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BACKGROUND: Faster inspiratory pressurization can improve patient–ventilator synchrony and
reduce the patient’s work of breathing during pressure controlled continuous mandatory (PC-
CMV) ventilation. The characteristics of the pressurization ramp settings are not standardized
across ventilators from different manufacturers. We performed a bench test of 5 models of ICU
ventilators to examine the effects of pressurization ramp settings on the actual pressurization.
METHODS: A twin-bellows lung model was used, in which one bellow simulates inspiratory muscle
activity and the other simulates an adult normal lung model. We made the inspiratory effort by
changing the tidal volume of the inspiratory muscle bellow. The effect of pressurization ramp
settings on the performance of each ventilator was examined at 3 inspiratory effort levels (ie, none,
ordinary, and strong). The pressurization ramp was set at 4 or 5 evenly divided steps from the
minimum to maximum for each ventilator. The following parameters were measured: tidal volume,
mean airway pressure, maximal inspiratory flow, time to maximal flow, and pressure–time prod-
ucts at 0.3 s (PTP0.3) and 0.5 s (PTP0.5) from the beginning of inspiration. PTP0.3 and PTP0.5

indicated levels of inspiratory pressurization. RESULTS: A proportional increase in PTP0.3 and
PTP0.5 was observed with an increase in the pressurization ramp settings of the recent models of
ventilators. PTP0.3 and PTP0.5 at ordinary and strong effort levels were similar in the recent models
of ventilators. The actual adjustable ranges of PTP0.3 and PTP0.5 associated with change in the
pressurization ramp settings differed between the 5 ventilators. CONCLUSIONS: The adjustable
ranges of the pressurization were largely different among the different types of ventilators. The
actual absolute inspiratory pressurization during PC-CMV varied between the different ventilators
even at similar pressurization ramp settings. Users should be mindful of the differences in the
pressurization ramp settings. Key words: assisted ventilation; pressure-controlled ventilation; inspira-
tory pressurization; pressurization ramp setting; rise time; ventilator performance; inspiratory effort.
[Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

The PC-CMV mode is used in critically ill patients with
respiratory failure. Patients in need of assisted ventilation

require appropriate synchronization of the ventilator with
their inspiratory effort. In patient-triggered mode, a ven-
tilator should quickly detect a patient’s inspiratory effort
and match the inspiratory flow to the patient’s require-
ment; however, patient–ventilator asynchrony during the
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actual respiratory care of patients in the ICU occurs fre-
quently.1,2 Mismatch between the initial inspiratory flow
and the patient’s requirement is a cause of patient–venti-
lator asynchrony.3-5 The speed of inspiratory pressuriza-
tion has a clinically relevant impact on the patient’s work
of breathing,3,5-9 which should be reduced using high in-
spiratory pressurization. Therefore, comparisons of inspira-
tory pressurization among different ventilator types have
been performed in previous studies to evaluate ventilator
performance.10-15 These studies have demonstrated that the
function of inspiratory pressurization varies among venti-
lators. Although some recently developed ventilators in-
corporate an adjustable inspiratory pressurization ramp
functionality, differences in pressurization still exist, even
at the fastest pressurization ramp setting of each ventilator.
If higher pressurization by faster inspiratory flow is ap-
plied to patients with high impedance, an overshoot of the
airway pressure is likely to occur.16 Previous studies have
demonstrated that improvement in patient comfort may
not necessarily be achieved using the lowest and highest
pressurization ramp settings.3,4 Therefore, differences in
pressurization may markedly affect the clinical performance
of ventilators during assisted ventilation. One reason cited
by users for difficulty in operating adjustable pressuriza-
tion ramps is that the characteristics of the pressurization
ramp settings are completely different among ventilators.

Although pressurization functionality in pressure sup-
port ventilation has been studied in both patient and lung
models, few studies have evaluated pressurization in the
PC-CMV mode.17 The function of pressure support ven-
tilation is largely dependent on the setting of flow cycle
criteria. We assessed the effects of the inspiratory pres-
surization settings in the PC-CMV mode for a more ac-
curate characterization of these settings. In this mode, the
inspiratory time is determined by the users. We aimed to
compare the inspiratory pressurization functionality in the
PC-CMV mode of 5 recent ICU ventilators using a bench
test. We examined the performance of the ventilators at
3 different inspiratory effort levels at 4 or 5 pressurization
ramp settings.

Methods

We compared 5 ventilators: the Puritan Bennet 980 (Co-
vidien, Boulder, Colorado), Servo-u (Maquet, Rastatt, Ger-
many), Evita Infinity V500 (Dräger Medical, Lübeck, Ger-

many), Hamilton G5 (Hamilton Medical, Rhäzüns,
Switzerland), and Avea (CareFusion, San Diego, Califor-
nia). The study was performed at the Department of An-
esthesiology and Intensive Care Medicine, Osaka Univer-
sity Graduate School of Medicine in Osaka, Japan.

Simulation System

A twin-bellows lung model (Dual Adult TTL, Michigan
Instruments, Grand Rapids, Michigan) was used for the
experiment, which is the same as that used for the simu-
lation of spontaneous breathing in a previous study.18 In
this model, one bellow simulates inspiratory muscle activ-
ity, and the other simulates a lung model. The bellows
were connected to each other to simulate spontaneous
breathing. The inspiratory muscle bellow, for which the
compliance was set at 20 mL/cm H2O, was ventilated by
the Hamilton G5. The compliance and airway resistance of
the lung model bellow were set at 50 mL/cm H2O and
5 cm H2O/L/s, respectively. The target ventilator was con-
nected to the lung model bellow via an endotracheal tube
(ETT) with an 8-mm internal diameter, a heat moisture
exchanger (DAR Hygrobac S, Covidien), and a standard
ventilator circuit (DAR adult ordinary circuit, Covidien).
Flow was measured using a pneumotachograph (model
4700; Hans Rudolph, Kansas City, Missouri) placed at
the proximal end of the ETT, a differential pressure
transducer (TP602T; Nihon Kohden, Tokyo, Japan), and
an amplifier (AR601G; Nihon Kohden). Airway pres-
sure (Paw) was also measured using a differential pres-
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QUICK LOOK

Current knowledge

Inspiratory pressurization is important for resolving the
problem of patient–ventilator asynchrony. Modern ven-
tilators allow the adjustment of pressurization ramp set-
tings to calibrate inspiratory pressurization. However,
little knowledge about pressurization ramp settings is
available.

What this paper contributes to our knowledge

The adjustable ranges of the pressurization were largely
different among the different types of ventilators. The
actual absolute inspiratory pressurization in the PC-
CMV mode differed among the ventilators, even at sim-
ilar pressurization ramp settings. Although pressuriza-
tion was amenable to control by adjusting pressurization
ramp settings, users should be careful of the differences
in the pressurization ramp settings in different ventila-
tors.

COMPARISON OF PRESSURE CONTROLLED VENTILATION MODES

2 RESPIRATORY CARE • ● ● VOL ● NO ●

RESPIRATORY CARE Paper in Press. Published on May 15, 2018 as DOI: 10.4187/respcare.05286

Copyright (C) 2018 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



sure transducer (TP603T) and an amplifier at the prox-
imal end of the ETT. Signals from the amplifiers were
recorded at a frequency of 100 Hz and analyzed using a
data acquisition system (WINDAQ, Dataq Instruments,
Akron, Ohio) (Fig. 1).

We studied 3 inspiratory effort levels (ie, none, or-
dinary, and strong). The inspiratory muscle bellow did
not work at an inspiratory effort setting of none. To
simulate an inspiratory breathing effort, the Hamilton
G5 of the inspiratory muscle bellow was set at the fol-
lowing settings: assist control mode with volume-con-
trol breath, sinusoidal flow pattern, 5 cm H2O PEEP,
and a ventilator rate of 24/min. We set inspiratory time
at 0.8 s and 0.6 s, and tidal volume at 300 mL and
600 mL to create ordinary and strong inspiratory effort
levels, respectively. Peak flow rates at these settings
were 27.7 L/min and 73.2 L/min, respectively, and the
airway occlusion pressure at 0.1 s was 4.1 cm H2O and
9.7 cm H2O, respectively.

Test ventilators were set as follows: assist-control PC-CMV
modewith inspiratory time:1.0s,pressurecontrol:15cmH2O,
ventilation frequency: 15/min, PEEP: 5 cm H2O, and inspira-
tory flow-triggering sensitivity: 2 L/min. Because the Evita
Infinity V500 uses an arbitrary unit instead of L/min, the
inspiratory flow-triggering sensitivity was set at 2 arbi-
trary units of flow trigger. The pressurization ramp was set
at 5 steps evenly divided from the minimum to the max-
imum for each ventilator (PB 980: 1%, 25%, 50%, 75%,
and 100%; Servo-u: 0.4, 0.3, 0.2, 0.1, and 0 s; Evita In-
finity V500: 1, 0.75, 0.5, 0.25, and 0 s; Avea: 9, 7, 5, 3,
and 1 arbitrary unit). Although the maximum pressuriza-
tion ramp setting of the Evita Infinity V500 is 2.0 s, a setting
that exceeds the inspiratory time is not applicable. There-
fore, we set the maximum pressurization setting at 1.0 s.
Because it is difficult to evenly divide the range of the

Hamilton G5 into 5 steps, the pressurization ramp was
set at 4 steps (0.2, 0.15, 0.1, and 0.05 s).

Protocol

The following parameters were used to assess the
assist function at the early inspiratory phase, as de-
scribed in previous reports10-15 (Fig. 2): maximum in-
spiratory flow (V̇max), time from beginning of inspira-
tory flow to maximum flow (Tmax), and pressure–time
product at 0.3 and 0.5 s (PTP0.3 and PTP0.5; values were
obtained by integrating Paw tracings at 0.3 s and 0.5 s
from the beginning of the inspiratory phase). Tidal vol-
ume (VT) and mean airway pressure in the inspiratory
phase (mean Paw [P� aw]) were also measured.

Data Analysis and Statistics

For each parameter, mean values from 5 consecutive
breaths after attaining the steady state are presented. A
2-way factorial analysis of variance test was used to
assess the effects of pressurization ramp settings of each
ventilator at 3 effort levels. The pressurization function
of the 5 ventilators was compared using a 1-way anal-
ysis of variance test at the maximum and minimum
pressurization ramp settings with strong effort level.
The pressurization function of the 5 ventilators was
compared using 1-way analysis of variance test at none,
ordinary, and strong effort levels with the maximum
pressurization ramp setting. If statistically significant
differences existed, multiple post hoc comparisons were
performed using Tukey’s honestly significant difference
test. P values � .05 were considered statistically sig-
nificant. Statistical analysis was performed using statis-

Driving

Test ventilators

Amplifers A/D converter

Airway pressure (Paw) Flow ventilator

Lung model
bellow

Inspiratory muscle
bellow

Fig. 1. Experimental set up. A Hamilton G5 ventilator was connected to the inspiratory muscle chamber. Test ventilators were connected
to the test chamber via an endotracheal tube. Airway pressure and flow were measured at the proximal end of the endotracheal tube.
A/D � analogue-to-digital.
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tical software (JMP pro 12.2; SAS Institute, Chicago,
Illinois).

Results

The effects of pressurization ramp settings at the 3 in-
spiratory effort levels for each ventilator are shown in
Figure 3 and Table 1. PTP0.3, PTP0.5, and P� aw were
lower at ordinary and strong effort levels than at the
none effort level for all ventilators. The 4 newly devel-
oped ventilators (PB 980, Servo-u, Evita Infinity V500,
and Hamilton G5) exhibited similar performance. As
the pressurization ramp settings were increased, PTP0.3,
PTP0.5, and P� aw increased. Thus, the relationship of
PTP0.3, PTP0.5, and P� aw with the pressurization ramp
settings was proportional. Although PTP0.3 at strong
effort level was lower than PTP0.3 at the ordinary effort
level at the lower pressurization ramp settings, PTP0.3 at
ordinary and strong effort levels were similar at the
higher pressurization ramp settings. PTP0.5 and P� aw at
strong and ordinary effort levels were similar. VT and
V̇max at the ordinary and none effort levels were similar,
and these values were lower than the VT and V̇max val-
ues at strong effort level. The Tmax values at strong and
ordinary effort levels were similar and shorter than the
Tmax value at the none effort level with the PB 980 and
Hamilton G5 equipment. Tmax values at the none and

ordinary effort levels were similar and longer than Tmax

values at strong effort levels with the Servo-u and Evita
Infinity V500 ventilators. The characteristics of the Avea
ventilator were different from those of others, in that the
slopes of PTP0.3, PTP0.5, and P� aw against pressurization
ramp settings were not very steep. In the Avea ventila-
tor, although the P� aw was smaller at the strong effort
level than at the ordinary effort level, PTP0.3 and PTP0.5

were higher at the strong effort level than at the ordi-
nary effort level at higher pressurization ramp settings.
VT at all setting levels was not very different with the
Avea ventilator.

Comparison of the Pressurization Function Between
the 5 Ventilators

PTP0.3, PTP0.5, and P� aw at the maximum and mini-
mum pressurization ramp settings with strong effort level
are shown in Figure 4. Significant differences were ob-
served between the ventilators at both pressurization
ramp settings. The PTP0.3, PTP0.5, and P� aw for the PB 980,
Servo-u, and Evita Infinity V500 were larger than those
of others at the maximum settings. Because the PTP0.3,
PTP0.5, and P� aw for Evita Infinity V500 were the small-
est at the minimum setting, it tended to have the largest
adjustable range of pressurization.

PTP0.3, PTP0.5, and P� aw of the maximum pressuriza-
tion ramp settings at none, ordinary, and strong effort
levels are shown in Figure 5. Significant differences
existed among the ventilators at the 3 effort levels. The
PTP0.3, PTP0.5, and P� aw for the Avea machine was lower
than those of other ventilators. The PTP0.3 for the Ham-
ilton G5 was also slightly lower than those for the PB 980,
Servo-u, and Evita Infinity V500 ventilators. The
thre3 newly developed ventilators (PB 980, Servo-u,
and Evita Infinity V500) exhibited a similar perfor-
mance.

Discussion

We studied the performance of 5 ICU ventilators with
different pressurization ramp settings at 3 different in-
spiratory effort levels. Inspiratory pressurization at or-
dinary and strong effort levels was not so different in
these recent ICU ventilators. The relationship of actual
pressurization with the pressurization ramp settings was
proportional and controllable in these recent ventilators.
The absolute adjustable range of pressurization was not
similar among the ventilators.

The parameters PTP0.3 and PTP0.5 used to assess the
performance of inspiratory pressurization in this study
have also been used in previous studies.10-15 Inspiratory
pressurization was lower at ordinary and strong effort
levels than at the none effort level of control ventilation.

 
 

 

0

Paw

Pressurization

PEEP

Vmax

Tmax

Flow
0

0.3 0.5
Time (s)

A

B
C

Fig. 2. Representative flow (top) and airway pressure (bottom) trac-
ings and the definition of the parameters. Tmax � the time from the
beginning of the inspiratory phase to the maximum flow;
V̇max � maximum inspiratory flow; PTP0.3 and PTP0.5 � pressure–
time products of airway pressure at 0.3 s and 0.5 s, respectively,
from the beginning of the inspiratory phase. The values of PTP0.3

and PTP0.5 are derived from the area of (B � A) and the area of
(B � C � A), respectively. Paw � airway pressure. Gray shaded
area denotes PTP.
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Fig. 3. Effects of pressurization ramp settings on pressure–time products (PTPs) of airway pressure (Paw) at 0.3 s (PTP0.3) and 0.5 s (PTP0.5) from
the beginning of the inspiratory phase, mean inspiratory pressure (mean Paw [P� aw]), tidal volume (VT), maximum inspiratory flow (V̇max), and the
time from the beginning of the inspiratory phase to the maximum flow (Tmax) of the 5 ventilators at none, ordinary, and strong levels of inspiratory
efforts. (A) PB 980, (B) Servo-u, (C) Evita Infinity V500, (D) Hamilton G5, and (E) Avea. Because the distribution range for each setting was very
small, the graphs only exhibit the mean values for each setting. The vertical dashed lines indicate the default pressurization ramp settings by the
manufacturers. Both the pressurization ramp settings and the effort levels significantly affected every category in all the ventilators.
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Table 1. Measurement Data for PB 980, Servo-u, Evita Infinity V500, Hamilton G5, and Avea Ventilators

Inspiratory
Effort
Level

Pressurization
Ramp

Settings (%)
PTP0.3 (cm H2O � s) PTP0.5 (cm H2O � s) P� aw (cm H2O) VT (mL) V̇max (L/s) Tmax (ms)

PB 980 (% for pressurization ramp settings)

None 1 2.17 � 0.04 5.67 � 0.04 15.7 � 0.0 863 � 4 1.65 � 0.01 216 � 4
None 25 2.44 � 0.04 6.13 � 0.05 16.3 � 0.0 874 � 1 1.71 � 0.05 205 � 9
None 50 2.83 � 0.07 6.69 � 0.08 17.0 � 0.0 886 � 1 1.74 � 0.01 187 � 7
None 75 3.41 � 0.05 7.40 � 0.05 17.7 � 0.0 894 � 1 1.81 � 0.01 159 � 6
None 100 4.27 � 0.05 8.26 � 0.03 18.5 � 0.0 900 � 1 1.93 � 0.01 106 � 3
Ordinary 1 2.41 � 0.05 5.91 � 0.06 15.7 � 0.1 784 � 1 1.03 � 0.01 213 � 8
Ordinary 25 2.63 � 0.03 6.34 � 0.03 16.3 � 0.0 807 � 1 1.10 � 0.00 204 � 6
Ordinary 50 2.95 � 0.03 6.88 � 0.03 16.9 � 0.0 826 � 1 1.20 � 0.00 194 � 3
Ordinary 75 3.44 � 0.07 7.54 � 0.07 17.6 � 0.1 841 � 2 1.33 � 0.01 172 � 5
Ordinary 100 4.25 � 0.03 8.37 � 0.03 18.3 � 0.0 858 � 1 1.56 � 0.00 116 � 4
Strong 1 3.01 � 0.04 6.35 � 0.05 16.2 � 0.1 771 � 2 1.00 � 0.01 311 � 12
Strong 25 3.28 � 0.03 6.84 � 0.04 16.9 � 0.0 797 � 2 1.07 � 0.01 275 � 11
Strong 50 3.69 � 0.03 7.43 � 0.05 17.6 � 0.0 818 � 2 1.14 � 0.00 231 � 9
Strong 75 4.20 � 0.04 8.06 � 0.08 18.2 � 0.1 837 � 2 1.25 � 0.00 167 � 5
Strong 100 5.00 � 0.03 8.88 � 0.06 19.0 � 0.1 858 � 5 1.40 � 0.00 96 � 8

Servo-u (seconds for pressurization ramp settings)

None 0.4 1.53 � 0.03 4.95 � 0.04 15.3 � 0.0 857 � 1 1.50 � 0.00 281 � 9
None 0.3 1.84 � 0.02 5.57 � 0.01 15.9 � 0.0 860 � 1 1.58 � 0.02 289 � 3
None 0.2 2.39 � 0.03 6.24 � 0.07 16.5 � 0.1 866 � 0 1.69 � 0.01 249 � 8
None 0.1 3.11 � 0.06 7.00 � 0.03 17.3 � 0.0 871 � 1 1.69 � 0.01 192 � 9
None 0 3.91 � 0.05 7.77 � 0.03 18.0 � 0.0 875 � 1 1.63 � 0.01 174 � 3
Ordinary 0.4 1.93 � 0.03 5.11 � 0.07 15.3 � 0.0 764 � 1 0.98 � 0.00 475 � 6
Ordinary 0.3 2.20 � 0.02 5.75 � 0.03 16.0 � 0.0 781 � 2 1.05 � 0.00 384 � 6
Ordinary 0.2 2.77 � 0.02 6.50 � 0.02 16.7 � 0.0 797 � 1 1.14 � 0.00 279 � 6
Ordinary 0.1 3.39 � 0.03 7.16 � 0.02 17.3 � 0.0 811 � 1 1.20 � 0.00 189 � 3
Ordinary 0 4.08 � 0.03 7.85 � 0.05 18.0 � 0.0 825 � 1 1.23 � 0.00 120 � 7
Strong 0.4 2.39 � 0.03 5.67 � 0.04 15.7 � 0.0 733 � 1 1.07 � 0.00 423 � 12
Strong 0.3 2.64 � 0.01 6.22 � 0.03 16.3 � 0.0 758 � 1 1.11 � 0.00 349 � 6
Strong 0.2 3.21 � 0.01 6.93 � 0.05 17.0 � 0.0 778 � 1 1.14 � 0.00 279 � 12
Strong 0.1 3.85 � 0.01 7.61 � 0.05 17.7 � 0.0 800 � 1 1.16 � 0.00 215 � 9
Strong 0 4.42 � 0.02 8.18 � 0.03 18.2 � 0.0 817 � 1 1.18 � 0.00 160 � 5

Evita Infinity V500 (seconds for pressurization ramp settings)

None 1 1.11 � 0.06 3.22 � 0.09 11.1 � 0.1 629 � 4 1.33 � 0.01 177 � 4
None 0.75 1.39 � 0.02 3.84 � 0.04 13.1 � 0.1 752 � 2 1.35 � 0.01 279 � 3
None 0.5 1.72 � 0.07 4.84 � 0.10 15.0 � 0.1 828 � 3 1.43 � 0.00 273 � 5
None 0.25 2.37 � 0.04 6.33 � 0.05 16.6 � 0.3 845 � 1 1.67 � 0.00 277 � 4
None 0 4.07 � 0.05 7.98 � 0.05 18.1 � 0.0 867 � 2 1.82 � 0.01 108 � 3
Ordinary 1 1.63 � 0.01 3.58 � 0.02 11.6 � 0.0 565 � 0 0.74 � 0.00 1025 � 7
Ordinary 0.75 1.76 � 0.01 3.99 � 0.02 13.4 � 0.0 671 � 1 0.86 � 0.00 802 � 9
Ordinary 0.5 2.08 � 0.06 4.93 � 0.04 15.2 � 0.0 745 � 1 1.00 � 0.00 571 � 8
Ordinary 0.25 2.63 � 0.05 6.34 � 0.08 16.5 � 0.1 774 � 7 1.10 � 0.01 323 � 10
Ordinary 0 4.01 � 0.06 7.72 � 0.06 17.8 � 0.1 806 � 6 1.35 � 0.02 133 � 12
Strong 1 1.91 � 0.01 3.97 � 0.03 12.1 � 0.0 540 � 1 0.81 � 0.00 960 � 10
Strong 0.75 2.07 � 0.02 4.49 � 0.04 13.9 � 0.0 641 � 2 0.94 � 0.00 737 � 4
Strong 0.5 2.42 � 0.02 5.58 � 0.03 15.7 � 0.0 719 � 2 1.07 � 0.01 503 � 8
Strong 0.25 3.42 � 0.05 7.22 � 0.06 17.3 � 0.1 768 � 5 1.22 � 0.07 268 � 3
Strong 0 4.72 � 0.03 8.48 � 0.03 18.5 � 0.0 820 � 26 1.33 � 0.01 108 � 3

(continued)
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Older ventilators were reported to provide smaller lev-
els of PTP0.3 and PTP0.5 at the strong effort level than
that at the ordinary effort level.11 However, in this study,
PTP0.3, which represented the earliest parameter of pres-
surization, was not significantly different at the strong
and ordinary effort levels if the pressurization ramp
setting was at an adequately high level. PTP0.5 at the
strong effort level was similar to that at the ordinary
effort level, which is consistent with the results of pre-
vious studies in which the latest ventilators were
used.10,11,15 The observed differences between the old
and the new ventilators are attributable to the advanced
technology used in the latter.

Inspiratory pressurization is important for improving
synchronization and reducing the patient’s work of

breathing.3,5-9 Appropriate pressurization increases pa-
tient comfort. Higher inspiratory pressurization is needed
in case of higher inspiratory drive. In contrast, Chiu-
mello et al3 found that both high and low pressure rise
slopes increased discomfort and work of breathing. It is
difficult to determine which pressurization level is op-
timal. The ability to change the pressurization ramp is
useful to determine the appropriate setting. However,
because the previous studies examined the performance
of ventilators only at the maximum pressurization ramp
settings and did not examine the effects of variability in
pressurization ramp settings,10-14 knowledge about pres-
surization ramp settings is limited.

Inspiratory pressurization levels were adjusted by
changing pressurization ramp settings. We compared

Table 1. Continued

Inspiratory
Effort
Level

Pressurization
Ramp

Settings (%)
PTP0.3 (cm H2O � s) PTP0.5 (cm H2O � s) P� aw (cm H2O) VT (mL) V̇max (L/s) Tmax (ms)

Hamilton G5 (seconds for pressurization ramp settings)

None 0.2 2.64 � 0.02 5.84 � 0.03 15.8 � 0.0 730 � 0 0.96 � 0.01 431 � 38
None 0.15 2.88 � 0.02 6.31 � 0.03 16.4 � 0.0 754 � 1 1.01 � 0.01 396 � 19
None 0.1 3.21 � 0.03 6.87 � 0.03 17.1 � 0.0 775 � 0 1.07 � 0.01 344 � 26
None 0.05 4.14 � 0.03 8.01 � 0.03 18.3 � 0.0 771 � 14 1.14 � 0.02 212 � 15
Ordinary 0.2 1.84 � 0.02 5.00 � 0.02 15.2 � 0.0 761 � 3 0.96 � 0.01 236 � 6
Ordinary 0.15 2.00 � 0.09 5.34 � 0.15 15.7 � 0.2 784 � 5 1.02 � 0.02 231 � 6
Ordinary 0.1 2.40 � 0.06 5.99 � 0.07 16.3 � 0.1 796 � 1 1.09 � 0.01 207 � 14
Ordinary 0.05 3.37 � 0.04 7.24 � 0.04 17.5 � 0.0 820 � 1 1.31 � 0.00 159 � 3
Strong 0.2 1.31 � 0.03 4.83 � 0.04 15.0 � 0.0 837 � 3 1.59 � 0.01 253 � 15
Strong 0.15 1.63 � 0.05 5.38 � 0.07 15.7 � 0.1 853 � 1 1.64 � 0.01 244 � 14
Strong 0.1 2.01 � 0.06 5.96 � 0.06 16.4 � 0.0 861 � 1 1.68 � 0.00 236 � 14
Strong 0.05 3.22 � 0.05 7.21 � 0.06 17.5 � 0.0 864 � 1 1.80 � 0.01 133 � 7

Avea (arbitrary units for pressurization ramp settings)

None 9 1.29 � 0.04 4.73 � 0.04 14.4 � 0.1 677 � 6 1.50 � 0.01 239 � 6
None 7 1.38 � 0.05 4.96 � 0.04 14.6 � 0.1 680 � 5 1.55 � 0.01 231 � 3
None 5 1.46 � 0.07 5.13 � 0.03 14.8 � 0.1 676 � 6 1.57 � 0.00 233 � 23
None 3 1.64 � 0.03 5.34 � 0.04 14.9 � 0.0 672 � 4 1.61 � 0.04 227 � 12
None 1 1.89 � 0.02 5.66 � 0.04 15.1 � 0.1 662 � 6 1.64 � 0.01 221 � 11
Ordinary 9 1.70 � 0.06 4.58 � 0.07 14.7 � 0.1 644 � 2 0.78 � 0.00 524 � 25
Ordinary 7 1.73 � 0.04 4.73 � 0.06 15.1 � 0.1 657 � 2 0.81 � 0.00 476 � 6
Ordinary 5 1.71 � 0.17 4.86 � 0.25 15.4 � 0.2 673 � 6 0.86 � 0.02 452 � 29
Ordinary 3 1.58 � 0.28 4.81 � 0.36 15.5 � 0.3 683 � 1 0.89 � 0.01 460 � 27
Ordinary 1 1.63 � 0.36 5.05 � 0.44 15.8 � 0.3 695 � 2 0.95 � 0.01 399 � 26
Strong 9 2.74 � 0.03 5.96 � 0.05 15.8 � 0.1 682 � 2 0.91 � 0.00 389 � 22
Strong 7 2.91 � 0.07 6.26 � 0.15 16.2 � 0.2 698 � 7 0.95 � 0.02 377 � 44
Strong 5 3.07 � 0.02 6.55 � 0.03 16.6 � 0.0 711 � 0 0.97 � 0.00 337 � 20
Strong 3 3.25 � 0.02 6.86 � 0.02 16.9 � 0.0 724 � 2 1.01 � 0.00 318 � 12
Strong 1 3.54 � 0.02 7.28 � 0.01 17.4 � 0.0 740 � 3 1.07 � 0.01 293 � 14

Data are presented as mean � SD.
PTP0.3, PTP0.5 � product pressure–time products at 0.3 and 0.5 s (values obtained by integrating airway pressure tracings at 0.3 and 0.5 s from the beginning of the inspiratory phase)
P� aw � mean airway pressure in the inspiration
VT � tidal volume
V̇max � maximal inspiratory flow
Tmax � time from beginning inspiratory phase to maximum flow
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the inspiratory pressurization, including the adjustment
of the pressurization ramp settings. The adjustable ranges
of PTP0.3 and PTP0.5 differed among the ventilators, as
did the scale of pressurization ramp settings, which is
demonstrated by percentage in the PB 980 ventilator,
rise time in the Evita Infinity V500, Servo-u, and Ham-
ilton G5 ventilators; and an arbitrary unit in the Avea
ventilator. In addition, the inspiratory pressurization of

3 ventilators was not the same even with the same set-
ting of rise time. Therefore, physicians must adjust the
actual pressurization levels according to the graphical
airway pressure wave.

The differences between ventilators with respect to
the characteristics of pressurization were considered to
be related to be the differences in V̇max and Tmax. The
response curves of V̇max and Tmax against the pressur-
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of ventilators using post hoc analysis, except for the combinations where P � .05 are shown.
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ization ramp settings at the different inspiratory effort
levels were different among the ventilators. Further pre-
cise examination is needed to clarify these aspects in a
future study.

VT was not largely influenced by the pressurization
ramp settings except with the Evita Infinity V500 ven-
tilator. The PTP0.3, PTP0.5, and P� aw of the Evita Infinity
V500 machine tended to be lower than those of the
other ventilators at the minimum pressurization ramp
setting. The adjustable ranges of PTP0.3, PTP0.5, and
P� aw for the Evita Infinity V500 tended to be larger than
those of others.

Default pressurization ramp settings by the manufac-
tures were calibrated to 50% in the PB 980, to 0.15 s in
the Servo-u, to 0.2 s in the Evita Infinity V500, to 0.05 s
in the Hamilton G5, and to 1 arbitrary unit in the Avea.
The approximate levels of the parameters are presented
in Figure 3. The actual pressurization was not largely
different among these ventilators. The actual pressur-
ization with the PB 980, Servo-u, Evita Infinity V500,
and Hamilton G5 ventilators tended to be larger than
that of the Avea machine. In addition, physicians can
increase PTP0.3, PTP0.5, and P� aw by setting the pressur-
ization ramp at higher levels in the PB 980, Servo-u,
and Evita Infinity V500 ventilators because the more
recently developed ventilators have wider adjustable
ranges of pressurization.

Previous studies have examined the inspiratory pressur-
ization function of ventilators in the pressure support ven-
tilation mode. The inspiratory assist function of pressure
support ventilation is affected not only by the initial
inspiratory flow levels but also by the inspiratory ter-
mination criteria, which have been shown to affect the
inspiratory time.4,17 Therefore, we used assist-control to
PC-CMV mode evaluate only the inspiratory pressur-
ization function of the ventilators.

One important limitation of this study is that it was
performed on a lung model instead of on patients. It is
possible that the performance of ventilators in patients
differs from that observed in this study. The advantage of
the lung model is that the mechanical characteristics could
be standardized and reproduced. The ability to simulate
spontaneous breathing with precisely calibrated patterns
in the lung model allowed different ventilators to be
tested under identical conditions. However, it is clear
that differences may exist in actual conditions. We did
not simulate and evaluate expiratory efforts, which are
normally present in patients with a high inspiratory ef-
fort. Further study is needed to evaluate the clinical
relevance of pressurization ramp settings in patients on
mechanical ventilation.

Conclusion

With recently developed ICU ventilators, inspiratory
pressurization exhibited a proportional increase with in-
creases in pressurization ramp settings. Inspiratory pres-
surization at ordinary and strong effort levels did not differ
largely among the new ventilators. The adjustable ranges
of pressurization vary among the different types of venti-
lators. The actual absolute inspiratory pressurization in
the assisted pressure controlled ventilation mode dif-
fered among the ventilators, even at similar pressuriza-
tion ramp settings. Although pressurization was amena-
ble to control by adjusting pressurization ramp settings,
users should be mindful of the differences in the pres-
surization ramp settings for different ventilators.
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