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One of the proposed advantages of proportional assist ventilation
(PAV) has been the automatic synchrony between the end of the
patient’s inspiratory effort and the ventilator cycle (i.e., expiratory
synchrony). However, recent clinical studies have shown a prolonged
ventilator inspiratory time or even a “runaway” phenomenon with
the normal use of PAV. We hypothesize that control-system delay
may account for this, because in reality there is always some de-
gree of delays between control-system’s input and output in all
ventilators. Computer simulation study to date has not taken into
account the potential effect of control-system delay on expiratory
synchrony. We therefore created a computer model in which the
parameter of control-system delay time was introduced. We found
that significant expiratory asynchrony may occur with this more
realistic model of PAV. The ventilator flow termination may fall be-
hind the completion of the patient inspiration by as long as 0.33
seconds under the selected simulation conditions. The inspiratory
termination delay time is in proportion to the control-system de-
lay time, the respiratory time constant, and the assist gain settings.
In conclusion, this model indicates that due to the unavoidable
control-system delay in the ventilators, expiratory asynchrony may
be an inherent shortcoming associated with PAV.
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portional assist ventilation; computer simulation

Expiratory asynchrony has been shown to be a clinical issue in
the patients with partial support ventilation (1-5). Under the
condition of expiratory asynchrony, the termination of the
ventilator flow occurs either before or after patients stop their
inspiratory effort. Expiratory asynchrony not only causes dis-
comfort to patients but also induces unnecessary inspiratory
and expiratory work on the part of patients (6). Proportional
assist ventilation (PAV) is a ventilatory mode that partially
supports patients’ spontaneous inspiratory effort. In theory,
with PAV, ventilator pressure output (airway pressure, P,,) is
proportional to the instantaneous patient effort (inspiratory
muscle pressure, P,). It is thus assumed that there is auto-
matic synchrony between the end of the patient’s effort and of
the ventilator cycle (7-9). To validate this assumption, Younes
(10) has conducted a computer simulation study on PAV,
showing a well-synchronized breath ending, with some as-
sumptions and simplifications built into his computer model.
So far, there are no clinical data available that directly support
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this assumption of expiratory synchrony. Although patients/
volunteered subjects feel more comfortable with PAV than
with pressure support ventilation (11-13), it does not neces-
sarily mean a complete synchronized breath ending between
the ventilator and the patient with PAV (i.e., expiratory syn-
chrony). In fact, a close scrutiny on some patient data with
PAYV may indicate a sign of expiratory asynchrony. In a study
on a group of patients with chronic obstructive pulmonary dis-
ease (COPD) and acute respiratory failure, Ranieri and co-
workers have observed the occurrence of the “runaway” phe-
nomenon when PAV was used with a flow-assist gain setting
of ~ 80% and a volume-assist gain setting of ~ 45% (14). This
“runaway” phenomenon (i.e., delayed ventilator flow ending)
cannot be explained by PAV theory because the volume-assist
is well below the patients’ passive elastance and the flow-assist
is also less than respiratory resistance (7, 8). Other clinical
studies on PAV also indicate a tendency of delayed inspira-
tory ending with high assist levels (9, 15). In a study on pa-
tients with acute respiratory failure, Navalesi and coworkers
(15) have shown some data indicating a clear tendency of pro-
longed ventilator inspiratory time as volume-assist level was
increased from 20% to 60% and 80%. Although the prolonged
ventilator inspiratory time may be caused by many possible rea-
sons, the absence of a simultaneous change in expiratory time
in most cases suggests a possibility of the delayed breath end-
ing with PAV. In a patient study published by Giannouli and
coworkers (9), ventilator inspiratory time with PAV was sta-
tistically significantly prolonged in proportion to assist levels,
whereas expiratory time was changed only insignificantly.
Carefully reviewing the waveforms in the Figure 1 of the same
study (9) reveals that, although there appears to be no phase
delay between the completion of patient inspiratory effort (as
judged by the esophageal pressure waveforms) and the com-
pletion of the ventilator inspiratory flow at a low assist level
(i-e., 37%), such phase delay approximates 0.25 to 0.30 sec-
onds at an assist level of 75%.

With no study that exclusively explores in depth the patient—
ventilator interaction during the transition from inspiration to
expiration during PAV, it remains unclear whether or not an
expiratory synchrony always exists. Although Younes’ study
with a computer model (10) indicated a well-synchronized
breath ending in PAV, ventilating a patient using a real venti-
lator with PAV may mean something different. In particular,
unlike a computer model such as the one that Younes used,
any ventilator has a delay in the control system, or ventilator
response time. From a control system standpoint, a ventilator
needs to measure the airway pressure and flow from a pres-
sure sensor and a flow sensor (i.e., mechanical delay), to use
filters to reduce high-frequency noise in signals so as to reduce
the potential for system oscillation, and to send the signals to
an analog—digital converter (i.e., electronic delay). The pro-
cessor in the ventilator then needs to process the signals, inte-
grate the flow into volume, and make a decision on the flow
rate for the next time point (i.e., software control delay). To
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further complicate the matter, in a servo-controlled system, to
deliver a predetermined flow rate a time delay also occurs be-
cause the command to the inspiratory flow valve that is prede-
termined by the processor does not necessarily result in ex-
actly the same flow rate as expected, thus requiring time for
adjustment. In the case of PAV, another delay exists because
the target for the control system is not the flow, but the pres-
sure, a function of the combination of flow, respiratory me-
chanics, and patient spontaneous effort. In the ventilator used
for PAV as described by Younes and coworkers, the control
system delay is at least 20 to 40 milliseconds to maintain a sta-
ble control system (8, 16).

To understand expiratory synchrony in PAV with the condi-
tion closer to reality, we introduced the parameter of control sys-
tem delay time into a computer simulation model. We hypothe-
sized that the control system delay may play a role in expiratory
synchrony during PAV. Using this computer model, we analyzed
the mechanisms governing the expiratory asynchrony in PAV.
The data from the computer model were further validated using
a mechanical lung setup and in healthy volunteers.

METHODS

During PAYV, the motion of the respiratory system can be represented
by the single first-order differential Equation 1, assuming that inertial
losses are negligible and that the pressure—flow and pressure—volume
relationships are linear in the range of tidal ventilation:

P, (1) + P (1) = R-V(t) + E-AV(1) @

where at any instant t, the volume displacement AV(t) from the end-
expiratory level and instantaneous flow V(t) are determined by the
total driving pressure applied to the respiratory system, i.e., the time
varying airway pressure P,,, and patient-generated inspiratory muscle
pressure P . R and E represent the resistance and elastance of the
respiratory system.

When PAV is applied through a mechanical ventilator, the ventila-
tor assists the patient spontaneous effort with a flow-assist gain (K;)
and a volume-assist gain (K,). For the purpose of the analysis, both K;
and K, are expressed as the percent of the patient airway resistance
and respiratory elastance, respectively. Thus, the pressure output
from the ventilator at any instant, P, (t), is adjusted by the ventilator
control-system according to the following equation:

P, (1) = K;xRx V(1) + K, x ExAV(t) )

From the ventilator control system standpoint, the ventilator makes a
decision of its output according to the input information, i.e., the mea-
sured flow and pressure. As described earlier, however, between the
input and output there are always several components that cause the
control system delay. For the convenience of the study, these compo-
nents are grouped as system delay time, Tgy. Thus, from the start of in-
spiration until Ty, P,,, will remain at zero. Once the time after the on-
set of inspiration exceeds Ty, P,,, can be described as:

P,(t) = Kgx RxV(t-Ty) + K, x EXAV((t-Ty) (t=Ty) (3)

The time course of P, during neural inspiratory phase, on the other
hand, can be approximated by the following second-order polynomial
function (17):

Pmus(t)=c><t—d><t2 (0<t<Ty) 4)

This equation can be solved mathematically (see online data supple-
ment), yielding

P, (0 =P, . maxx(Til)x(z_TiI) 0<t<T)) 6)

Physiologically, the cessation of P, is not instantaneous after the end
of neural inspiration. Rather, the inspiratory muscle activity generally
extends into expiratory phase, resulting in residual inspiratory P
during neural expiration (18). In this model, therefore, P, is consid-
ered to decline exponentially with a time constant of g s during
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neural expiratory phase following the completion of inspiration. Ac-
cordingly,

—(t-Ty)/
P, (D) =P we (t =T/ TE mus

mus max

(t=Tp (6)

As it appears impossible to analytically solve the above-described dif-
ferential equations, we solved the equations numerically using the
fourth-order Runge-Kutta method (19). Thus, the ventilator flow rate at
any instant from the start of inspiration through an entire breath cy-
cle, V(t), can be calculated by iteration with an incremental step of
one millisecond. )

The computation of V(t) was conducted with a computer program
written in a Microsoft Excel file. The ventilator termination delay
time was used as an indicator of expiratory asynchrony and was calcu-
lated as the time lag between the end of neural inspiration and the re-
turn of the ventilator flow to zero. It was calculated under the follow-
ing selected conditions: airway resistance, R: 5, 20 cm H,O/L/s; lung
compliance, C;: 80, 40, 20 ml/cm H,O; chest wall compliance, C,: 200
ml/cm H,O; neural inspiratory time, Ty: 1.0 s (with a breath frequency
of 20 breaths/min); maximal inspiratory muscle pressure, P max:
10 cm H,O; flow-assist gain, Ky 0%, 50%, 80%; volume-assist gain,
K,: 0%, 50%, 80%.

To evaluate the effect of the control system delay (Ty) on the expi-
ratory synchrony during PAV, three levels of the control system delay
time were chosen: 5, 20, and 40 milliseconds (8, 16). The time constant
of the P, decay from the P  n. during expiration (7g ) was as-
sumed to be 0.15 seconds on the basis of the data published by Beh-
rakis and colleagues (18).

Although it has been recognized that the intrinsic pressure—flow
relationship of the respiratory system in normal subjects appears to be
nearly linear (20), it is well known that the pressure—flow relationship
of the endotracheal tubes is curvilinear (21). Because many patients
with PAV have an endotracheal or tracheostomy tube in place, we
further evaluated the effect of the addition of endotracheal tube char-
acteristics into the above-mentioned model. The pressure—flow rela-
tionship of the endotracheal tube was modeled as:

b
Pressure = axV (7)

To simplify the computation and presentation, the effect of addition of
endotracheal tube was evaluated under the following conditions: R of 5
or 20 cm H,O/L/s; Cy of 80, 40, or 20 ml/cm H,0; C,, of 200 ml/cm H,O;
Ty of 1.0'S; Pus max Of 10 cm H,O; flow-assist gain of 0% or 80%; volume-
assist gain of 0% or 80%; and T of 40 ms. The values of a and b in Equa-
tion 7 were assumed to be 4 and 2, respectively. These values approxi-
mate the resistive characteristics of endotracheal tube size of 8.5 mm (21).

This computer model was further validated both in a mechanical
lung model and in healthy volunteers. For detailed information on the
method, see online data supplement.

RESULTS

Computer Simulation

When both flow-assist and volume-assist are used together.
When both flow-assist and volume-assist are used together
with the same assist gain, the ventilator inspiratory termina-
tion delay time during PAYV is in proportion to the control sys-
tem delay time and respiratory time constant (Figure 1). At
control system delay time of five milliseconds, there is no sig-
nificant expiratory asynchrony. As control system delay time
increases to 20 or 40 milliseconds, however, the termination of
the ventilator flow during PAV falls behind the end of “pa-
tient” inspiratory effort, by as long as 0.33 seconds at a high
respiratory time constant (e.g., R20C80). There is a clear cor-
relation between the termination delay time and respiratory
time constant, with the correlation coefficient between the
two being > 0.98 under all simulated conditions. The termina-
tion delay is also affected by the assist gain. The termination
delay is longer with 80% gain than with 50% gain.

When flow-assist alone or volume-assist alone is used.
The pattern of expiratory asynchrony with flow-assist alone or
volume-assist alone behaves differently from that when both
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Figure 1. Ventilator inspiratory termination delay time
at different levels of PAV assist gain and respiratory time
constant.
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flow-assist and volume-assist are used together (Tables 1-3).
Using flow-assist alone without simultaneous volume-assist
does not cause any significant expiratory asynchrony at any
level of control-system delay times (termination delay time <
0.1 seconds). Using volume-assist alone without simultaneous
flow-assist, however, results in significant delay in the inspira-
tory flow termination. The termination delay with volume-
assist alone is related to the respiratory time constant. The ter-
mination delay time when volume-assist alone is applied is
even longer than when both flow-assist and volume-assist are
used together. In other words, the expiratory asynchrony
when both flow-assist and volume-assist are used together is
the result of volume-assist, not flow-assist.

Effect of the addition of endotracheal tube with curvilinear
resistive characteristics. Table 4 shows the inspiratory termi-
nation delay time when the effect of endotracheal tube with
curvilinear resistive characteristics was taken into account. In
comparison to the values in Table 3 when no endotracheal
tube was added into the model, addition of the endotracheal
tube did not change the pattern of expiratory asynchrony dur-
ing PAV. The inspiratory termination delay time remained al-
most the same as that without endotracheal tube.

Validation Data

Mechanical lung model. The inspiratory termination delay times
from the mechanical lung model were shown in Figure 2. As
with the data from the computer simulation study, the delay in
the inspiratory termination from the mechanical lung model
was longer with 80% assist level than with 50% assist level.
The delay time increased when the airway resistance was in-
creased or when the compliance was increased, with the long-
est delay time at the longest time constant of the respiratory
system. Because the mechanical lung model has ~ 50 millisec-
onds time lag between the onset of the driving pressure (P,,)
and the onset of the airway flow of the dependent lung, the ab-

TABLE 1. INSPIRATORY TERMINATION DELAY TIME
(IN SECONDS) DURING PAV: CONTROL SYSTEM DELAY
TIME OF FIVE MILLISECONDS

R5C20  R5C40  R5C80  R20C20  R20C40  R20C80

(r=0.09) (r=0.17) (r=029) (v=0.36) (v=0.66) (v=1.14)
FA+VA 0.2 0.03 0.05 0.06 0.10 0.15
VAOnly  0.05 0.10 0.15 0.17 0.25 0.32
FAOnly  0.01 0.01 0.01 0.01 0.02 0.03

solute values of the termination delay time from the mechani-
cal lung model were compared with those from the computer
model with a total system delay time of 90 milliseconds (i.e.,
50 milliseconds mechanical lung model delay plus 40 millisec-
onds system delay). As shown in Figure 3, in the Bland and
Altman plot (22), there was a favorable consistency between
the values from the computer model and mechanical lung
model (at 80% assist level: = 097, p < 0.01, bias: 0.09 =
0.10 seconds, mean * SD; at 50% assist level: r> = 0.97, p<
0.01, bias: 0.07 = 0.03 seconds).

Healthy volunteers. All three volunteers experienced a de-
layed inspiratory flow termination during PAV when the re-
spiratory resistance (thus, the respiratory time constant) was
increased by the addition of a resistor R20 at the airway open-
ing (Table 5). The inspiratory termination of the ventilator
was delayed by up to 0.86 seconds. At the baseline airway re-
sistance, the inspiratory termination was obviously delayed in
two of the three subjects at the assist gain of 80% during PAV.
There was no apparent termination delay when the gain of
50% assist was applied at the baseline airway resistance. The
pattern of the change in the inspiratory termination delay time
in the volunteers is consistent with that from the computer
simulation.

DISCUSSION

This computer simulation study showed that there might be an
expiratory asynchrony between the ventilator and patient dur-
ing PAV due to the control system delay time in ventilators.
This finding was further validated and supported by the data
both from our mechanical lung simulation and from healthy
volunteers.

As with any analytic modeling of physiologic behaviors,
certain simplifications and assumptions are necessary in its de-
velopment. In computer simulation study, we assumed that
the ventilator is triggered as soon as the patient inspiratory ef-
fort begins, without taking trigger delay into account. To sim-
plify model and data presentation, we assumed that there is no
active expiration or intrinsic PEEP (which may be a result of

TABLE 2. INSPIRATORY TERMINATION DELAY TIME
(IN SECONDS) DURING PAV: CONTROL SYSTEM DELAY
TIME OF 20 MILLISECONDS

Definition of abbreviations: C = lung compliance in ml/cm H,0O; FA = flow-assist; R =
respiratory resistance in cm H,O/L/s; VA = volume-assist. T = respiratory time constant
(in seconds) that is a product of R and respiratory compliance (C,).

The gains of both FA and VA used are 80%. C is calculated by 1/C;;=1/C + 1/C,,
where C,, chest wall compliance is assumed to be 200 ml/cm H,0.

RSC20  R5C40  R5C80  R20C20 R20C40  R20C80

(r=10.09) (r=0.17) (1=0.29) (v=0.36) (r=0.66) (r=1.14)
FA+VA  0.04 0.06 0.09 0.11 0.17 0.23
VAOnly  0.07 0.12 0.17 0.19 0.26 0.33
FAOnly  0.02 0.02 0.03 0.03 0.04 0.07

For definitions of abbreviations see Table 1.
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TABLE 3. INSPIRATORY TERMINATION DELAY TIME
(IN SECONDS) DURING PAV: CONTROL SYSTEM DELAY
TIME OF 40 MILLISECONDS

R5C20  R5C40  R5C80  R20C20 R20C40  R20C80
(r=0.09) (r=0.17) (v=0.29) (1=0.36) (v=0.66) (1=1.14)
FA+VA  0.08 0.11 0.15 0.18 0.25 0.33
VAOnly  0.10 0.14 0.19 0.22 0.29 0.36
FAOnly  0.04 0.04 0.05 0.05 0.06 0.11

For definitions of abbreviations see Table 1.

dynamic hyperinflation and/or fast breath frequency). Be-
cause intrinsic PEEP (PEEP;) is a threshold value that needs
to be overcome by inspiratory muscle pressure development
before inspiratory flow begins, P, contributing to airway
pressure development will actually be (P, — PEEP;). There-
fore, the presence of PEEP; will decrease actual percentage of
flow assist and volume assist to P, and thus tend to decrease
the ventilator termination delay by the magnitude of its effect
of decreasing actual % assist. We also assumed that the pres-
sure—flow and pressure—volume relationships of the respira-
tory system are linear in the range of tidal ventilation, whereas
the pressure—flow relationship of the endotracheal tube is cur-
vilinear. In terms of P, only one level of P, m. Was se-
lected in this study. The reason for this simplification was the
consistent observation during simulations that any change in
Pus max ONly affects the vertical magnitude of the breath assist
outcomes (e.g., P, and tidal volume), but not the time phase
of each parameter.

With these assumptions and simplifications being kept in
mind, this computer simulation study revealed that expiratory
asynchrony may happen with PAV. The ventilator flow termi-
nation may fall behind the completion of the patient neural in-
spiration by as long as 0.33 seconds under the selected condi-
tions of simulation. The ventilator termination delay is in
proportion to the control system delay time, respiratory time
constant, and assist gain (Figure 1). This explains why it was
concluded that there is automatic synchrony between the end
of the patient’s effort and ventilator cycle in the Younes’ com-
puter simulation study, in which the control system delay was
not taken into account (10). From the control system stand-
point, the targeted output of a ventilator cannot be achieved
instantaneously with the input. As illustrated in Figure 4, a
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TABLE 4. INSPIRATORY TERMINATION DELAY TIME (IN SECONDS)
DURING PAV WHEN ENDOTRACHEAL TUBE WAS ADDED

INTO THE MODEL: CONTROL SYSTEM DELAY TIME

OF 40 MILLISECONDS

R5C20  R5C40  R5C80  R20C20 R20C40  R20C80

(r=10.09) (r=0.17) (1=0.29) (v=0.36) (r=0.66) (r=1.14)
FA+VA  0.11 0.17 0.24 0.20 0.27 0.36
VAOnly  0.12 0.18 0.24 0.22 0.29 0.36
FAOnly  0.04 0.04 0.07 0.05 0.08 0.13

Note: The conditions were the same with this table and Table 3, except that an en-
dotracheal tube with curvilinear resistive characteristics was added into the model.

typical servoid pressure control system is composed of many
components, all of which are inherent with a delay time. There
may be mechanical delay, electronic delay, and software con-
trol delay between the input and output. In the case of PAV,
in order for the ventilator to achieve a targeted level of pres-
sure, the ventilator needs to measure airway pressure and air-
way flow through a pressure sensor and a flow sensor. This
may cause a delay due to the flow and pressure signal trans-
missions at the sound wave speed as well as the response time
of the sensors. The signals will then be conditioned by filters
and amplifiers. When the signals contain high frequency noise
that causes an unstable control system (i.e., system oscilla-
tion), filters are usually used to stabilize the system (16). The
use of filters may cause a significant delay in the control sys-
tem, as shown in Figure 5. Depending on the frequency and
characteristics of the filters, a phase lag of 20-50 milliseconds
may occur when a 30- or 10-Hz filter is used. Although the
conditioned pressure signal is directly used by the processor,
the flow signal needs to be integrated either before the proces-
sor or inside the processor to obtain volume information. The
processor will then make a decision on the magnitude of the
command to the inspiratory flow valve, on the bases of these
inputs. Although a single loop in the control software in mod-
ern generation of mechanical ventilators usually ranges be-
tween 3-20 milliseconds, very often the targeted flow/pressure
cannot be achieved by one loop. In this study, we selected
three levels of control system delay time: 5, 20, and 40 millisec-
onds. These levels were conservatively selected based both on
what Younes described in their publications using the Win-
nipeg ventilator (8, 16) and on our own experiences.
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Figure 3. Bland and Altman plot between the inspiratory termination
delay times measured from mechanical lung simulation and calculated
from computer simulation.

Although there is no significant expiratory asynchrony with
the control system delay of five milliseconds when both flow-
assist and volume-assist are used simultaneously, termination
delay time becomes longer when the control system delay is 20
or 40 milliseconds (Figure 1). At the control system delay of
20 or 40 milliseconds, the termination delay time in PAV is re-
lated to the respiratory time constant and the level of assist
gain (Figure 1). The termination delay time increases with the
respiratory time constant. It is longer with a higher assist gain
(e.g., 80% gain) than with a lower assist gain (e.g., 50% gain).
This is consistent with the data from the patient studies in
which the ventilator inspiratory time was prolonged with the
assist level of PAV (9, 15). In a patient study published by
Giannouli and coworkers (9), ventilator inspiratory time with
PAYV was statistically significantly prolonged in proportion to
the assist levels (from the minimal assist level of 31% volume-
assist with 55% flow-assist to the maximal assist level of 78%
volume-assist with 76% flow-assist), whereas expiratory time
was changed only insignificantly. Navalesi and colleagues (15),
in their study on PAV in patients with acute respiratory fail-
ure, also showed a set of data that indicate a tendency of pro-
longed ventilator inspiratory time as PAV assist level was in-
creased.

Many researchers have advocated the use of both volume-
assist and flow-assist together for the best benefits of PAV (7,
14, 15); however, some have tried the use of volume-assist
alone during PAV (11). Our results indicate that using vol-
ume-assist alone without simultaneous flow-assist is accompa-
nied by a significant delay in the inspiratory flow termination.
The pattern of expiratory asynchrony with volume-assist alone
is different from that when both flow-assist and volume-assist
are used together. The termination delay time with volume-
assist alone is somewhat independent of the control system
delay, and flow-assist seems to partially offset the termination

TABLE 5. INSPIRATORY TERMINATION DELAY TIME (IN SECONDS)
DURING PAV IN HEALTHY VOLUNTEERS

With Baseline Resistance With Addition of R20

Subject Baseline

no. Mechanics  50% Assist ~ 80% Assist ~ 50% Assist ~ 80% Assist

1 R: 6.5 0.05 0.44 0.28 0.86
E:15.7

2 R:10.3 0.16 0.33 0.48 0.74
E: 9.8

3 R:10.1 0.03 0.06 0.35 0.72
E:10.2

Data are the average of three consecutive breaths. R: The measured airway resistance
in cm H,0O/L/s; E: the measured elastance of respiratory system in cm H,O/L.
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Figure 4. Schema of a typical servo-control system for pressure tar-
geted ventilation. A/D: analog-digital converter; S/C: signal condi-
tioner; P: pressure; V: flow; AV: volume.

delay during volume-assist alone (Tables 1-3). In other words,
the expiratory asynchrony when both flow-assist and volume-
assist are used is the result of volume-assist, not flow-assist. In
fact, Ranieri and colleagues (14) also found in their patients
that volume-assist alone significantly increased ventilator in-
spiratory time to total breathing cycle time ratio (Ty/T),
whereas flow-assist alone did not modify ventilator inspiratory
time or T/T,. In a patient study from Navalesi and coworkers
(15), the authors demonstrated that high levels of volume-
assist alone were accompanied by the increased ventilator in-
spiratory time while the expiratory time remained unchanged,
indicating a possibility of delayed ventilator flow termination.

It is unclear why the delayed breath termination is associ-
ated more with volume-assist than with flow-assist. One of the
explanations might be that when the breath approaches the
end of inspiration, the volume-related elastic recoil pressure
will approach its maximum. Meanwhile, the flow-related pres-
sure becomes minimal as the flow has tapered down toward
zero. Therefore, at the end of inspiration, any delay caused by
volume-assist will take more effect, whereas any delay caused
by flow-assist will be virtually minimal.

Because the expiratory asynchrony during PAV is related
to the control system delay in a PAV ventilator system, the de-
velopment of a faster control system in PAV ventilators may
reduce expiratory asynchrony. However, some delays, such as
valve-opening delay and sound wave speed could not be abol-
ished. Other delays in the control system (e.g., delay caused by
filters) are technically unavoidable. Furthermore, in some pa-
tients, there may be a significant mechanical delay inside the
patient from onset of inspiratory muscle pressure to the onset
of the airway flow due to the respiratory time constant (23,
24). This delay cannot be removed by improving ventilator de-

1.0
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Output with 30Hz filter

Output with 10Hz filter

Voltage

ol

1
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Figure 5. Example of the effects of the filters on the phase delay be-
tween the input signal and output signals.
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sign and may cause additional ventilator termination delay,
thus deteriorating expiratory asynchrony.

Due to the limited number of the subjects in our validation
data from healthy volunteers, we did not conduct any statisti-
cal analysis on the volunteer data. However, the data from the
healthy volunteers and from mechanical lung models support
the conclusions arisen from our computer model. It will be
worthwhile to examine more closely on expiratory synchrony
in patients under PAV.

In conclusion, our computer model study indicates that, due
to the unavoidable control system delay in the ventilators, ex-
piratory asynchrony may be an inherent shortcoming with PAV.
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