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BACKGROUND: Ventilators used for noninvasive ventilation (NIV) must be able to synchronize in
the presence of system leaks. We compared the ability of 7 ICU ventilators and 3 dedicated NIV
ventilators to compensate for leaks during pediatric NIV. METHODS: Using a lung simulator, we
compared the Maquet Servo-i, Dräger V500, Dräger Carina, Covidien PB840, Respironics V60,
Respironics Vision, GE Healthcare/Engström Carestation, CareFusion Avea, Hamilton C3, and
Hamilton G5 during increasing (n � 6) and decreasing leaks (n � 6). With a lung simulator we
tested 4 leak levels (baseline [BL] 2–3 L/min, L1 5–6 L/min, L2 9–10 L/min, and L3 19–20 L/min);
3 patient weights (10, 20, and 30 kg); and 3 lung mechanics scenarios (normal, obstructive, and
restrictive). The ventilator settings were NIV mode, pressure support of 10 cm H2O, and PEEP of
5 cm H2O. The synchronization rate (synchronized cycles/total simulated respirations) was re-
corded for each ventilator and each leak scenario. Synchronization was defined as triggering
without auto-triggering, miss-triggering, delayed cycling, or premature cycling. RESULTS: The
mean synchronization rate across all ventilators was 68 � 27% (range 23–96%) and marked
differences existed between the ventilators (P < .001). Significant differences in synchronization
rate were observed between the 10-kg model (mean 57 � 30%, range 17–93%), the 20-kg model
(69 � 30%, 25–98%), and the 30-kg models (77 � 22%, 28–97%) (P < .001). The synchronization
rate for the obstructive model (60 � 30%, 9–94%) was significantly different from the normal
model (71 � 29%, 18–98%) and the restrictive model (72 � 28%, 23–98%) (P < .001). The PB840
and the C3 had synchronization rates over 90% overall across all body weights, all lung mechanic
profiles, and all leak levels. CONCLUSIONS: Leak compensation in NIV for pediatric use can
partially compensate for leaks, but varies widely among ventilators, patient weights, and lung
mechanics. Key words: leak compensation; pediatric noninvasive ventilation; acute care ventilator.
[Respir Care 2014;59(2):241–251. © 2014 Daedalus Enterprises]

Introduction

Noninvasive ventilation (NIV) has been used as a treat-
ment for acute and chronic respiratory failure in adults1

and children.2 In adult patients, high-level evidence sup-
ports the use of NIV in cardiogenic pulmonary edema,

exacerbation of COPD, neuromuscular disorders, and re-
spiratory distress in the immuno-compromised patient.1

Although the application of NIV for pediatric patients is
less established than for adult patients, NIV is considered
acceptable in children with severe obstructive sleep apnea
syndrome,3 post-extubation respiratory failure,4,5 immuno-
compromised acute respiratory failure,6 and chronic respi-
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ratory failures such as neuromuscular disease7 and cystic
fibrosis.8

While NIV theoretically allows for respiratory system
muscle unloading, alveolar recruitment, oxygenation, and
CO2 wash-out, patient-ventilator asynchrony is a major
issue leading to NIV treatment failure.9,10 There are many
ventilators available for NIV for children, but particularly
in small children, triggering and cycling problems occur
frequently.10 Pediatric patients with respiratory failure may
develop an extreme breathing pattern with higher breath-
ing frequencies and small tidal volumes, leading to an
inability to achieve sufficient inspiratory flow to trigger a
breath.11 In addition, gas leaks around the mask lead to
auto-triggering, miss-triggering, and delayed cycling.11,12

Essouri et al reported that triggering asynchrony occurred
in 33% of patients studied, with auto-triggering and miss-
triggering occurring in up to 38% and 20% of total patient
breaths, respectively.9 Fauroux et al performed a bench
study to evaluate the response of 17 home care ventilators
in 6 pediatric profiles.10 None of the tested ventilators
adequately ventilated the 6 pediatric profiles, mainly due
to insufficient trigger sensitivity.10

Recently, manufacturers have implemented leak com-
pensation on the latest acute care ventilators, to compen-
sate for and better manage leaks. In adult settings, some
bench studies assessing leak compensation have shown
improved triggering and cycling synchronization, but with
wide variation among ventilators.13,14 To the best of our
knowledge, there have been no assessments of leak com-
pensation during pediatric NIV. The goal of this study was
to evaluate the ability of acute care ventilators to prevent
triggering and cycling asynchrony in the presence of leaks
during pediatric NIV.

Methods

Seven ICU ventilators (Maquet Servo-i, Covidien
PB840, Hamilton C3, Hamilton G5, GE Healthcare/
Engström Carestation, Dräger V500, and CareFusion Avea)
and 3 dedicated NIV ventilators (Respironics V60, Respi-
ronics BiPAP Vision, and Dräger Carina) were compared,
using a lung simulator (ASL5000, IngMar Medical, Pitts-
burgh, Pennsylvania) with increasing and decreasing sys-
tem leaks (Table 1). The ASL5000 is a computerized lung
simulator consisting of a piston moving inside a cylin-
der.15 It incorporates a series of 3 user-controlled leaks
with a Simulator Bypass and Leak Valve Module (IngMar
Medical, Pittsburgh, Pennsylvania). Gas leak is created at
the airway opening of the lung simulator by 3 different
orifice sizes, and is nonlinearly related to pressure and
flow. Compliance, resistance, and the inspiratory muscle
pressure profile (negative pressure created by respiratory
muscles) are set by the user. Each ventilator was con-
nected to the lung simulator by the manufacturer’s stan-

dard circuit, if available, or a standard pediatric corrugated
circuit (Hudson, Temecula, California). All of the venti-
lators were studied with a dry circuit: humidifiers and heat
and moisture exchangers were removed.

Study Setup

The lung simulator was used to simulate 3 pediatric
ventilation scenarios, with different lung sizes based on
weight (10, 20, and 30 kg) (Fig. 1). We modeled lung
diseases by adjusting the airway resistance and lung com-
pliance to represent a normal lung, an obstructive condi-
tion, and a restrictive condition. The inspiratory time of
the simulator, the maximum inspiratory pressure drop,
the airway-occlusion pressure 0.1 s after the start of in-
spiratory flow (P0.1), and the breathing frequency in each
scenario are summarized in Table 2. We chose these set-
tings based on referenced values, pediatric and adult model
studies, or measurements that we have commonly observed
in the clinical setting for mechanically ventilated patients
of these sizes.13,16 In pressure support ventilation, the set
peak-inspiratory-pressure-generated tidal volume was
7–10 mL/kg in the normal model, for each body weight,
with baseline leak. Peak inspiratory pressure was set at
15 cm H2O, and PEEP was set at 5 cm H2O, as described
below. Two mannequin heads (bigger for the 30-kg model
and smaller for the 20-kg and 10-kg models) were used to
simulate the patient-mask interface. Endotracheal tubes
fitted into the mouth and nostrils directed gas coming from
a mask to the simulator (see Fig. 1). These nasal and oral
tubes met in a common airway leading to the Simulator
Bypass and Leak Valve Module, which led to the lung
simulator. The oronasal mask (PerformaTrack SE, Respi-
ronics, Murrysville, Pennsylvania) for the 30-kg model
was affixed to the head of the mannequin with standard

QUICK LOOK

Current knowledge

One element of success with noninvasive ventilation
(NIV) is the ventilator’s ability to trigger and cycle in
the presence of variable leaks. Auto-triggering is a com-
mon asynchrony during NIV and is related to the ven-
tilator’s leak-compensation performance.

What this paper contributes to our knowledge

The leak-compensation performance of ventilators used
for pediatric NIV varied widely. Lung mechanics and
model size significantly impacted leak compensation.
In clinical practice, minimizing leak should be a pri-
mary goal.
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straps. A nasal mask (Contour Deluxe, Respironics, Mur-
rysville, Pennsylvania) was used as an oronasal mask for
both the 20-kg and 10-kg models. A baseline leak of ap-
proximately 2–3 L/min (baseline [B] leak) at a mean air-
way pressure of 5 cm H2O was established prior to each
evaluation. The Simulator Bypass and Leak Valve Module
was set to established leak flows of 5–6 L/min (leak
level L1), 9–10 L/min (leak level L2), and 19–20 L/min
(leak level L3) at a mean airway pressure of 5 cm H2O. All
6 combinations of increasing leak change (B3L1, B3L2,
B3L3, L13L2, L13L3, L23L3) and all 6 decreasing
leak changes (L33L2, L33L1, L33B, L23L1, L23B,
L13B) were evaluated.

Ventilator Settings

During ventilator assessment, all ventilators were set in
the NIV mode, as follows: pressure support mode, pres-

sure support 10 cm H2O, PEEP 5 cm H2O, breathing fre-
quency 4 breaths/min, leak compensation activated. Trig-
ger sensitivity, when adjustable, was set to be as sensitive
as possible while avoiding auto-triggering at baseline leak.
Inspiratory rise time, when adjustable, was set to the most
rapid setting while avoiding overshooting of the set peak
pressure. Termination criteria, when adjustable, was set at
25% of peak flow. If delayed cycling occurred in the pres-
ence of leak, the termination criteria was adjusted to avoid
delayed cycling, and the data were collected with these
same settings through the study. The “normal” cycling
setting with the dedicated NIV ventilators resulted in de-
layed cycling at baseline leak. With the Carina the trig-
gering sensitivity and termination criteria were set at “sen-
sitive.” With the V60 the termination criteria were set to
avoid delayed cycling. With the Vision neither triggering
nor cycling is adjustable. The maximum inspiration time
was set to 1.5 s, if available. All ventilator settings are
summarized in Table 1.

Data Collection and Evaluation

All combinations of increasing or decreasing leaks were
sequentially added to the system. After each change in
leak level we collected 2 min of data. The following vari-
ables were calculated:

Synchronization rate (%) � (synchronized cycles/total
simulated breathing frequency during 2 min) � 100

Auto-triggering rate (%) � (auto-triggered cycles/total
simulated breathing frequency during 2 min) � 100

Miss-triggering rate (%) � (miss-triggered cycles/total
simulated breathing frequency during 2 min) � 100

Synchronization was defined as triggering without auto-
triggering, miss-triggering, delayed cycling, or premature

Table 1. Ventilators, Software, Leak Compensation Specifications, Sensitivity, Rise Time, and Expiratory Trigger Setting

Ventilator Software
Leak

Compensation
Sensitivity

Rise Time
Setting

Expiratory
Trigger Setting

% of inspiratory flow

Servo-i V5.00.00 NIV: 50 L/min Not adjustable 0 ms 50
PB840 4–070212-85-AG NIV: 65 L/min 1 L/min 100% 25
C3 1.0.0 No information 1 L/min 25 ms 50–60
G5 2.1X No information 1 L/min 25 ms 50–60
V500 2.23 180 L/min 1 L/min 0 ms 25
CareStation 5.0 No information 1 L/min 0 ms 25
Avea 4.4 No information 1 L/min 1 (fastest) 45
Carina 3.n 180 L/min Sensitive 0.1 s Sensitive
V60 PN 1076723 Auto-Track� 60 L/min �5 1 (fastest) Normal model: 3

Obstruction model: 5
Restriction model: normal

Vision 13.4 60 L/min Not adjustable 0.05 s Not adjustable

NIV � noninvasive ventilation mode

Fig. 1. Experimental setup for studying ventilator performance in
pediatric noninvasive ventilation scenarios.
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cycling. Ventilators that achieved a synchronization rate of
� 90% were considered appropriate for pediatric NIV.16

Delayed cycling was defined as a cycling delay time (time
from the end of the simulated inspiratory effort to the
moment the ventilator cycled from inspiration to expira-
tion) greater than 2 times the simulated inspiratory time.16

Premature cycling was defined as an inspiratory time of
the ventilator less than half of the inspiratory time of the
simulator.16

We calculated the triggering delay time as the time from
the beginning of the inspiratory effort of the lung simula-
tor to the maximum negative airway pressure deflection
needed to trigger the ventilator and delivered tidal volume.
Since a triggering delay time of approximately 15% of the
inspiratory time was considered an acceptable range in
adult model studies,13,17 we considered triggering delay
times � 70, 85, and 105 ms for the 10, 20, and 30-kg
models, respectively, as acceptable values.

Statistical Analysis

After stabilization, 2 min of data were collected and 5
consecutive breaths were analyzed for cycling time, trig-
gering delay time, and delivered tidal volume. Offline anal-
ysis of each breath was performed by the lung simulator’s
software (Labview, National Instruments, Austin, Texas).
The results are presented as mean � SD or median (range)
depending on the parametric or non-parametric nature of
the data distribution. Analysis of variance and Bonferroni
test for multiple comparisons were used for overall com-
parisons between ventilators, for comparisons of lung me-
chanics within each ventilator, and for comparisons of
each body weight and leak level within each ventilator and
across ventilators. Statistical analysis was done with sta-

tistics software (PASW Statistic 18, SPSS, Chicago, Illi-
nois). P � .05 was considered significant, but we discuss
only differences that were both statistically significant and
� 10%.

Results

Synchronization

The mean synchronization rate across all the ventilators
was 68 � 27% (range 23–96%). Significant differences in
synchronization rate were observed between the 10-kg
(mean 57 � 30%, range 17–93%), the 20-kg (69 � 30%,
25–98%), and the 30-kg models (77 � 22%, 28–97%)
(P � .001) (Fig. 2). The synchronization rate of the ob-
structive model (60 � 30%, 9–94%) was significantly
different from that of the normal model (71 � 29%, 18–
98%) and restrictive model (72 � 28%, 23–98%) (P � .001)
(see Fig. 2). As leak increased, the mean synchronization
rate decreased (B 88 � 9%, range 68–100%, L1 69 � 32%,
6–99%, L2 64 � 35%, 0–97%, L3 51 � 39%, 0–94%)
(see Fig. 2). The synchronization rate was lower and auto-
triggering was higher with increasing leak than with de-
creasing leak (P � .001) (see the supplementary materials
at http://www.rcjournal.com).

Comparison of Ventilators

The PB840 and the C3 had synchronization rates of
over 90% with all body weights, all lung mechanics pro-
files, and all leak levels (see Fig. 2). In the 10-kg model,
the PB840 and C3 had synchronization rates above 90%
overall across all the lung mechanics profiles, but no ven-
tilators had a synchronization rate over 90% in the ob-
structive model alone (PB840 87%, C3 89%). With the

Table 2. Lung Model Settings

Model*
Lung

Mechanics
Compliance

(mL/cm H2O)
Resistance

(cm H2O/L/s)
P0.1

(cm H2O)
Pmax

(cm H2O)
FRC
(mL)

Breathing
Frequency

(breaths/min)

Inspiratory
Time
(s)

10 kg Normal 10 25 –2.8 –4.0 300 30 0.46
Obstructive 10 50 –2.8 –4.0 600 30 0.46
Restrictive 5 25 –2.8 –4.0 150 30 0.46

20 kg Normal 20 20 –3.3 –4.5 600 25 0.55
Obstructive 20 40 –3.3 –4.5 1,200 25 0.55
Restrictive 10 20 –3.3 –4.5 300 25 0.55

30 kg Normal 30 15 –3.9 –5.0 900 20 0.69
Obstructive 30 30 –3.9 –5.0 1,500 20 0.69
Restrictive 15 15 –3.9 –5.0 450 20 0.69

* In pressure support ventilation the set peak inspiratory pressure generated a tidal volume of 7–10 mL/kg in the normal model for each body weight, with baseline leak. Peak inspiratory pressure
was set at 15 cm H2O. PEEP was set at 5 cm H2O.
P0.1 � airway-occlusion pressure 0.1 s after the start of inspiratory flow
Pmax � maximum negative muscle pressure
FRC � functional residual capacity
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Fig. 2. Synchronization rates with 3 simulated body weights (10, 20, and 30 kg), 3 lung mechanics conditions (normal, obstructive, and
restrictive), and 4 leak levels: baseline (BL) 2–3 L/min, L1 5–6 L/min, L2 9–10 L/min, and L3 19–20 L/min. Synchronization rate increased
with body weight (P � .001). Synchronization rates were lower in the obstructive model than in the normal and the restrictive models
(P � .001). As leak increased, synchronization rate decreased (P � .001). The bars show mean values.
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20-kg model the Servo-i, PB840, C3, Carina, and V60 had
synchronization rates over 90% (see Fig. 2). In the 30-kg
model the same ventilators as in the 20-kg model, except
for the V60, had synchronization rates over 90% (see
Fig. 2).

Types of Asynchrony

The Servo-i, C3, G5, and Avea tended to have pro-
longed inspiratory time at a cycling criteria of 25% of peak
inspiratory flow. Thus, these ventilators were managed
using the cycling criteria at 45–60% of peak inspiratory
flow (see the supplementary materials at http://www.rc
journal.com). On the other hand, the PB840, Carestation,
and V500 did not have prolonged inspiratory time at 25%
of peak inspiratory flow, but values of the cycling criteria
over 25% induced shorter inspiratory time than the lung
model (see the supplementary materials at http://www.rc
journal.com). Among all the ventilators, auto-triggering
occurred in 54% of the total asynchronies, miss-triggering
in 37%, and delayed cycling in 9%. Except for the Vision,
the rate of delayed cycling was under 1% of the total
simulated breaths. Premature cycling was seen only with
the PB840 (0.02% of total simulated breaths). The causes
of the asynchronies are summarized in Figure 3.

In the obstructive model, auto-triggering was less fre-
quent than in the normal and restrictive models (P � .001)
(Fig. 4). As leak increased, the rate of auto-triggering in-
creased (P � .001) (see Fig. 4). In the obstructive model,
miss-triggeringwasmore frequent than in thenormal and re-
strictive models (P � .001) (Fig. 5). As body weight de-
creased, miss-triggering increased (P � .001) (see Fig. 5).

Triggering Delay Time

The mean triggering delay time was longer in the ob-
structive model (107 � 20 ms) than in the normal (87 � 21

ms) and restrictive models (81 � 18 ms) (P � .001). As
leak increased, the mean triggering delay time increased
(B 87 � 18 ms, L1 88 � 20 ms, L2 92 � 20 ms,
L3 105 � 23 ms, P � .001). The Servo-i and Vision had
mean triggering delays over 100 ms (Servo-i 116 � 15 ms,
Vision 107 � 8 ms) (see the supplementary materials at
http://www.rcjournal.com). In the 10-kg model, all the
ventilators had triggering delays over the acceptable range
(� 70 ms), except during baseline leak.

Tidal Volume

Significant differences in tidal volume were observed
between the 10-kg (median 70 � 15 mL), 20-kg
(126 � 27 mL), and 30-kg models (187 � 46 mL) (P � .001)
(see the supplementary materials at http://www.rcjournal.
com). The mean tidal volume was larger in the normal
model (169 � 63 mL) than in the obstructive (123 � 45 mL)
and restrictive models (112 � 42 mL) (P � .001). As leak
increased, tidal volume decreased (median B 139 � 58 mL,
L1 136 � 57 mL, L2 130 � 54 mL, L3 115 � 50 mL,
P � .001) (see the supplementary materials at http://
www.rcjournal.com).

Discussion

Our main findings are:

• Smaller patient size, obstructive lung mechanics, and
higher system leak decrease these ventilators’ ability to
synchronize during simulated pediatric NIV.

• Triggering asynchrony was more common than cycling
asynchrony.

• Auto-triggering increased with larger system leak and
decreased with the obstructive lung model.

Fig. 3. Types of asynchrony (auto-triggering, missed-triggering, and delayed cycling) as a percentage of the total simulated breaths.
Premature cycling is not shown because it occurred only with the PB840 and in � 0.1% of simulated breaths. The bars show mean values.
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Fig. 4. Percentage of simulated breaths that had auto-triggering, relative to body weight, lung mechanics scenario, and leak level (as in
Fig. 3). Auto-triggering rate were not associated with body weight (P � .10). Auto-triggering was lower in the obstructive model than in the
normal and restrictive models (P � .001). As leak increased, auto-triggering rate increased (P � .001). The bars show mean values.
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Fig. 5. Percentage of simulated breaths that had miss-triggering, relative to body weight, lung mechanics scenario, and leak level (as in
Fig. 3). Miss-triggering increased with decreased body weight (P � .001). Miss-triggering was higher in the obstructive model than in the
normal and restrictive models (P � .001). Miss-triggering was not associated with leak level (P � .06). The bars show mean values.
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• Miss-triggering increased with smaller patient size and
with the obstructive lung model.

• These ventilators performed better during decreasing leak
than increasing leak.

• There were wide differences between these ventilators
in ability to synchronize.

• The PB840 and the C3 had synchronization rates over
90% overall across all body weights, lung mechanic
profiles, and leak levels. This is the first bench study to
evaluate the performance of leak compensation among
acute care ventilators for 9 different pediatric patient
profiles: 3 patient sizes, 3 lung mechanics scenarios, and
3 leak levels.

As patient size increased, the ventilators showed better
synchronization with the lung simulator. In the 10-kg model
the inspiratory efforts were smaller, which reduced these
ventilators’ ability to detect the onset of inspiration and
expiration. In addition, the airway resistance was higher in
the 10-kg model than in the 20-kg and 30-kg models,
which also impaired triggering and led to miss-triggering
and delayed cycling. Miss-triggering was more frequent
with the lower body weight and obstructive conditions.

The limitations of pressure-targeted ventilators during
NIV in small children are well documented in recent clin-
ical9 and bench studies.10 Essouri et al reported that all
patients � 10 kg showed marked patient-ventilator asyn-
chrony (ineffective inspiratory efforts ranging from 32%
to 97% of inspiratory efforts), and 33% of patients over
10 kg also showed patient-ventilator asynchrony.9 In a
bench study, Fauroux et al evaluated the performance of
17 home ventilators during NIV, with several pediatric
profiles, and found that none of the tested ventilators syn-
chronized well with every patient profile, and that the
more sensitive a ventilator was to leaks, the less respon-
sive it was to patient triggering efforts, especially with the
smallest patient size.10

In our obstructive model, miss-triggering was more fre-
quent than in the normal and restrictive models. Compared
to the normal and restrictive models, the obstructive model
showed increased triggering delay time. These results are
consistent with those of previous reports.16,18 This may be
explained by the presence of a higher airway resistance,
which impedes the transmission of respiratory efforts to
the ventilator and requires larger efforts to reach the trig-
ger threshold, due tohigherpressures throughout the airway.

The ventilators performed better during decreasing than
increasing leak. As system leak increased, the ventilators
misinterpreted the resulting changes in flow as inspiratory
efforts, leading to frequent auto-triggering. Vignaux et al
found that in patients showing auto-triggering the magni-
tude of leak was higher than those not showing it. How-
ever, they found no correlation between leak volume and

the severity of auto-triggering.19 A possible reason for the
difference is that our simulated leak levels had a wider
range (from 3–4 L/min to 19–20 L/min) than the previous
study19 (up to 6.1 L/min). Also, in our study some venti-
lators could not synchronize in the presence of larger leaks,
especially 9–10 L/min and 19–20 L/min, mainly due to
auto-triggering. Another reason was that we tested 10 dif-
ferent ventilators. The frequency of auto-triggering de-
pends on the ventilator performance, as described in pre-
vious studies.13,14,17,20 Auto-triggering was less frequent in
the obstructive model than the normal or restrictive mod-
els, and this concurs with previous reports.21-23

Most acute care ventilators have cycling systems based
on a preset flow threshold. System leak prevents the air
flow from reaching the preset expiratory cycling flow,
leading to a prolonged inspiratory time and patient-venti-
lator asynchrony.8 This study showed that delayed cycling
was not the main cause of patient-ventilator asynchrony in
the presence of system leak, if the termination criteria
were adjustable. However, appropriate cycling criteria
seemed to be different between ventilators. Regarding the
ICU ventilators, the Servo-i, C3, G5, and Avea tended to
prolong inspiratory time at cycling criteria of 25% of peak
inspiratory flow, but cycled appropriately at 50–60% of
peak inspiratory flow (see the supplementary materials at
http://www.rcjournal.com). On the other hand, with the
PB840, Carestation, and V500, 25% of peak inspiratory
flow was better than 50–60% in the restrictive model (see
the supplementary materials at http://www.rcjournal.com).
With the dedicated NIV ventilators, if the “normal” cy-
cling setting was used, these 3 ventilators showed delayed
cycling, especially in the normal and obstructive models.
Dedicated NIV ventilators transition to exhalation primar-
ily by what is referred to as a shape signal, and tend to
prolong inspiratory time, compared with ICU ventilators.
Adjustable sensitivity of the inspiratory and expiratory trig-
gers is of great importance in both dedicated NIV venti-
lators and ICU ventilators for pediatric use. Because the
Vision has a fixed inspiratory and expiratory flow-trigger,
delayed cycling occurred frequently. In that situation it
may be better to use time-cycled criteria to avoid delayed
cycling.24

Our study indicates that the leak compensation on acute
care ventilators can correct partially or completely for sys-
tem leak interferences in pediatric lung simulations, but
there was wide variation among the ventilators. In general,
the PB840, C3, and Carina had synchronization rates of
over 90%. Vignaux et al performed a bench study of 8 ICU
ventilators with leak compensation.14 On most of the tested
ventilators, leak increased trigger delay, decreased the abil-
ity to reach the pressure target, and delayed cycling. Sim-
ilar to our findings, they found that the NIV mode partially
or completely corrected for triggering and cycling delay,
and there was marked variation among ventilators.14 Since
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the manufacturers do not disclose the exact triggering and
cycling algorithms for leak compensation, it is impossible
to explain the wide variations in synchronization ability
among the ventilators tested.

Regarding trigger delay, most ventilators, except for the
Servo-i and Vision, showed triggering delay times lower
than the predefined acceptable values in the 20-kg and
30-kg models. However, no ventilator achieved a trigger-
ing delay time lower than the predefined acceptable values
in the 10-kg model. Because a prolonged trigger delay
may lead to an increase of patient work of breathing and
patient-ventilator asynchrony, further technical improve-
ments are needed to ensure appropriate application of NIV
to pediatric patients under 10 kg.

The primary limitation of this study is that the study was
not conducted on patients, which raises the question of the
extent to which the findings may be clinically relevant.
Although we used a sophisticated lung model, this is not
the same as an actual patient’s respiratory system. In clin-
ical settings, breathing frequency, inspiratory time, P0.1,
and Pmax may be different among patients with normal,
obstructive, and restrictive lung mechanics. However, we
mainly focused on the effects of different lung compli-
ance, airway resistance, and patient weight on the venti-
lators’ synchronization ability. In mechanically ventilated
children Harikumar et al measured a P0.1 of �2.4 cm H2O
(range �0.9 to �6.1 cm H2O).25 A breathing effort of
�2.8 to �3.9 cm H2O (the values we chose in this study)
probably correspond to the median effort for pediatric pa-
tients who required mechanical ventilation. In addition,
lung simulator studies assure that experimental conditions
are the same for each ventilator evaluated. It is impossible,
especially in pediatric patients, to control the level of the
leak or maintain stable baseline conditions in clinical set-
tings. Another limitation is that we tested only a limited
range of leaks and ventilator settings. However, we chose
these to represent the range of NIV leak flows likely to be
encountered in clinical settings. In addition, we were in-
terested in evaluating the maximum capabilities of the
ventilators tested.

Conclusions

Leak readily leads to patient-ventilator asynchrony, es-
pecially in small pediatric patients. Clinicians should try to
decrease leak as much as possible. All of the acute care
ventilators we tested adequately synchronized with simu-
lated ventilatory efforts at baseline, and some ventilators
synchronized well with high leaks, but there were wide
variations among the ventilators. The performance of all
ventilators was strongly affected by the patient profile,
including body size and underlying lung mechanics. Cli-
nicians should be aware of these differences when apply-
ing leak compensation during NIV, especially in children.
Although the PB840 and the C3 showed better synchrony

with triggering and cycling than the other ventilators, the
clinical importance of these differences is unclear. Further
studies are needed to determine the impact of different
ventilators on the outcome of different groups of patients
receiving NIV.
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