPAP
of 1 cmH2O. CPAP was applied at 6 cmH2O according to
O'DONNELL et al. [3, 4]. The sham ventilation was performed applying a CPAP of 1 cmH2O.
Study protocol
Before the study, all patients underwent a period of at
least 1 week during which it was ensured that they were
thoroughly acquainted with cycling, the breathing equipment, the nasal masks, the ventilator and the Borg scale.
During that week, after performance of a symptom limited

exercise test, all patients underwent two daily sessions of
10–20 min on the cycloergometer at 20–40% of their maximal load without breathing equipment [28].
In the following week, the patients performed four
endurance tests (i.e. during PAV, CPAP, PSV, and sham
ventilation) at 80% of maximal rate (table 1), in two consecutive days, at 08:00 h and 12:00 h according to a random order. The average workrate amounted to 53±22 W.
On the third day, an additional endurance test (control),
was performed at the same workrate level, with the nose
mask on but without any other breathing equipment. In
this control condition we measured only the endurance time
(ET), the dyspnoea score, pulse oximetry and Pet,CO2. As
shown in table 1, the patients recruited for this study had
mild hypoxaemia during room air tidal breathing at rest.
To prevent oxygen desaturation as well as worsening of
hypoxaemia during exercise, a flow of oxygen-enriched
air was continuously delivered via the mask to maintain
Sa,O2 at level of 92–93% in all the five trials [29]. The rate
of oxygen supply (in L·min-1) was recorded each minute
and at the end of the exercise.
The patients were given standard oral encouragement at
each minute. At rest (5 min after adaptation to the nasal
mask) and during unsupported and supported exercise at 1
min intervals, patients were asked their perceived breathlessness and sensation of leg discomfort by pointing to a
number or phrase on a 10-point Borg scale set in large
type on a sheet in front of them. Endurance test was stopped according to the same criteria as the incremental test.
f C and cardiac rhythm were monitored with a three-lead
ECG and blood pressure was measured with the cuff technique throughout each test.
Data analysis
Differences between and within treatment were evaluated by analysis of variance (ANOVA) for repeated measures. Student's paired t-test was used for comparison of
control and sham endurance tests. A p-value of less than
0.05 was considered significant.
Results
PAV and the other modes of ventilatory support were
well tolerated by all patients. Air leaks, monitored by
means of the display of the ventilator, did not occur. All
the pat-ients were instructed to breathe through the nose in
the mask and to keep the mouth closed throughout the
exercise test to prevent leaks. Neither discomfort nor
adverse effects were observed throughout the study. In
two pati-ents, two episodes of "run-away", probably due
to chang-es in their respiratory mechanics, occurred during the trials with PAV and were corrected by slightly
reducing the level of assistance.

Table 2. – Effects of different modes of mechanical ventilation on exercise tolerance,
dyspnoea, leg discomfort and need of oxygen supply
Parameter
Control
Sham
CPAP
PSV
PAV
Endurance time min
7.1±4.6
7.2±4.4
9.6±4.6*
10.5±2*
12.5±6*§#
Borg dyspnoea isotime
6.3±1.4
6.5±1.5
5.3±1.9*
4.4±1.4*§
4.2±1.9*§
Borg leg discomfort isotime
5.0±2.6
5.4±1.9
4.9±2.3
4.1±2.2*
4.2±2.3*
O2 supply isotime L·min-1
3.8±1.8
3.9±1.9
3.7±2.0
3.1±1.8*§
3.4±1.9*
*: p<0.05 versus sham; #: p<0.05 versus pressure support ventilation (PSV); §: p<0.05 versus
continuous positive airway pressure (CPAP). PAV: proportional assist ventilation.
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The effects of PAV, PSV, CPAP, sham ventilation and
control condition on the endurance time, the subjective sensations and the amount of oxygen supply, are shown in
table 2. There was no difference between control condition and sham ventilation for any of the variables used
to assess exercise tolerance. Henceforth, sham ventilation
will be the reference to compare unsupported with supported exercise. With any ventilatory support the ET was longer.
As illustrated in figure 1 PAV systematically improved individual values of ET compared to sham.
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Fig. 2. – Mean values of breathlessness (Borg scale) at each minute of
exercise until the fifth. —❍—: Sham; ❏ : continuous positive airway pressure; ▲ : proportional assist ventilation; ● : pressure
support ventilation.

Figure 2 shows relationships between breathlessness
and duration of exercise. In comparison with sham, all
modes of MV also resulted in reduction in dyspnoea at
isotime. The improvement with PAV and PSV was greater
than with CPAP (table 2). Similar results were obtained
from the analysis of leg discomfort. The flow of oxygen
needed to maintain Sa,O2 at the targeted level of 92–93%
was lower with PAV and PSV than with sham (table 2).
The effect of assisted ventilation on isotime breathing
pattern is shown in table 3. At any step of exercise, isotime VT and VT/tI were greater while tI/ttot was smaller
with PAV and PSV compared to sham ventilation.
Exercise was associated with increase in isotime fC that
was not different among conditions. In contrast the exercise associated increase in Pet,CO2 was smaller during supported than during sham ventilation exercise (table 3). It
should be mentioned that Pet,CO2 was higher during sham
than during control cycling (9.3±1.4 versus 8.1±1.7 kPa at
isotime, p<0.05).
Discussion
The results of this study show that PAV, delivered by
nasal mask and for the settings examined in this protocol,
improves exercise tolerance and breathlessness in severe
hypercapnic COPD patients. We also found that PSV and,
to a lesser extent CPAP, again for the settings examined in
this study, can improve exercise tolerance in those patients. To our knowledge this is the first study to evaluate
the effects of PAV delivered by nasal mask in severe stable
COPD patients with chronic hypercapnia.
The present results extend the observation of DOLMAGE et
al. [9] who found that PAV and CPAP provided ventilatory
assistance during cycle exercise sufficient to increase ET
in severe COPD patients, but without respiratory in-sufficiency. Furthermore, HERNANDEZ et al. [30] showed that PAV
was able to increase ET in severe normocapnic COPD
patients, whereas CHRUSCH et al. [31] found that the addition
of PAV to oxygen and CPAP improved neither ET nor
dyspnoea in those patients. However, the level of PAV
assistance in that study [31], titrated to patient comfort,
was lower than in the present study and in the studies by
HERNANDEZ et al. [30] and by DOLMAGE et al. [9].
The augmented ventilatory demand determined by exercise increases the workload on the inspiratory muscles
to a point that might initiate a fatiguing process [32, 33].
Therefore, by unloading the inspiratory muscles PAV may
be useful to improve exercise tolerance in these patients.
YOUNES et al. [11] showed that in normal subjects undergo-

Table 3. – Effects of different modes of mechanical ventilation on cardiac function, end-tidal carbon dioxide tension (Pet,CO2) and breathing pattern at isotime
Sham
CPAP
PSV
PAV
fC beats·min-1
116±17
111±15
112±10
112±15
9.3±1.4
8.0±1.2
7.5±1.2*
7.4±1.0*§
Pet,CO2 kPa
34±8
32±8
31±7
fR breaths·min-1
30±7
0.81±0.23
0.84±0.29
0.81±0.21
tI s
0.83±0.21
0.44±0.06
0.45±0.09
0.39±0.05*§
tI/ttot
0.39±0.07*§
1.00±0.39
1.07±0.39
VT L
1.15±0.43*
1.14±0.47*
32.3±10.2
32.6±11.3
V 'E L·min-1
34.4±13
33.8±13.1
1.27±0.43
1.31±0.56
1.50±0.62*§
1.42±0.50*
VT/tI L·s-1
*: p<0.05 versus sham; §: p<0.05 versus CPAP. fC: cardiac frequency; fR: respiratory
frequency; tI: inspiratory time; ttot: total respiratory time; VT: tidal volume; V 'E: minute
ventilation. For further definition refer to table 2.
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ing heavy exercise, PAV reduced the oesophageal pressure
(Poes) swings giving a sensation of easier breathing.
Although experimental data are lacking, it seems reasonable to hypothesize a similar mechanism to explain the improvement in exercise tolerance in severe COPD.
In line with other studies on severe normocapnic COPD
patients [3–8], we found that CPAP and PSV can also improve the exercise tolerance in hypercapnic COPD patients. It has been shown that PSV reduces the diaphragmatic
pressure-time product (Ptp,di), dyspnoea [33, 34], and slows
the maximum relaxation rate of inspiratory muscles, an
early marker of the fatigue process [7]. It has also been
suggested that these patients can prolong exercise induced lactataemia if assisted with PSV [35]. Application of
CPAP unloads the inspiratory muscles during exercise [5]
mainly because it counterbalances the intrinsic positive
end-expiratory pressure (PEEPi). In the present study we
did not measure PEEPi during exercise, and the level of
CPAP was set according to the literature [3, 4]. This lack
of tailoring could explain why CPAP was not as efficient
as PSV and PAV in improving endurance time and dyspnoea. PSV was also set, in the present study, according to
literature [6], although the level was not fixed, but was
chosen according to the comfort of individual patients. In
contrast, PAV was tailored to the respiratory mechanics of
individual patients, although the "run-away" method to
measure E and R requires further validation. Therefore,
under these circumstances, the difference between PAV
and PSV might well reflect differences in individual settings rather than differences between ventilatory modes.
Hence the conclusion that PAV is superior to PSV or
CPAP to improve exercise tolerance is not warranted on
the basis of our data. However, our results show that PAV
can be profitably and safely used in the rehabilitation
setting to increase the intensity level of training in hypercapnic COPD patients, for example those awaiting lung
transplantation.
It has been claimed that the major advantage of PAV
compared to conventional modes of partial ventilatory
support is represented by its capability to match spontaneous changes in patients' ventilatory demands and pattern
[12]. This should be particularly attractive during exercise
where the breathing pattern changes rapidly to meet the
metabolic requirements. However, to our knowledge, there
is no experimental data, at the present time, to support this
hypothesis. This should be addressed in future research in
which possible pitfalls of PAV should be considered. A
potential complication of PAV is that its appropriate setting requires measurement of the patient's respiratory
mechanics. As previously mentioned, the "run-away" technique [12], as well as other recently suggested methods
[36], needs further validation to be used in the clinical settings. Furthermore, it should be considered that patients'
respiratory mechanics can change during exercise, for example PEEPi increases [5], and this profoundly affects the
effect of PAV. However, in the present study, only on two
occasions was it necessary to reduce PAV slightly to avoid
"run-away" and no mention of changes in the PAV settings
is reported by DOLMAGE and GOLDSTEIN [9].
In the present study, a nose mask was used, whereas in
other studies either a full face mask [6, 7, 35] or a mouthpiece [3–5, 8, 9, 31, 34] was the interface between the
patient and ventilator. Whether the difference in the devi-

ces could affect the results remains to be established. However, in the present study the device was the same in all
conditions.
Oxygen desaturation during exercise is usually most
marked in patients with severe COPD [37]. Arterial hypoxaemia may directly impair exercise performance by
reducing oxygen delivery to working muscles, causing ventilatory limitation, and impairing cardiac function. Therefore
for ethical reasons we preferred to perform the study on
oxygen and to avoid confounding factors, oxygen therapy
was standardized to achieve a given Sa,O2. The flow of
oxygen-enriched air to maintain the targeted Sa,O2 was
slightly lower with PSV and PAV.
To prevent an enhancement of the exercise-induced increase in CO2 retention due to the rebreathing effect of the
circuit, the Sanders NRV-2 valve was used [26, 38]. Despite that device, cycling, during sham ventilation was associated with significantly greater Pet,CO2 than control
cycling with only the nose mask on. This seems to indicate a rebreathing effect. It seems unlikely that the better
exercise tolerance observed with PAV and PSV can be
ascribed to the lower Pet,CO2. In fact, ET of control and
sham cycling were the same despite different levels of
Pet,CO2. The use of Pet,CO2 assessment may be criticized as
it has been shown that with PSV it may underestimate the
real value of Pa,CO2 [39], nevertheless we used this parameter only for monitoring purposes.
Clinical implications
Our results indicating, an increase in high-intensity
endurance time with PAV and the other modes of ventilatory assistance may be promising, as these modes might
allow the training stimulus to be increased above that possible in the absence of mechanical support [9]. The usefulness of PAV delivered by portable ventilators during
exercise in pulmonary rehabilitation programmes should
be assessed in additional studies.
In conclusion proportional assist ventilation delivered
by a nasal mask was able to improve exercise tolerance
and reduce dyspnoea in severe stable hypercapnic chronic
obstructive pulmonary disease patients. Potential advantages and disadvantages of proportional assist ventilation
compared to other modes of partial ventilatory assistance,
such as continuous positive airway pressure and pressure
support ventilation need further physiological studies. Additional information is also needed to elucidate the appropriate application of proportional assist ventilation in
respiratory rehabilitation programmes, such as use as a
bridge to lung transplantation for patients on the waiting
list.
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