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Background: Acute respiratory failure may develop in pa-
tients with chronic obstructive pulmonary disease because of
intrinsic positive end-expiratory pressure (PEEPi) and in-
creased resistive and elastic loads. Proportional assist ventila-
tion is an experimental mode of partial ventilatory support in
which the ventilator generates flow to unload the resistive
burden (flow assistance: FA) and volume to unload the elastic
burden (volume assistance: VA) proportionally to inspiratory
muscle effort, and PEEPi can be counterbalanced by applica-
tion of external PEEP. The authors assessed effects of propor-
tional assist ventilation and optimal ventilatory settings in pa-
tients with chronic obstructive pulmonary disease and acute
respiratory failure.

Methods: Inspiratory muscles and diaphragmatic efforts
were evaluated by measurements of esophageal, gastric, and
transdiaphragmatic pressures. Minute ventilation and breath-
ing patterns were evaluated by measuring airway pressure and
flow. Measurements were performed during spontaneous
breathing, continuous positive airway pressure, FA, FA + PEEP,
VA, VA+PEEP, FA+VA, and FA+VA+PEEP.

Results: FA+PEEP provided the greatest improvement in mi-
nute ventilation (89 + 3%) and dyspnea (62 -+ 2%). The largest
reduction in pressure time product per breath of the respira-
tory muscles and diaphragm (44 + 3% and 33 + 2%, respec-
tively) also was observed during FA+PEEP condition. When
VA was added to this setting, a reduction in respiratory rate
(50 = 3%), an increase in inspiratory time (102 + 6%), and a
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further reduction in pressure time product per minute (65
+ 2% and 64% for the respiratory muscles and diaphragm,
respectively) was observed. However, values of pressure time
product per liter of minute ventilation during FA+VA + PEEP
did not differ with those observed during FA +PEEP condition.
Worsening of patient—ventilator interaction and breathing
asynchrony occurred when VA was implemented.

Conclusions: Application of PEEP to counterbalance PEEPi
and FA to unload the resistive burden provided the optimal
conditions in such patients. Ventilator over-assistance and pa-
tient-ventilator asynchrony was observed when VA was added
to this setting. The clinical use of proportional assist ventila-
tion should be based on continuous measurements of respira-
tory mechanics. (Key words: chronic obstructive pulmonary
disease, acute respiratory failure, mechanical ventilation, pro-
portional assist ventilation.)

IN patients with chronic obstructive pulmonary disease
(COPD), the respiratory muscle pump functions close
to the limit of its capacity to maintain effective ventila-
tion because of the impairment of respiratory mechan-
ics due to: (1) the inspiratory threshold load due to
intrinsic positive end-expiratory pressure (PEEPi); (2)
the excessive resistive load caused by obstruction of
the airways; and (3) the increased elastic load on the
muscle pump caused by the hyperinflation of the
lungs.' " In such patients, when the load on the respira-
tory muscle pump becomes excessive, effective ventila-
tion can no longer be maintained, and acute respiratory
failure (ARF) will develop, with a perceived sense of
breathlessness, hypoxia, hypercapnia, and acidosis.’
Under these circumstances, mechanical ventilation
should restore blood gases to normal levels and relieve
dyspnea by unloading the respiratory muscles and in-
creasing alveolar ventilation.”

Applying the equation of motion’ to respiratory me-
chanics of patients with COPD during ARF and mechan-
ical ventilation, at any instant during the breath, the
pressure applied by the ventilator to the respiratory
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system (which during partial ventilatory support in-
cludes the pressure generated by the respiratory mus-
cles [Pmus] and the pressure applied across the respira-
tory system by the ventilator [Pappl]: Pao = Pmus +
Pappl) is dissipated against: (1) PEEPi, (2) resistance
(Rtot,), and (3) elastance (Est,,,) of the respiratory sys-
tem®; inertial losses are negligible at resting levels of
ventilation.” In these circumstances, the inspiratory act
of breathing in a patient with COPD and ARF and whose
lungs are mechanically ventilated can be described at
any instant as follows:

Pmus + Pappl = PEEPi + Pres + Pel Eq. (1)

where Pres represents the resistive pressure and is a
function of flow, as dictated by the pressure - flow rela-
tion of the passive respiratory system (Pres = flow -
Rtot,,,), and Pel represents the elastic recoil pressure
and is a function of the volume - pressure relation of the
respiratory system with respect to passive functional
residual capacity (Pel = volume - Est,,,). Assuming that
Rtot and Est are linear in the range of tidal ventilation,
Eq. 1 becomes:

Pmus + Pappl
= PEEPi + flow:Rtot, + volume - Est,, Eq. (2)

In recent physiologic studies, it was demonstrated
that the application of continuous positive airway pres-
sure (CPAP) during spontaneous breathing (SB),*” or
positive end-expiratory pressure (PEEP) during mechan-
ical ventilation,'” counterbalances PEEPi (i.e., the first
term in Eq. 2), decreasing inspiratory muscle effort
without causing any adverse effects due to excessive
pulmonary hyperinflation. In addition, assisted modes
of mechanical ventilation, such as pressure support ven-
tilation (PSV), have been used to minimize both resistive
and elastic workload in patients with COPD (i.e., the
second and third terms in Eq. 2).'""?

Proportional assist ventilation (PAV) was proposed
recently as a mode of partial ventilatory support in
which the ventilator generates flow and volume to un-
load the resistive and elastic burden proportional to
the inspiratory muscle effort.">'" With PAV, pressure
applied by the ventilator becomes a function of patient
effort: the greater the inspiratory effort, the more airway
pressure increases. This relation applies as the level of
effort changes from breath to breath. In addition, the
pattern of airway pressure within each inspiration re-
flects the pattern of pressure generated by the patient.
With PAV, therefore, what is preset is not a target pres-
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sure (as in PSV), but the amount of resistive and elastic
unloading and the proportion between ventilator ad-
ministrated flow and volume and patient inspiratory
muscle effort."*"" Potential advantages of PAV include a
synchronous and harmonious relation between patient
and ventilator, the preservation and enhancement of
the patient’s own control of breathing mechanisms, less
peak airway pressure, and less likelihood of overventila-
tion.">" However, despite growing interest in the possi-
ble clinical advantages of the use of PAV, there is little
information available on the use of PAV in the clinical
setting. "’

The aim of this study was to assess the physiologic
consequences of the use of PAV in patients with COPD
during ARF and to identify the optimal setting for the
use of PAV in such patients.

Methods

Eight patients with COPD admitted to the intensive
care unit of the Policlinico Hospital (University of Bari)
were studied. The diagnosis of COPD, made on previous
pulmonary function tests, was confirmed by their his-
tory and physical examination. All patients were naso-
tracheally intubated (Portex cuffed endotracheal tube
with an inner diameter varying from 8 mm to 8.5 mm,
Portex, Milan, Italy), and the lungs were mechanically
ventilated with a Siemens Servo Ventilator 900C (Sie-
mens Elema AB, Berlin, Germany). The precipitating
causes of ARF and pertinent clinical information are
shown in table 1. Patients were studied 1-2 days after
admission to the intensive care unit. The investigative
protocol was approved by the local ethics committee,
and written informed consent was obtained from each
patient. A physician not involved in the study protocol
was always present to provide patient care.

Flow was measured with a heated pneumotachograph
(Fleisch No. 2; Fleisch, Lausanne, Switzerland), con-
nected to a differential pressure transducer (Validyne
MP 45 + 2 cmH,O; Validyne, Northridge, CA), which
was inserted between the y piece of the ventilator cir-
cuit and the endotracheal tube. The pneumotachograph
was linear over the experimental range of flow. Equip-
ment dead space (not including the endotracheal tube)
was 70 ml. Airway opening pressure (Pao) was mea-
sured proximal to the endotracheal tube with a pressure
transducer (Validyne MP 45 + 100 cmH,0). Changes
in intrathoracic and abdominal pressures were evalu-
ated by assessment of esophageal (Pes) and gastric (Pga)
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Table 1. Patient Characteristics

Days of

Patient Age Baseline Est " Rtot,.* PEEPi, gtut™ Mecr)w/amcal

# Gender (yr) Precipitating Causes of ARF FEV,/FVC ()) (cmH,0/1) (emH,0 - s/L) (cmH,0) Ventilation

1 E S Exacerbation COPD 0.33/1.60 28.2 20.5 9.5 1

2 F 62 Pneumonia 0.41/1.19 26.0 2251 8.4 2

3 M 5i Exacerbation COPD 0.40/1.00 28.2 18.2 10.4 1

4 E 58 Exacerbation COPD 0.65/1.58 22.8 25.1 14.5 1

5 F 51 Exacerbation COPD 0.77/2.11 27 241 il 2

6 M 51 Pneumonia 0.60/2.10 28.6 26.1 7.6 1

7 M 67 Pneumonia 0.91/1.07 26.1 20.1 12:5 2

8 M 49 Exacerbation COPD 0.89/1.77 29.3 22.2 115 1

ARF = acute respiratory failure; COPD = Chronic obstructive pulmonary disease; FiO, = fraction of inspired oxygen mechanical ventilation; Est,.. = static
elastance of the respiratory system; Rtot, = total resistance of the respiratory system; PEEPi.., = static intrinsic positive end-expiratory pressure.
* Data obtained during a short trial of respiratory muscle inactivity and controlled mechanical ventilation previous to the experimental procedure.

pressures, which were measured using thin, latex bal-
loon-tipped catheter systems. Both balloons were 10
cm in length and 2.4 cm in circumference and were
connected by polyethylene catheters (length 70 cm;
internal diameter, 1.7 mm) to separate differential pres-
sure transducers (Validyne MP 45 = 100 cmH,O). The
esophageal balloon was filled with 0.75 ml air and cor-
rectly positioned by means of an occlusion test.'” The
gastric balloon contained 1.0 ml air. All the variables
mentioned were displayed on an eight-channel strip-
chart recorder (7718A Hewlett-Packard, Cupertino, CA)
and collected on a personal computer through a 12-bit
analog-to-digital converter at a sample rate of 100 Hz.
Subsequent data analysis was performed using the soft-
ware package ANADAT (RHT-InfoDat, Montreal, Que-
bec). Tidal volume (V) was computed by the digital
integration of the flow signal.

Experimental Procedure

Static intrinsic PEEP (PEEPi,.,), total resistance
(Rtot,,,), and static elastance (Est,,.) of the respiratory
system were obtained using the rapid airway occlusion
technique.'® Measurements of static respiratory me-
chanics were obtained during respiratory muscles inac-
tivity and controlled mechanical ventilation (CMV).
Ventilator parameters were set in such a way as to
match the patient breathing pattern recorded during
spontaneous breathing.'” For this purpose, baseline as-
sist mechanical ventilation was discontinued, and the
patient was allowed to breathe spontaneously. Twenty
to thirty consecutive breaths were collected after 2 -3
min of stable breathing pattern and averaged to provide
the flow, Pao, Pga, and Pes signals of the ‘“mean repre-
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sentative breath,” which were analyzed to obtain the
basic pattern of breathing in terms of Vi, respiratory
rate, and inspiratory time (Ti)/total breathing cycle time
ratio. Respiratory muscle inactivity was then obtained
by injecting a short-acting hypnotic agent (0.3 mg/Kg/
min propofol for 5 min), and CMV was started. An end-
expiratory airway occlusion was performed by pressing
the end-expiratory hold knob on the ventilator. Static
intrinsic PEEP was measured as the plateau pressure
on the Pao signal at 3-5 s after end-expiratory airway
occlusion. At the end of the following breath, an end-
inspiratory occlusion was performed by pressing the
end-inspiratory hold knob on the ventilator. After end-
inspiratory occlusion, the Pao signal exhibited an initial
drop (maximum pressure [Pmax]-pressure after first
drop) followed by a slow decline to an apparent plateau
pressure. The corresponding pressure value at 3-5 s
after end-inspiratory occlusion was taken as the static
end-inspiratory recoil pressure of the respiratory system
(Pst)."* Elastance of the respiratory system was com-
puted by dividing the values of (Pst — PEEPi,,,) by Vr.
Resistance was calculated by dividing (Pmax — Pst) by
the flow immediately preceding the occlusion.'®
Approximately 20-30 min after static respiratory me-
chanics measurements, when respiratory muscle activ-
ity was regained (judged to have occurred when nega-
tive swings in esophageal pressure developed during
inspiration) and patients awoke, the Siemens 900C was
replaced by a Winnipeg ventilator (University of Mani-
toba, Winnipeg, Canada), and baseline assist mechanical
ventilation was replaced. The Winnipeg ventilator is
an experimental prototype designed to provide PAV,
which can deliver all conventional modes of ventilation.
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The design and operation of this unit are similar to
those previously described."*'* The gas delivery system
consists of a freely moving piston reciprocating within
a chamber. The electronics control a motor that moves
a piston from left to right. As the patient inhales, the
piston moves freely into the cylinder, providing an ini-
tial flow and volume; when the velocity of the piston
movement (Ze., inspiratory flow) reaches a preset
threshold value, the motor starts to assist the movement
of the piston. The flow level required to trigger the
motor is variable, and, in the current study, was set at
0.05 1/s.">'* When the piston is activated, it creates
pressure in the piston chamber, and the forward move-
ment of the piston produces air flow. This air is directed
to the patient through a one-way valve, the inspiratory
line, and the humidifier, and passive deflation through
the exhalation valve is allowed. The piston returns to
the starting position, intaking gas from the ventilator
input as it moves backwards. An external demand
blended gas system is attached to the input opening.
When the piston has returned to the starting position,
the machine resets and is ready for the next inspiration.
CPAP/PEEP can be applied by setting the CPAP/PEEP
offset and externally adding a PEEP valve on the exhala-
tion line of the ventilator circuit. The motor applies
force to the piston according to different command
signals regulated by the operating ventilatory mode.

During PAV, the command signals are instantaneous
inspired flow (derived from the rate of forward motion
of the piston) and instantaneous inspired volume (de-
rived from piston displacement since the onset of inspi-
ration). Once flow begins, pressure in the chamber rises
in proportion to ongoing flow and volume, thereby aug-
menting the pressure gradient for chest expansion. The
amount of assistance for both flow and volume can be
set as varying percentage values of the total patient
resistance and elastance through external controls.
When this percentage is set below patient resistance
and elastance, chamber pressure increases only if the
patient effort increases. When inspiratory effort de-
creases at end-inspiration, inspiratory flow decreases
and then stops, causing the integrator to reset and the
assistance to terminate.

Figure 1 illustrates a schematic diagram of the PAV
delivery and control systems used in the current investi-
gation. The piston is coupled to a motor that generates
force (i.e., pressure) in proportion to the current ap-
plied to it. Instantaneous flow from the piston to the
patient is continuously measured by a flowmeter in-
serted in the inspiratory line and integrated to provide
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instantaneous volume. Both flow and volume signals
are amplified through user controlled gains determining
the amount of current flowing to the motor. The flow
gain for resistive unloading determines how much pres-
sure will be applied by the ventilator per unit of flow
produced by the patient. The scale on the user-con-
trolled gain for resistive unloading is in centimeter of
water per liter per second. This component, therefore,
has the same unit as resistance. The gain on the volume
signal determines how much pressure will result per
unit of volume inspired by the patient. The scale on
the user-controlled gain for elastic unloading is in centi-
meter of water per liter. This component, therefore,
has the same unit as elastance.

Assuming the user decides to unload the patient’s elastic
and resistive loads of the 50%, and knowing that patient’s
resistance and elastance amount to 30 cmH,O - s/l and 12
cmH,0/1, respectively, the user will set on the flow gain
for resistive unloading the value of 15 ¢cmH,O- s/l (ie.,
the 50% of the measured resistance value) and on the
volume gain for elastic unloading the value of 6 cmH,O/
I (e, the 50% of the measured elastance value). The
ventilator will provide half of the total applied pressure
to the respiratory system (the other half results from the
contraction of the respiratory muscles) regardless of the
distribution of this pressure between flow and volume.
Conversely, if the user sets the flow gain for resistive
unloading to zero, only the signal of variation of inspired
volume will be amplified, and the ventilator will apply
pressure exclusively in proportion to changes in inspired
volume. If the user sets the volume gain for elastic un-
loading to zero, only the signal of variation of inspiratory
flow will be amplified, and the ventilator will apply pres-
sure exclusively in proportion to changes in inspiratory
flow. If the flow and volume gains for resistive and elastic
unloading are set higher than the patient’s resistance and
elastance, the pressure provided by the ventilator at the
end of the patient’s inspiratory effort will exceed the op-
posing resistive and elastic pressure. With these condi-
tions, flow and volume delivery will not stop at the end
of the patient’s inspiratory effort and will continue during
expiration. The patient can thereby initiate expiration
only by expiratory recruitment of the abdominal muscles.
This situation, referred as “runaway,” causes patient - ven-
tilator asynchrony, increase of patient’s discomfort, and
risk of barotrauma. It can be identified when the ventilator
extends inspiratory flow beyond the time of contraction
of the respiratory muscles and when the expiratory re-
cruitment of abdominal muscles deforms the shape of
flow and airway opening pressure signals.'®'*
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Measurements were performed with the following
conditions: (1) during spontaneous breathing (SB); (2)
after application of a CPAP level amounting to 80% of
PEEPi,,, measured during CMV'®; (3) during flow assis-
tance (FA) set to a percentage value that restored pa-
tients’ Rtot,, to normal levels. This was obtained by
setting, on the flow gain for resistive unloading, the
difference between measured Rtot,., minus normal
Rtot,, value (normal values: 4 cmH,O - s/1)'*'”; (4) dur-
ing FA and application of a PEEP level amounting to
80% of PEEPi,.,'® (FA+PEEP); (5) during VA set to a
percentage that restored patients’ Est, . levels to normal.
This was obtained by setting, on the volume gain for
elastic unloading, the difference between measured

SB CPAP

o T

Fig. 2. Experimental records that help il-
lustrate the effects of the different ventila-
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Pao |
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airway pressure; FA = flow assistance;
PEEP = positive end-expiratory pressure;
SB = spontaneous breathing; VA = volume
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breaths. See text for explanation.
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Est,. minus normal Est,. value (normal values: ~15
cmH,O/D)'*"’; (6) during VA and application of a PEEP
level amounting to 80% of PEEPi,...® (VA+PEEP): (7)
during FA+VA; and (8) during FA+VA+PEEP.

Measurements were obtained from 20-25 breaths in
each experimental condition, after 10-15 min, and es-
tablishment of breathing pattern was observed. The
fractional inspired oxygen concentration remained con-
stant throughout the study period (0.5 = 0.1; mean =+
standard error of the mean).

Data Analysis
Inspiratory time, expiratory time (Te), and total
breathing cycle time were determined from the flow
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Data are mean + standard error of the mean.

CPAP -
T, =
1P <

tracing. Tidal excursions of Pes (APes) and Pdi (APdi)
were also determined. Pressure time product per breath
(PTP/b) for the inspiratory muscle (PTP/b,p.) and the
diaphragm (PTP/b,;;) were obtained by measuring the
area under the Pes and the Pdi signals, respectively,
from the beginning of the inspiratory deflection to the
end of inspiratory flow.” For the Pes signal, measure-
ment of such areas was referred to the Pes tracing ob-
tained during the period of CMV and respiratory muscle
relaxation, assuming elastance of the chest wall to be
linear within the V; range.”’ The static chest wall line
was placed by assuming that the end-expiratory elastic
recoil pressure of the chest wall was equivalent to the
end-expiratory position of Pes during tidal breathing.*'
This assumption was verified by occluding the airway
at end-expiration (manually operated valve Model 2100);
Hans Rudolph, Kansas City, MO) during the different
experimental conditions and demonstrating that the
end-expiratory position of Pes under occluded breaths
was essentially identical to that during unoccluded
breaths. Pressure time product per minute (PTP/min, p..
and PTP/min,py) was calculated as PTP/b,p.. and PTP/
b,pqi multiplied by respiratory rate. Pressure time prod-
uct per liter of minute ventilation (PTP/L,p.. and PTP/
L,pai) Was calculated as PTP/min,p., and PTP/min,py di-
vided by minute ventilation.

The intensity of generalized discomfort was rated
with a dyspnea visual analogue scale (VAS) 10-15 min
after the beginning of each experimental trial.>>** The
VAS was shown to represent a sensitive tool in the
assessment of breathlessness during mechanical ventila-
tion.”* Patients were asked to place a vertical mark on
a printed, 100-mm horizontal scale in response to the
question: “How short of breath are you right now?”
The line had descriptors below the extreme ends. On
the left was the word “none,” indicating no shortness
of breath, and on the right was the opposite response,
“extremely severe.” For each ventilatory mode, patients
placed a vertical mark on the line that best represented
the intensity of their dyspnea. Intensity was measured
as the distance in millimeters from the left side of the
horizontal line (corresponding to no dyspnea) to the
mark placed by the patient. A fresh scale was presented
cach time these measurements of breathing comfort
were assessed. Because patients occasionally have diffi-
culty understanding how to mark the VAS.>* our pa-
tients were instructed carefully in its appropriate use
during assist mechanical ventilation before the protocol
began. Standardized directions were read aloud, and all
patients practiced marking the scale.
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Table 3. Inspiratory Muscle Effort during Different Experimental Conditions*
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CPAP = continous positive airway pressure; PEEP = positive end-expiratory pressure; FA = flow assistance; SB = spontaneous breathing; PTP/b = pressure time product per breath; PTP/

min = pressure time product per minute; PTP/L = pressure time product per liter of minute ventilation. VA = volume assistance.

*Data are mean + standard error of the mean.

TP < 0.001; ¥P < 0.0001 two-way analysis of variance and Bonferroni’s test versus SB.

Results are expressed as mean + standard error of
the mean. After 10-15 min of SB conditions, different
ventilatory sets were applied randomly. Values obtained
during the different experimental conditions were com-
pared using the repeated measures two-way analysis of
variance and Bonferroni correction using the software
package StatView (Abacus, Berkeley, CA).

Results

Causes of ARF, gender, and age values of Est, Rtot,
and PEEPi, ., obtained on the day of the study are shown
in table 1 for the individual patients. Days of mechanical
ventilation are also indicated.

Experimental records of a representative patient dur-
ing the different experimental conditions are shown in
figure 2. As can be seen, CPAP as well as FA, VA, and
VA+FA induced a reduction in the tidal excursion of
Pes and Pdi. Application of PEEP induced a further re-
duction in inspiratory swings of Pes and Pdi. Applica-
tion of CPAP did not change tidal volume or breathing
frequency, whereas application of FA and VA increased
tidal volume, leaving breathing frequency unchanged.
Conversely, a more relevant increase in tidal volume
and a reduction in breathing frequency were observed
during FA+VA. Tidal volume and breathing frequency
did not change as a result of application of PEEP during
FA, VA, and FA+VA conditions. The occurrence of the
“runaway’”’ phenomenon was observed only during
FA+VA and FA+VA+PEEP conditions.

Effects of the different experimental conditions on
breathing pattern are shown in table 2. Application of
FA, VA, and FA+VA increased minute ventilation. How-
ever, whereas application of FA and VA increased tidal
volume by 50% * 2% and 42% = 1%, respectively, leav-
ing breathing frequency unchanged, an increase in tidal
volume of 144% + 3% compensated for a significant (P
< 0.001) reduction of 48% * 2% in breathing frequency
during FA+VA condition. Inspiratory time significantly
(P < 0.001) increased after application of VA and
FA+VA, whereas Ti/total breathing cycle time increased
only during the VA condition; application of FA did not
modify Ti and Ti/total breathing cycle time. Application
of CPAP did not modify breathing pattern. The same
was true when the effects of PEEP were evaluated rela-
tive to FA, VA, and FA+VA conditions.

Application of CPAP decreased indexes of oxygen
consumption for the respiratory system and the dia-
phragm (table 3). The same was true during application
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Fig. 3. Visual analog scale (VAS) of patient-perceived sense of
breathlessness during the different experimental conditions.
CPAP = continuous positive airway pressure; FA = flow assis-
tance; PEEP = positive end-expiratory pressure; SB = sponta-
neous breathing; VA = volume assistance. P < 0.001, two-way
analysis of variance versus SB.

of FA and VA. When FA and VA were applied jointly,
the reduction in indexes of oxygen cost of breathing
per breath and per liter of minute ventilation did not
differ with those observed during FA. Application of
PEEP induced a reduction of oxygen cost of breathing
during all ventilatory settings (table 3).

During SB, the score for dyspnea amounted to 86.0
+ 1.2 mm. When asked to indicate changes in the de-
gree of breathlessness during the different ventilatory
modes with respect to the preceding SB condition, all
patients reported a reduction in dyspnea (fig. 3).

To assess the relative contribution of the abdominal
muscles during expiration, tidal changes in Pga and vol-
ume were plotted in all patients during the eight experi-
mental conditions (fig. 4).°>*° In all patients, we ob-

SB FA VA

AV I
0.6 ARG
(L)
1

CPAP

FA+PEEP VA+PEEP

AV
0.6
(L)

10 10 10

APga (cm H,0)
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served that, during SB, Pga increased during expiration
but decreased during inspiration. Application of CPAP,
VA, and VA+PEEP, FA+VA, and FA+VA+PEEP did not
affect this behavior. However, Pga decreased during
inspiration, suggesting that expiratory recruitment of
the abdominal muscles was reversed by application of
FA and FA +PEEP.

When results were expressed as percentage variations
relative to SB condition, and effects of the different
ventilator settings were evaluated by Bonferroni’s cor-
rection, we observed that the most enhanced increase
in minute ventilation was found during FA+PEEP condi-
tion (fig. 5). The largest reduction in indexes of oxygen
cost of breathing per breath also was observed during
FA+PEEP condition (44% *= 3% and 33% + 2% for the
respiratory muscles and diaphragm, respectively).
When VA was added to this setting, a further reduction
in oxygen cost of breathing per minute (65% * 2%
and 64% for the respiratory muscles and diaphragm,
respectively) was observed. However, reduction of oxy-
gen cost of breathing per liter of minute ventilation
during FA+VA+PEEP (70% * 5% and 66% + 4% for the
respiratory muscles and diaphragm, respectively) did
not differ with those observed during FA+PEEP condi-
tion (72% * 4% and 68% * 5% for the respiratory mus-
cles and diaphragm, respectively; fig. 5).

Discussion

Proportional assist ventilation is a recently proposed
form of partial ventilatory support, in which the ventila-
tor generates flow and volume in proportion to patient
effort.'>'"* With PAV, Pappl is a function of flow and
volume, both of which are determined by patient effort.

FA+VA

: Fig. 4. Tidal abdominal pressure (APga)
volume (AV) loops in a representative pa-
tient during the different experimental
conditions. Arrows show the direction of
the loop. CPAP = continuous positive air-
way pressure; E = expiration; FA = flow
assistance; I = inspiration; PEEP = posi-
tive end-expiratory pressure; SB = sponta-
neous breathing; VA = volume assistance.

FA+VA+PEEP

10
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200

150

Fig. 5. Variations in minute ventilation
(VE), pressure time product (PTP) per
breath (PTP/b), per minute (PTP/min),
and per liter of minute ventilation (PTP/
1) of the respiratory muscles (Pes) and dia-
phragm (Pdi) expressed as percentage rel-
ative to spontaneous breathing condition.
CPAP = continuous positive airway pres-
sure; FA = flow assistance. PEEP = positive
end-expiratory pressure; SB = spontane- 120
ous breathing; VA = volume assistance. P
< 0.001, #P < 0.0001 two-way analysis of
variance and Bonferroni’s correction for
multiple comparisons.
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During PAV, Pappl = (f, - flow ) + (f, - volume); in the
case of linearity of f, and f, functions, and according to
Eq. 2, the use of PAV in patients with COPD can be
described by the following equation:

Pmus + (k, - flow + k,*volume)

= PEEPi + Flow - Rtot,; + Volume - Est,s Eq. 3)

where k, is the proportionality between Pappl and
inspiratory flow rate (in resistance units, cmH,O - s/1)
and k, is the proportionality between Pappl and inspira-
tory volume (in elastance units, cmH,O/1)."*'" With
PAV, what is preset is not a target flow, volume, or
Pappl level, but the proportion between inspiratory
muscle effort and flow (by regulating coefficient k,) and
volume (by regulating coefficient k,) (Z.e., how much
flow and volume will rise for a given increase in Pmus
during inspiration).">'* Therefore, PAV can indepen-
dently unload resistive (by applying FA) and elastic (by
applying VA) loads. Intrinsic positive end-expiratory
pressure can be counterbalanced by applying PEEP. In
our patients, PEEPi amounted to 10.70 + 1.21 ¢cmH,O.
Externally applied CPAP/PEEP level amounted to 8.5
+ 1.1 emH,O. This value, which represented 80% of
PEEPi,,,., minimized inspiratory threshold load without
causing any further increase in lung volume and intra-
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thoracic pressure.'® Rtot,,, and Est,.. amounted to 22.23
* 2.01 cmH,0 s/l and 27.06 £ 1.89 cmH,0/1, respec-
tively. Factors k; and k, in Eq. 3 were respectively set
at 18 = 1 cmH,0O - s/l and 12 = 1 cmH,O/1, respectively.
This setting allowed us to ‘“‘normalize”’ the resistive
(normal values of Rtot,,. ~ 4 cmH,O - s/1)'*" and elastic
(normal values of Est,.. ~ 15 cmH,O/)'*" workloads,
respectively (fig. 1).

Our results confirm that PAV can unload the respira-
tory muscles, increase minute ventilation, and reduce
patients’ perceived sense of breathlessness in patients
with COPD during ARF. These data do not demonstrate
that PAV is superior to other modes of partial ventilatory
support assistance, but they show that PAV works and
that flow assistance and PEEP are the essential elements
for the optimal PAV setting in patients with COPD.

To interpret these findings, we quantified the relative
amount of pressure developed to overcome PEEPi, re-
sistive, and elastic loads from the total inspiratory pres-
sure developed by the respiratory muscles and the dia-
phragm (Pmus in Eq. 3). Application of the Campbell
et al. diagram®’ to the inspiratory Pes and Pdi-time pro-
file of the “mean representative breath’ obtained dur-
ing spontaneous breathing allowed the identification
of three components on the inspiratory efforts of our
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patients (fig. 6). “® First, the inspiratory pressure de-
veloped before the onset of inspiratory flow was identi-
fied as the inspiratory threshold load resulting from
PEEPi. The corresponding area represented the PTP of
the respiratory muscles and of the diaphragm produced
to overcome PEEPi. Second, the inspiratory pressure
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Fig. 6. Graphic measurements of the pressure time product
(PTP) of the respiratory muscles (Pes) and diaphragm (Pdi) of
the “mean representative breath” during spontaneous breath-
ing. PTP;,, is the area subtended by the inspiratory swing in
Pes (APes), intrinsic positive end-expiratory pressure (PEEPi),
and chest wall static recoil pressure (Pst,cw)-time curve over
inspiratory time (Ti). PTPy,; is the area subtended by the inspi-
ratory swing in transdiaphragmatic pressure (APdi) and
PEEPi above end-expiratory baseline over Ti. The line encom-
passing the values of Pes at point of zero flow, its slope repre-
senting the dynamic lung compliance, identifies the resistive
(area B) and elastic (area C) workloads. The resistive workload
(area B) was below and above the dynamic lung compliance
line on Pes and Pdi traces, respectively. The elastic workload
(area C) was above and below the dynamic lung compliance
line on Pes and Pdi signals, respectively. Area A is the addi-
tional workload induced by PEEPi. See text for further expla-
nation. Exp = expiration; Insp = inspiration.

developed below the line that connected the points of
zero flow. The corresponding area represented the PTP
of the respiratory muscles and of the diaphragm pro-
duced to overcome resistance. Third, any additional
pressure developed during inspiration was defined as
inspiratory elastic load, which was assumed to increase
at a constant rate from the onset to the end of inspira-
tory flow, as predicted from constant elastance and in-
spiratory flow. The corresponding area represented the
PTP of the respiratory muscle and of the diaphragm
produced to overcome elastance (see figures 1 in refer-
ences 20 and 28). Our data show that 48% + 3% of the
total inspiratory pressure developed by the respiratory
muscles and the diaphragm either per breath (fig. 7,
top), per minute (fig. 7, center), or per liter of minute
ventilation (fig. 7, bottom) was dissipated to overcome
PEEPi, whereas 36% *= 3% and 16% * 2% of the total
inspiratory pressure was developed by the respiratory
muscles and the diaphragm to overcome resistance and
elastance of the respiratory system. These findings sug-
gest that, in patients with COPD, both the pressure
developed by the respiratory muscles and diaphragm
to overcome the internal threshold load due to PEEPi
and the resistive component represent the major part
of the total pressure that arises during the early phase
of inspiration; this fraction declines progressively there-
after, whereas the elastic component is negligible in
carly inspiration and increases progressively later.?
Therefore, the pattern of decrease in Pes and increase
in Pdi is such that, once PEEPi has been overcome. the
pressure available to produce flow (and hence flow
itself) increases gradually early in inspiration, reaching
a peak near mid inspiration and subsequently declining
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Fig. 7. Averaged values of pressure—time product (PTP) of the
respiratory muscles (Pes) and diaphragm (Pdi) per minute
(PTP/min) and per liter of minute ventilation (PTP/L) devel-
oped to overcome intrinsic positive end-expiratory pressure
(PEEPi) and resistive and elastic loads.

(fig. 6). Toward the end of inspiration, Pes and Pdi
begin to rise and decline, respectively; once they reach
a value less than Pel, the pressure available for flow
assumes an opposite direction, and expiration be-
gins.z‘).ﬁ()

A characteristic feature of PAV is that only an increase
in patient inspiratory effort will cause the ventilator to
apply more flow and volume (and, therefore, pressure).
Proportional assist ventilation can, therefore, be de-
scribed as a ““positive feedback’ system."*'* On its own,
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B

such a system is inherently unstable and tends to “run
away’’ in the sense that, as air leaves the system, flow
and volume signals are generated, causing the ventilator
to apply more pressure, which causes a further increase
in flow and volume and, therefore, more pressure, and
so on.">"" The clinical consequence of the instability of
PAV and of its potential tendency to “‘run away’ is that
if the pressure generated by the ventilator is higher than
the pressure required to offset the passive properties
of the respiratory system, the ventilator will continue
to deliver flow and volume while the patient stops his/
her inspiratory effort and tries to initiate expiration.
Apart from a leak in the system, this would occur if the
flow or volume proportionality set on the ventilator
were higher than passive resistance and elastance.'>"
In our patients, we observed the occurrence of the
“runaway’ phenomena only during FA+VA and
FA+VA+PEEP conditions (fig. 2). We observed 5 =+ 1
and 11 *= 2 “‘runaway’’ breaths/min during FA+VA and
FA+VA+PEEP, respectively.

Respiratory mechanics during the different experi-
mental conditions were assessed using the Mead and
Wittenberger technique.’ Briefly, inspiratory pulmonary
resistance (R;) and elastance (E;) were calculated by
fitting the equation of motion of a single compartment
model using multilinear regression, as follows:

AP, = R -V + E; - AV Eq. (4)

where AP, are inspiratory changes in transpulmonary
pressure (calculated by subtracting Pes from Pao), AV
are inspiratory changes in lung volume between end-
expiratory lung volume and V-, and V is peak inspiratory
flow.”" The level of PEEPi during the different experi-
mental conditions (PEEPA, 4,,,) was measured as the nega-
tive deflection in Pes from the onset of inspiratory effort
to the point of zero flow.** In the case of active recruit-
ment of the abdominal muscles, this value was cor-
rected by subtracting the decrease in Pga, when pres-
ent, from the decrease in Pes during the interval when
PEEPi, 4,, was measured (table 4).°* Our data show that,
relative to SB, application of CPAP and PEEP signifi-
cantly (P < 0.001) decreased PEEPi,,,. A significant (P
< 0.001) reduction in E;, was observed only during
application of FA+VA and FA+VA+PEEP. In these cir-
cumstances, the occurrence of the ‘‘runaway’’ phenom-
ena may be explained by the fact that the proportional-
ity factor used to unload the elastic burden (k, factor
in Eq. 3: 12 = 1 cmH,0/1), chosen to ‘‘normalize’ the
Est,, values measured before the study and during CMV,
becomes higher than warranted by the elastic proper-
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Table 4. Dynamic Lung Mechanics during Different Experimental Conditions*

SB CPAP FA FA + PEEP VA VA + PEEP FA + VA FA + VA + PEEP
PEEPI4,, (cmH,0) Gilg =l sl == 01 24; il 2= Ohed (0)els) a= okl 92 0 21 a= @anp 08 == 1l 12 == (02
R. (cmH,0 - s/l) 2l 22 510 210 == 110 20000 25 9l 207 2= 1.4 2ilo7 a2 00 20L2 == 1l 2i[HIN=20018 205(E==811H0
E. (emH,0/1) 26112 6 R =N 24801 22 1) 26.3 =+ 1.3 2500 2= (©¢) 257 == 1l 2210==KOi; 2087 == 4y

CPAP = continous positive airway pressure;
intrinsic PEEP; E,

*Data are mean + standard error of the mean.
P < 0.001 two-way analysis of variance and Bonferroni’s test versus SB.

ties of the respiratory system, as a result of the reduction
in E; . These data confirm how, during partial ventilatory
support, breathing pattern and respiratory mechanics
may change with the level of mechanical support.*

Expiration is normally considered a passive phenome-
non that relies mostly on the elastic recoil properties
of the respiratory system. However, active expiratory
muscle recruitment during spontaneous breathing has
recently received considerable attention in patients
with COPD.**"* Our data show that, during SB, Pga
increased during expiration but decreased during inspi-
ration. Only application of FA and FA+PEEP conditions
reversed expiratory recruitment of the abdominal mus-
cles (fig. 4). A decrease in Pga at the beginning of the
inspiratory effort could be determined either by relax-
ation of the abdominal muscles, if there was active con-
traction during expiration,”> or by the action of the rib
cage inspiratory muscles on the abdominal pressure.*
The expiratory pattern of Pga observed in our patients
during SB, CPAP, VA, VA+PEEP, and FA+VA, and
FA+VA+PEEP conditions (fig. 4) suggests that the ab-
dominal muscles were active during expiration and that
the decrease in Pga levels during inspiration was due
to muscle relaxation.?

The muscles used during active expiration are be-
lieved to serve as accessory muscles of inspiration and,
during conditions of increased respiratory demand, to
share the work, thereby assisting inspiration through
several mechanisms. First, the increase in abdominal
pressure provides a fulcrum for the diaphragm to help
lift the rib cage. Second, an increase in abdominal pres-
sure can reduce the volume of the respiratory system
below its equilibrium point, which will then result in
an outward recoil of the chest wall (inspiratory action)
after relaxation of the respiratory muscles. Third, con-
traction of the abdominal musculature can cause cepha-
lad displacement of the diaphragm during hyperinfla-
tion, resulting in a more favorable diaphragmatic
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PEEP = positive end-expiratory pressure; FA = flow assistance;
lung elastance; R, = lung resistance. SB = spontaneous breathing.

VA = volume assistance; PEEPIy,, = dynamic

25,26

length - tension relation. In addition, recruitment of
expiratory effort is reflexly caused by overdistension
(Hering-Breur reflex).*°

In conclusion, this study provides initial evidence that
PAV can be used to unload the respiratory muscles,
improve minute ventilation, and decrease patient per-
ceived sense of breathlessness in patients with COPD
during ARF. The most enhanced increase in minute ven-
tilation, indexes of oxygen cost of breathing, and reduc-
tion in dyspnea were observed during application of FA
to unload the resistive burden and PEEP to counterbal-
ance PEEPi. Ventilator overassistance and consequent
patient - ventilator asynchrony were obtained by adding
VA to this setting. These data suggest that continuous
monitoring of respiratory mechanics should be per-
formed by the definitive technologic implementation of
PAV; its clinical use should be adapted continuously to
resistance and elastance measurements.

The authors thank the physicians and nursing staff of the Policlinico
hospital for their valuable cooperation. They also thank Mary V.C.
Pragnell, B.A., for her help in revising the manuscript and D. Ancona
and G. Caputi for secretarial assistance. The ventilator used in the
study was made available by the courtesy of Mellcor Puritan Bennett.

References

1. Rossi A, Gottfried SB, Higgs BD, Lennox S, Calverly PMA, Begin
P, Grassino A, Milic-Emili J: Measurement of static compliance of
the total respiratory system in patients with acute respiratory failure
during mechanical ventilation. Am Rev Respir Dis 1985: 131:672-7

2. Polese G, Rossi A, Appendini L, Brandi G, Bates JHT, Brandolese
R: Partitioning of respiratory mechanics in mechanically ventilated
patients. ] Appl Physiol 1991; 71:2433-52

3. Elliott MW: Noninvasive ventilation in chronic obstructive pul-
monary disease. N Engl ] Med 1995; 28:870- 1

4. Hubmayer RD, Abel MD, Rehder K: Physiologic approach to
mechanical ventilation. Crit Care Med 1990; 18:103-13

5. Mead J, Whittenberger JL: Physical properties of human lungs
measured  during spontaneous  respiration. J Appl Physiol 1953;
5:770-96

20z Iudy 0z uo 3senb Aq Jpd°z1.000-00010.661-2¢S0000/ 1 LYSIE/6L/1/98/4Pd-BloILE/ABOj0ISBUISOUE/LOD JIBYDISA|IS ZESE//:d}}Y WOl PapEojumoq




91

PAV IN MECHANICALLY VENTILATED COPD PATIENTS

6. Coussa M-L, Guérin C, Eissa NT, Corbeil C, Chassé M, Braidy J,
Matar N, Milic-Emili J: Partitioning of work of breathing in mechani-
cally ventilated COPD patients. ] Appl Physiol 1993; 75:1711-9

7. Agostoni E, Mead J: Statics of the respiratory system, Handbook
of Physiology. Respiration. Edited by Fenn WO, Rahn H. Washington,
American Physiological Society, 1964, pp 387 -409

8. Petrof BJ, Legar¢ M, Goldberg P, Milic-Emili J, Gottfried SB:
Continuous positive airway pressure reduces work of breathing and
dyspnea during weaning from mechanical ventilation in severe
chronic obstructive pulmonary disease. Am Rev Respir Dis 1990;
141:281-9

9. Fessler HF, Brower RG, Permett S: CPAP reduces inspiratory
work more than dyspnea during hyperinflation with intrinsic PEEP.
Chest 1995; 108:432-40

10. Smith TC, Marini JJ: Impact of PEEP on lung mechanics and
work of breathing in severe airflow obstruction. ] Appl Physiol 1988;
65:1488-99

11. Brochard L, Isabey D, Piquet J, Amaro P, Mancebo J, Messadi
AA, Brun-Buisson C, Rauss A, Lemaire F, Harf A: Reversal of acute
exacerbation of chronic obstructive pulmonary disease by inspiratory
assistance by a face mask. N Engl J] Med 1990; 323:1523-30

12. Brochard L, Mancebo J, Wysocky M, Lofaso F, Conti G, Rauss
A, Simonneau G, Benito S, Gasparetto A, Lemaire F, Isabey D, Harf
A: Noninvasive ventilation for acute exacerbations of chronic obstruc-
tive pulmonary disease. N Engl J] Med 1995; 333:817-22

13. Younes M: Proportional assist ventilation, a new approach to
ventilatory support. Am Rev Respir Dis 1992; 145:114-20

14. Younes M, Puddy A, Roberts D, Light RB, Quesada A, Taylor
K, Oppenheimer L, Cramp H: Proportional assist ventilation. Results
of an initial clinical trial. Am Rev Respir Dis 1992; 145:121-9

15. Baydur A, Behrakis PK, Zin WA, Jaeger MI, Milic-Emili J: A
simple method for assessing the validity of the esophageal balloon
technique. Am Rev Respir Dis 1982; 126:788-91

16. D’angelo E, Calderini E, Torri G, Robatto FM, Bono D, Milic-
Emili J: Respiratory mechanics in anesthetized paralyzed humans:
Effects of flow, volume and time. J] Appl Physiol 1989; 67:2556- 64

17. Zakynthinos SG, Vassilakopoulos T, Roussos C: The load of
inspiratory muscles in patients needing mechanical ventilation. Am
J Respir Crit Care Med 1995; 152:1248-55

18. Ranieri VM, Giuliani R, Pesce C, Dambrosio M, Brienza N,
Pomo V, Gottfried SB, Brienza A: Physiologic effects of positive end-
expiratory pressure in COPD patients during acute ventilatory failure
and controlled mechanical ventilation. Am Rev Respir Dis 1993;
147:5-13

19. Pesenti A, Pelosi P, Rossi N, Virtuani A, Brazzi L, Rossi A: The
effects of positive end-expiratory pressure on respiratory resistance
in patients with the adult respiratory distress syndrome and in normal
anesthetized subjects. Am Rev Respir Dis 1991; 144:101-7

20. Sassoon CSH, Light RW, Lodia R, Sieck GC, Mahutte CK: Pres-
sure-time product during continuous positive airway pressure, pres-
sure support ventilation, and T-piece during weaning from mechani-
cal ventilation. Am Rev Respir Dis 1991; 143:469-75

21. Fleury B, Murciano D, Talamo C, Aubier M, Pariente R, Milic-
Emili J: Work of breathing in patients with obstructive pulmonary

Anesthesiology, V 86, No 1, Jan 1997

disease in acute respiratory failure. Am Rev Respir Dis 1985; 131:822 -

-
/

22. Knebel AR, Janson-Bjerklie SL, Malley JD, Wilson AG, Marini
JJ: Comparison of breathing comfort during weaning with two ventila-
tory modes. Am J Respir Crit Care Med 1994; 149:14-8

23. Sont JK, Booms P, Bel EH, Vandenbroucke JP, Sterk PJ: The
severity of breathlessness during challenges with inhaled methacho-
line and hypertonic saline in atopic asthmatic subjects. Am J Respir
Crit Care Med 1995; 152:38-44

24. Dexter F, Chestnut DH: Analysis of statistical tests to compare
visual analog scale measurements among groups. ANESTHESIOLOGY
1995; 82:896-902

25. Agostoni E, Campbell EJ]M: The abdominal muscles, The Respi-
ratory Muscles. Edited by Campbell EJ]M, Agostoni E, Newsom-Davies
J. London, Lloyd-Luke Ltd, 1970, pp 175-80

26. Macklem PT: Inferring the actions of the respiratory muscles,
Lung Biology in Health and Disease. Vol 29: The Thorax. Part A.
Edited by C Roussos, Macklem PP. New York, Marcel Dekker, 1985,
pp 351-8

27. Campbell EJM, Westlake EK, Cherniack RM: Simple methods
of estimating oxygen consumption and efficiency of the muscles of
breathing. ] Appl Physiol 1957; 11:303-8

28. Bégin P, Grassino A: Inspiratory muscle dysfunction and
chronic hypercapnia in chronic obstructive pulmonary disease. Am
Rev Respir Dis 1991; 143:905-12

29. Sonii R, Younes M: Steady state response of normal subjects
to an inspiratory sinusoidal pressure load. J Appl Physiol 1988;
64:511-20

30. Younes M: Determinants of thoracic excursions during exer-
cise, Lung Biology in Health and Disease. Vol 52: Exercise. Pulmonary
Physiology and Pathophysiology. Edited by Whipp BJ, Wasserman K.
New York, Marcel Dekker, 1991, pp 1-65

31. Kano S, Lanteri CJ, Pemberton PJ, Lesouef PN, Sly PD: Fast
versus slow ventilation for neonates. Am Rev Respir Dis 1993;
148:578 -84

32. Appendini L, Patessio A, Zanaboni S, Carone M, Gukov B,
Donner CF, Rossi A: Physiologic effects of positive end-expiratory
pressure and mask pressure support during exacerbation of chronic
obstructive pulmonary disease. Am ] Respir Crit Care Med 1994;
149:1069-76

33. Lessard MR, Lofaso F, Brochard L: Expiratory muscle activity
increases intrinsic positive end-expiratory pressure independently of
dynamic hyperinflation in mechanically ventilated patients. Am J Re-
spir Crit Care Med 1995; 151:562-9

34. Ninane V, Rypens F, Yernault J-C, De Troyer A: Abdominal
muscle use during breathing in patients with chronic obstructive
airflow obstruction. Am Rev Respir Dis 1992; 146:16-21

35. Ninane V, Yernault J-C, De Troyer A: Intrinsic PEEP in patients
with chronic obstructive pulmonary disease. Am Rev Respir Dis 1993;
148:1037-42

36. Coleridge HM, Coleridge JCG: Reflexes evoked from tracheo-
bronchial tree and lungs, Handbook of physiology. Section 3, Vol II:
The Respiratory System. Control of Breathing. Edited by Cherniack
NS, Widdicombe JG. Bethesda, American Physiological Society, 1986,
pp 395-430

20z Iudy 0z uo 3sanb Aq 4pd-z1.000-00010.661-2¥S0000/ L LYSIE/6L/1/98/4Pd-BloiLE/ABOj0ISBUISOUE/LWOD JIBYDISA|IS ZESE//:d]}Y WOl PapEOjuMoq




