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sisted mechanical ventilation, pressure support (PS) has
been applied successfully in patients with ARDS.8 It has
been shown that in patients with ARDS receiving controlled mechanical ventilation, the early institution of PS
is associated with no significant alteration in oxygenation or in hemodynamics.8
Proportional assist ventilation (PAV) is a new mode of
support that amplifies the patient’s effort.9 –11 Contrary
to PS—in which pressure assist is constant—with PAV,
the ventilator pressure is proportional to instantaneous
flow (flow assist, expressed in cm H2O · l⫺1 · s⫺1) and
volume (volume assist, expressed in cm H2O/l) and
hence to pressure generated by the respiratory muscles.
The proportionality between applied pressure and both
flow and volume is preset and dictates the magnitude of
the decrease, respectively, in resistive and elastic load
faced by the inspiratory muscles.9 –11 Because flow assist
and volume assist must be less than the patient’s resistance and elastance, respectively, the operation of this
mode necessitates the measurement of respiratory system mechanics.
Although PAV has been applied in patients with acute
respiratory failure due to a variety of causes,12–14 data in
patients with ALI/ARDS are scanty. Recently, Varelmann
et al.15 reported that in patients with acute hypoxemic
respiratory failure, PAV has comparable short-term (approximately 30 min) cardiorespiratory effects to PS.
However, several of the patients either did not meet the
oxygenation criterion for ALI/ARDS or exhibited near
normal respiratory system mechanics, whereas some patients were studied late in the course of their disease
(⬎ 4 weeks), where lung fibrosis may prevail.
In patients with ALI/ARDS, PAV might have either
detrimental or beneficial effects on gas exchange and
hemodynamics.10 For example, it has been shown that
there is a wide variability in desired tidal volume (VT)
among patients ventilated on PAV (range, 3.4 –14.1 ml/
kg).16 Low VT may lead to deterioration of gas exchange
due to atelectasis formation and increase in dead space–
to–tidal volume ratio (VD/VT), whereas high VT may
result in overdistention.10 On the hand, it is possible that
PAV may improve the ventilation/perfusion matching
and reduce the shunt-like effect and total ventilatory
requirements, mainly due to inspiratory airway pressure–time profile and better patient–ventilator synchrony.10 In addition, the effects of PAV on gas exchange
may be influenced by alteration in cardiac output.
The aim of this study was to investigate, in a homog-

ACUTE lung injury (ALI) and acute respiratory distress
syndrome (ARDS) represent different levels of pulmonary gas exchange disturbance caused by a common
clinical disorder characterized by injury to the alveolar
epithelial and endothelial barriers of the lung, acute
inflammation, and protein-rich pulmonary edema leading to acute respiratory failure and often to mechanical
ventilatory support.1–5 In the past decade, the early reinstitution of spontaneous breathing during the ventilatory support of intubated patients with ALI/ARDS has
become an important therapeutic option to avoid the
various complications associated with controlled mechanical ventilation.6,7 Among the various modes of as* Consultant, † Resident in Intensive Care, ‡ Professor of Medicine.
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Background: Recent data indicate that assisted modes of
mechanical ventilation improve pulmonary gas exchange in
patients with acute lung injury (ALI)/acute respiratory distress
syndrome (ARDS). Proportional assist ventilation (PAV) is a
new mode of support that amplifies the ventilatory output of
the patient effort and improves patient–ventilator synchrony. It
is not known whether this mode may be used in patients with
ALI/ARDS. The aim of this study was to compare the effects of
PAV and pressure-support ventilation on breathing pattern,
hemodynamics, and gas exchange in a homogenous group of
patients with ALI/ARDS due to sepsis.
Methods: Twelve mechanically ventilated patients with ALI/
ARDS (mean ratio of partial pressure of arterial oxygen to
fractional concentration of oxygen 190 ⴞ 49 mmHg) were prospectively studied. Patients received pressure-support ventilation and PAV in random order for 30 min while maintaining
mean airway pressure constant. With both modes, the level of
applied positive end-expiratory pressure (7.1 ⴞ 2.1 cm H2O)
was kept unchanged throughout. At the end of each study period, cardiorespiratory data were obtained, and dead space to
tidal volume ratio was measured.
Results: With both modes, none of the patients exhibited
clinical signs of distress. With PAV, breathing frequency and
cardiac index were slightly but significantly higher than the
corresponding values with pressure-support ventilation (24.5 ⴞ
6.9 vs. 21.4 ⴞ 6.9 breaths/min and 4.4 ⴞ 1.6 vs. 4.1 ⴞ 1.3 l ·
minⴚ1 · mⴚ2, respectively). None of the other parameters differ
significantly between modes.
Conclusions: In patients with ALI/ARDS due to sepsis, PAV
and pressure-support ventilation both have clinically comparable short-term effects on gas exchange and hemodynamics.
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enous group of patients with ALI/ARDS due to sepsis
during the acute phase of their illness, the short-term
effects of PAV on ventilatory and hemodynamic parameters and gas exchange and to compare these to those
observed with PS. We hypothesized that in this group of
patients characterized by significant disturbances in gas
exchange and cardiorespiratory parameters, PAV would
be equally effective to PS and might be an alternative
mode of assisted mechanical ventilation.

Patients
Twelve patients admitted to the intensive care unit for
management of acute respiratory failure due to ALI/
ARDS secondary to sepsis were prospectively studied. At
the time of the study, all patients were hemodynamically
stable, with pulmonary arterial catheters in place for
fluid management and hemodynamic monitoring. The
exclusion criteria were a previous history of chronic
obstructive pulmonary disease, hemodynamic instability,
and the presence of intrathoracic drainage tube with
persistent air leak. All patients were ventilated with PS
mode through cuffed endotracheal (10 patients) or tracheostomy tubes (2 patients). The level of PS and the
applied positive end-expiratory pressure were set by the
primary physician, who was not involved in the study.
None of the patients were eligible for a weaning T-piece
trial. All patients were sedated with propofol (1.0 –1.5
mg · kg⫺1 · h⫺1) to achieve acceptable oxygenation and
patient–ventilator synchrony as judged by the primary
physician. The level of sedation was such as to achieve a
score of 3 on the Ramsay scale (response to commands
only).
The protocol was approved by the institutional ethics
committee, and informed consent was obtained from the
patients or their next of kin.
Measurements
Flow, volume, and airway pressure (Paw) were measured breath by breath. Heart rate and systemic arterial
pressure were continuously recorded on patient’s monitor. Central venous pressure, mean pulmonary artery
pressure, and pulmonary capillary wedge pressure were
measured at end-expiration. Cardiac output was measured by the thermodilution technique (Vigilance Monitor; Edwards Lifescinces, Irvine, CA). Cardiac index,
stroke volume index, oxygen delivery index, oxygen
consumption index, systemic and pulmonary vascular
resistance indices, and the shunt-like effect (QS/QT)
were calculated using standard formulas.17
Protocol
The patients were connected to a ventilator (Evita 4;
Drager, Lubeck, Germany) able to ventilate them with PS
Anesthesiology, V 105, No 4, Oct 2006

and PAV. Initially, the patients were placed on volumecontrol constant flow mode and ventilated with a VT
comparable to that during PS. Respiratory inactivity was
achieved by injecting a short-term hypnotic agent
(propofol, 1–2 mg/kg) and by adjusting the ventilator
rate upward. When passive ventilation was obtained, the
respiratory system mechanics (resistance and elastance)
were measured by the technique of rapid airway occlusion using standard formulas.18
Thirty minutes after these measurements, when respiratory muscle activity was resumed (i.e., the patient
started to trigger the ventilator at his or her usual rate),
the patients were ventilated randomly with PAV or PS.
With PS, the level of assist was equal to that set by the
primary physician before the study. With PAV, the proportionalities for both flow and volume assist were set at
the same percentage of the measured resistance and
elastance, respectively, and adjusted such as to obtain a
mean airway pressure similar to that during PS. Positive
end-expiratory pressure was set to values determined by
the primary physician when the patients were ventilated
with PS. The patients were ventilated in each mode for
30 min, and after that period, hemodynamic data were
obtained. Ventilatory parameters were recorded for an
additional 10-min period. The patients were withdrawn
from the study if they exhibited one of the following: (1)
clinical signs of excessive work of breathing (use of
accessory muscles, paradoxical motion of the diaphragm
or alternans), (2) diaphoresis, (3) heart rate greater than
130 beats/min, or (4) systolic blood pressure greater
than 180 mmHg or less than 90 mmHg. New or additional administration of intravenous fluid, vasoactive
drug, and sedative agents and a necessity—judged by the
primary physician—to change either the level of positive
end-expiratory pressure or fractional concentration of
oxygen during the study period were also reasons to
withdraw the patient from the protocol.
Data Analysis
The VD/VT was calculated using the Enghoff modification of the Bohr equation. The VT and respiratory rate
were recorded on a breath-by-breath basis for a period of
10 min after each 30-min period, and the average values
were calculated. Inspiratory time and expiratory time
were measured as the interval between the beginning
and the end of inspiratory and expiratory flow, respectively. Coefficient of variation of VT was also calculated
and served as an index of VT variability. Inspiratory
airway pressure 0.1 s after airway occlusion (P0.1) was
estimated by an automatic maneuver integrated in the
ventilator.
In all patients, flow–time waveform during PAV and PS
was carefully examined for signs indicative of patient–
ventilator asynchrony. Runaway phenomena due to flow
or volume overassist were identified as previously described.9,11
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Table 1. Baseline Patient Characteristics and Ventilator Parameters with PS and PAV
Sex

Age, yr

PaO2/FIO2, mmHg

Ers, cm H2O/l

Rrs, cm H2O · l⫺1 · s⫺1

PEEP, cm H2O

PS, cm H2O

FA–VA,%

Days on MV

1
2
3
4
5
6
7
8
9
10
11
12
Mean
SD

M
F
M
F
M
F
M
M
M
F
F
F

74
40
25
71
67
67
56
50
78
77
63
71
61.6
16.1

183
166
201
179
155
158
287
127
252
243
132
203
191
49

25
30
29
30
25
21
30
20
26
20
30
22
25.7
4.1

15
18
12
12
23
15
13
18
20
13
19
15
16.0
3.5

5
9
10
8
9
5
5
7
5
5
10
7
7.1
2.1

17
19
26
23
19
16
11
17
16
15
26
22
18.9
4.6

75
75
70
50
65
75
45
75
50
50
75
50
62.9
12.7

4
5
9
12
3
10
4
6
4
7
6
10
6.6
3.0

Ers ⫽ respiratory system elastance; FA–VA ⫽ flow and volume assist during proportional assist ventilation (% of Rrs and Ers, respectively); MV ⫽ mechanical
ventilation; PaO2/FIO2 ⫽ ratio of partial pressure of arterial oxygen to fractional concentration of oxygen; PAV ⫽ proportional assist ventilation; PEEP ⫽ positive
end-expiratory pressure; PS ⫽ pressure support; Rrs ⫽ respiratory system resistance.

Statistical Analysis
Results are expressed as mean ⫾ SD. Data were tested
for normal distribution by the Shapiro-Wilk W test and
analyzed by a two-sided paired t test. Differences were
considered to be statistically significant if P was less than
0.05.

Results
Patient characteristics and ventilator settings with both
modes of support are shown in table 1. None of the
patients were withdrawn from the study. With both
modes, none of the patients exhibited clinical signs of
distress. Ineffective efforts, double triggering, and runaway phenomena were not observed during the study
periods. In 8 of 12 patients, inspection of flow–time and
pressure–time waveforms during PS revealed a flow and
Paw pattern indicative of delayed opening of expiratory
valve. Features compatible with premature opening of
expiratory valve were not observed.
By study design, mean airway pressure did not differ
during PAV and PS, averaging 9.1 ⫾ 1.9 and 9.1 ⫾ 1.8 cm
H2O, respectively. Ventilatory parameters are shown in
table 2. With PAV, peak airway pressure was slightly but
significantly lower than that with PS, whereas breathing
frequency and inspiratory time–to–total breath duration
ratio (TI/TTOT) were significantly higher than those during PS. The variability of VT did not differ between
modes.
Hemodynamic variables, arterial blood gases, and
VD/VT are shown in table 3. With PAV, cardiac index was
slightly but significantly higher than that with PS, due to
significantly higher stroke volume index. None of the
other hemodynamic parameters differed significantly between the two modes. PAV and PS had comparable
effects on blood gasses and VD/VT.
Anesthesiology, V 105, No 4, Oct 2006

Discussion
The main findings of this study in critically ill patients
with ALI/ARDS due to sepsis were that (1) PAV and PS
had clinically comparable short-term effects on gas exchange, VD/VT, and hemodynamics; and (2) the breathing pattern differed significantly between modes, being
more rapid and shallow with PAV.
A homogenous group of patients with ALI/ARDS was
studied. In all patients, an infectious cause of ALI/ARDS
was identified. In the majority of the patients, VD/VT was
above 0.6, signifying a group of patients with high mortality.19,20 In addition, 8 patients were studied between
the 3rd and 7th days and 4 were studied between the 9th
and 12th days of the mechanical ventilation. Therefore,
contrary to other studies,15,21 we studied patients with
ALI/ARDS relatively early in the course of their illness
and having increased risk of death and severe disturbance of gas exchange (low ratio of partial pressure of
arterial oxygen to fractional concentration of oxygen)
and respiratory system mechanics (increased respiratory
system elastance).
In several studies in which PS and PAV were comTable 2. Ventilatory Parameters

VT, ml/kg IBW
V=E, l/min
Coefficient variation of VT, %
RR, breaths/min
T I, s
TI/TTOT, s
Ppeak, cm H2O
P0.1, cm H2O

PS

PAV

8.0 ⫾ 1.6
10.9 ⫾ 3.5
7.67 ⫾ 6.5
21.4 ⫾ 6.9
0.99 ⫾ 0.4
0.32 ⫾ 0.1
21.0 ⫾ 6.0
3.5 ⫾ 2.1

7.7 ⫾ 1.9*
11.6 ⫾ 3.3
8.88 ⫾ 4.98
24.5 ⫾ 6.9*
0.93 ⫾ 0.3
0.36 ⫾ 0.1*
19.2 ⫾ 7.3*
3.7 ⫾ 2.3

* Significantly different from the value with pressure support (PS).
IBW ⫽ ideal body weight; P0.1 ⫽ inspiratory airway pressure 0.1 s after airway
occlusion; PAV ⫽ proportional assist ventilation; Ppeak ⫽ peak inspiratory
pressure; RR ⫽ respiratory rate; TI ⫽ inspiratory time; TI/TTOT ⫽ inspiratory
time to total breath duration ratio; V=E ⫽ minute ventilation; VT ⫽ tidal volume.
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Table 3. Blood Gasses and Hemodynamic Parameters
PAV

80.2 ⫾ 11.1
44.8 ⫾ 11.6
36.4 ⫾ 3.4
82.5 ⫾ 7.6
92.5 ⫾ 13.9
7.2 ⫾ 4.2
4.1 ⫾ 1.3
10.1 ⫾ 2.9
24.8 ⫾ 7.5
45 ⫾ 9
1,531 ⫾ 409
288 ⫾ 117
550 ⫾ 160
165 ⫾ 42
22.5 ⫾ 6.7
0.67 ⫾ 0.07

81.0 ⫾ 11.7
45.4 ⫾ 10.0
37.4 ⫾ 3.5
83.4 ⫾ 9.8
92.9 ⫾ 14.36
7.9 ⫾ 4.5
4.4 ⫾ 1.6*
11.3 ⫾ 4.4
25.2 ⫾ 7.7
48 ⫾ 12
1,479 ⫾ 403
246 ⫾ 107
590 ⫾ 191
166 ⫾ 45
23.2 ⫾ 6.3
0.68 ⫾ 0.07

* Significantly different from the value with pressure support (PS).
CI ⫽ cardiac index; CVP ⫽ central venous pressure; D=O2I ⫽ oxygen delivery
index; MAP ⫽ mean arterial pressure; PaCO2 ⫽ partial pressure of arterial
carbon dioxide; PaO2 ⫽ partial pressure of arterial oxygen; PAP ⫽ mean
pulmonary arterial pressure; PAV ⫽ proportional assist ventilation; PvO2 ⫽
partial pressure of mixed venous oxygen; PVRI ⫽ pulmonary vascular resistance index; Pwedge ⫽ pulmonary wedge pressure; Q=S/Q=T ⫽ shunt-like
effect; SVI ⫽ stroke volume index; SVRI ⫽ systemic vascular resistance index;
VD/VT ⫽ dead space–to–tidal volume ratio; V=O2I ⫽ oxygen consumption
index.

pared, the assist level was titrated to obtain a similar
mean inspiratory airway pressure between modes.15,21
On the contrary, in our study we chose to match mean
airway pressure between modes for two reasons. First, in
patients with ALI/ARDS, mean airway pressure is an
important determinant of oxygenation.22–24 Second, it
has been shown that ventilator inspiratory and expiratory time may differ between the two modes.9 –11 Therefore, setting the assist level by targeting mean inspiratory
airway pressure may result in different actual ventilator
assistance if ventilator inspiratory time and total breath
duration differ substantially. On the other hand, calculation of mean airway pressure takes into account ventilator inspiratory time and total breath duration.24 In our
study, TI/TTOT and total breath duration differed significantly between modes, thus justifying the method of
titration of the assist level we used.
We observed that the mode of support had a significant effect on breathing frequency, which was significantly higher with PAV than that with PS. In all but three
patients, respiratory rate was higher with PAV than that
with PS. In some patients, the difference in respiratory
rate was substantial, and with PAV, breathing frequency
of up to 34 breaths/min was observed. Although it is
believed that high breathing frequency may be a sign of
excessive work of breathing and inadequate assist level,
studies have shown that respiratory rate is not good
predictor of work of breathing or pressure–time product
during assisted modes of support.25 Particularly during
PAV, high respiratory rate may not indicate distress, but
it may represent the spontaneously selected pattern of
Anesthesiology, V 105, No 4, Oct 2006
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PaO2, mmHg
PaCO2, mmHg
PvO2, mmHg
MAP, mmHg
Heart rate, beats/min
CVP, mmHg
CI, l · min⫺1 · m⫺2
Pwedge, mmHg
PAP, mmHg
SVI, ml · beat⫺1 · m⫺2
SVRI, dyn · s⫺1 · cm⫺5 · m⫺2
PVRI, dyn · s⫺1 · cm⫺5 · m⫺2
D=O2I, ml · min⫺1 · m⫺2
V=O2I, ml · min⫺1 · m⫺2
Q=S/Q=T, %
VD/VT

PS

breathing.12,16 In our study, during PAV, although VT
was slightly lower than that with PS, none of the patients
exhibited clinical signs of excessive work of breathing.
Furthermore, P0.1—a reliable index of respiratory drive
and inspiratory work of breathing in mechanically ventilated patients26—was comparable between modes. It
follows that the higher breathing frequency with PAV
cannot likely be explained by inadequate support. On
the other hand, the higher breathing frequency with
PAV may due to different patient–ventilator interaction
in terms of expiratory asynchrony (delayed or premature
opening of exhalation valve) and VT. With PAV, expiratory asynchrony is not an important issue, because with
this mode, inspiratory flow is linked to the patient’s
inspiratory effort.9,11 This is not the case with PS, in
which delayed opening or premature closing of exhalation valve is the rule.5 Indeed, we observed that in
patients with large differences in breathing frequency,
inspection of pressure–time and flow–time waveforms
during PS revealed a pressure and flow pattern suggesting delayed opening of expiratory valve.5 It has been
shown that this type of expiratory asynchrony has a
powerful influence via a reflex pathway, on breath timing; neural expiratory time increases and respiratory rate
decreases with increasing the time that mechanical inspiration extents into neural expiration (delayed opening of expiratory valve).27–30 This suggests but does not
prove that expiratory asynchrony may contribute to
some extent to the observed difference in breathing
frequency between modes.
In our patients, VD/VT was markedly increased in accordance with previous studies showing that in patients
with ALI/ARDS, increased dead space is the rule.19,20
Furthermore, despite the fact that, with PAV, VT was
slightly lower and breathing frequency was higher than
these with PS, we observed that VD/VT did not differ
between modes. Therefore, at least for short term, the
effects of PAV and PS on dead space fraction were
comparable.
In variance with our findings, Varelmann et al.15 and
Delaere et al.21 reported in non– chronic obstructive
pulmonary disease patients with acute respiratory failure
that PAV and PS showed similar effects on breathing
frequency and minute ventilation. In these studies, the
assist level of PAV was either fixed (50% and 80%)21 or
titrated to obtain a similar mean inspiratory airway pressure with PS.15 Notwithstanding the different assist titration criteria, the discrepancy between our study and
those of Varelmann et al. and Delaere et al. may be
explained by the population studied. Delaere et al. studied patients who were ready to be weaned from the
ventilator, whereas in the study of Varelmann et al., in
several patients the oxygenation criterion for ALI/ARDS
was not met and respiratory system mechanics were
normal.15,21 Furthermore, some patients in the study of
Varelmann et al. were examined late in the course of

BREATHING PATTERN, HEMODYNAMICS, GAS EXCHANGE

Limitations of the Study
This investigation was a physiologic study, and caution
should be exercised in applying our findings to everyday
clinical practice. Only 12 patients were studied, PAV was
applied for a limited time (30 min), and it is not known
whether similar results would be obtained during an
extended period of PAV. For example, in patients in
whom PAV is associated with very low VT (approximately 300 ml), a deterioration of oxygenation over time
may be observed due to atelectasis formation.34 Further
studies are needed to resolve this issue.

Conclusions
Our study demonstrated that, in our patients with
ALI/ARDS due to sepsis, PAV and PS titrated such as to
obtain a similar mean airway pressure had comparable
short-term effects on gas exchange and hemodynamics.
PAV might be an alternative mode of assisted mechanical
ventilation in such patients.
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their disease (⬎ 4 weeks). On the other hand, we studied patients during the acute course of their illness who
did not meet criteria for weaning and had severe disturbance of gas exchange and respiratory system mechanics.
In accord with recent studies, our study showed that
the effects of PAV and PS on gas exchange and hemodynamics were clinically comparable.15,21 The observed
difference in cardiac output and oxygen delivery, entirely due to stroke volume variation, was probably too
small to be of clinical significance. This small increase
did not affect the shunt-like effect, which remained virtually the same. Therefore, at similar mean airway pressure, both modes may equally support gas exchange in
patients with ALI/ARDS in whom disturbance of oxygenation is the cardinal sign.
Several studies have shown that compared with PS, the
variability of VT with PAV is considerably higher.14,16,31
In the current study, the variability of VT with both
modes of support was approximately 10%, a value that is
considerably lower than that reported previously, at
least with PAV. We believe that this discrepancy may be
explained by the population studied. In our study, a
homogenous group of patients with ALI/ARDS due to
sepsis was studied. As expected, this group of patients
had severe restrictive respiratory system disease as indicated by the high values of respiratory system elastance.
Studies have shown that both systemic inflammatory
response syndrome—a prerequisite for sepsis definition—and restrictive lung disease are associated with
decreased VT variability.32,33
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