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BACKGROUND: Using a bench test model, we investigated the hypothesis that neonatal and/or
adult ventilators equipped with neonatal/pediatric modes currently do not reliably administer
pressure support (PS) in neonatal or pediatric patient groups in either the absence or presence of
air leaks. METHODS: PS was evaluated in 4 neonatal and 6 adult ventilators using a bench model
to evaluate triggering, pressurization, and cycling in both the absence and presence of leaks.
Delivered tidal volumes were also assessed. Three patients were simulated: a preterm infant (re-
sistance 100 cm H2O/L/s, compliance 2 mL/cm H2O, inspiratory time of the patient [TI] 400 ms,
inspiratory effort 1 and 2 cm H2O), a full-term infant (resistance 50 cm H2O/L/s, compliance
5 mL/cm H2O, TI 500 ms, inspiratory effort 2 and 4 cm H2O), and a child (resistance 30 cm H2O/L/s,
compliance 10 mL/cm H2O, TI 600 ms, inspiratory effort 5 and 10 cm H2O). Two PS levels were
tested (10 and 15 cm H2O) with and without leaks and with and without the leak compensation
algorithm activated. RESULTS: Without leaks, only 2 neonatal ventilators and one adult ventilator
had trigger delays under a given predefined acceptable limit (1/8 TI). Pressurization showed high
variability between ventilators. Most ventilators showed TI in excess high enough to seriously
impair patient-ventilator synchronization (> 50% of the TI of the subject). In some ventilators,
leaks led to autotriggering and impairment of ventilation performance, but the influence of leaks
was generally lower in neonatal ventilators. When a noninvasive ventilation algorithm was avail-
able, this was partially corrected. In general, tidal volume was calculated too low by the ventilators
in the presence of leaks; the noninvasive ventilation algorithm was able to correct this difference in
only 2 adult ventilators. CONCLUSIONS: No ventilator performed equally well under all tested
conditions for all explored parameters. However, neonatal ventilators tended to perform better in
the presence of leaks. These findings emphasize the need to improve algorithms for assisted ven-
tilation modes to better deal with situations of high airway resistance, low pulmonary compliance,
and the presence of leaks. Key words: mechanical ventilators; ventilatory support; neonatal; pediatrics;
intensive care units; equipment safety; respiration; artificial; models. [Respir Care 2014;59(10):1–•.
© 2014 Daedalus Enterprises]

Introduction

Because of anatomic characteristics (small airway di-
ameter) and specific respiratory mechanics (high resis-
tance and low compliance) and because they often suffer
from infectious airwaydiseases, neonates, infants, and small

children are prone to respiratory failure and possibly re-
quire respiratory support via mechanical ventilation de-
spite their youth. Using assisted ventilation modes (during
which the patient is given the opportunity to trigger the
ventilator) is effective in increasing patients’ comfort1 and
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limiting ventilator-induced diaphragmatic dysfunction2

compared with controlled ventilation modes. Assisted ven-
tilation modes, particularly pressure support ventilation
(PSV), have been increasingly used as an alternative to
controlled mechanical ventilation. This change of practice
is encouraged by the results of a meta-analysis showing
that using various modes of assisted ventilation compared
with pure controlled mechanical ventilation in neonates
was associated with a shorter duration of mechanical ven-
tilation.3

However, a major difficulty using assisted ventilation
and especially PSV in small children (related to the use of
uncuffed endotracheal tubes) is the presence of air leaks,
which, as reported previously in adult studies,4,5 can be
related to poor patient-ventilator synchrony. Specifically,
significant air leaks are present in �70% of invasively
ventilated neonates and are responsible for frequent auto-
triggering during assisted ventilation in this patient popu-
lation.6

It was reported previously that during assisted pressure
controlled ventilation (patient-triggered, pressure-targeted,
time-cycled), adult ventilators equipped with a neonatal
mode responded faster and more efficiently to a patient’s
effort compared with a specific neonatal ventilator, the
Babylog 8000 (Dräger, Lübeck, Germany).7 As differences
in ventilator technical performance can influence patient-
ventilator synchrony during PSV, a better understanding
of these differences would influence daily pediatric clini-
cal practice regarding mechanical ventilation. Addition-
ally, this knowledge could be of major interest when com-
paring improved patient-ventilator synchrony documented
with neurally adjusted ventilatory assist.8,9

The purpose of this study was to investigate, using a
bench model, the hypothesis that neonatal and/or adult
ventilators equipped with neonatal/pediatric modes cur-
rently do not reliably administer pressure support (PS) in
the absence or presence of air leaks.

Methods

Ventilators

Ten ICU ventilators, commonly available in Europe to
ventilate neonates and small children, were tested in the

Mechanical Ventilation Research Laboratory in the Adult
Intensive Care Unit of the University Hospital of Geneva.
Among these ventilators, there were 4 neonatal ventilators
(SLE 5000, SLE Ltd, South Croydon, United Kingdom;
Leoni Plus, Heinen � Löwenstein, Bad Ems, Germany;
Babylog VN500, Dräger; Fabian, Acutronic Medical Sys-
tems AG, Hirzel, Switzerland) and 6 adult ventilators
equipped with a neonatal/pediatric option (Servo-i, Ma-
quet, Wayne, New Jersey; Evita XL NeoFlow, Dräger;
Engström Carestation, GE Healthcare, Madison, Wiscon-
sin; PB840, Covidien, Mansfield, Massachusetts; Avea,
CareFusion, San Diego, California; G5, Hamilton Medi-
cal, Reno, Nevada). The main characteristics of these ven-
tilators are summarized (see the supplementary materials
at http://www.rcjournal.com).

Bench Model

A bench model derived from the one we used in our
previous bench studies10-12 adapted to simulate specific neo-
natal, infant, and pediatric respiratory mechanics was used
for this study (Fig. 1). Briefly, the model (Adult/Infant
Training and Test Lung, Michigan Instruments, Grand
Rapids, Michigan) consisted of 2 separate chambers
linked by a rigid metal strip. The first chamber was con-
nected to a driver ventilator (Evita 4, Dräger), which sim-
ulates patient inspiratory effort.10-12 The second chamber,
a neonatal/pediatric compartment, was connected to the
ventilator being tested using a ventilator circuit equipped
with a system designed to create intentional leaks (leak
generator). Its total lung capacity was 200 mL, its residual
volume was 70 mL, and its compliance could be adjusted
from 1 to 15 mL/cm H2O. The rigid metal strip placed
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QUICK LOOK

Current knowledge

Mechanical ventilation of the neonate is complicated by
the requirement for small-diameter uncuffed endotra-
cheal tubes and the presence of a variable leak. The
performance of ventilators in the pressure support mode
in this scenario is a technical challenge.

What this paper contributes to our knowledge

Neonatal ventilators performed better in the presence of
high resistance, low compliance, and leaks than venti-
lators capable of adult and neonatal ventilation. No one
ventilator performed optimally under all the test con-
ditions. The use of the noninvasive algorithms on adult
ventilators improved performance in this scenario ex-
cept for one device.
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between the 2 chambers allowed the transmission of the
inspiratory effort from the first chamber to the second.
The second chamber was free during expiration. The in-
spiratory effort generated by the driver ventilator was de-
tected by the ventilator being tested, which, in response,
initiated pressurization according to the chosen settings.
To perform the measurements, 3 flow sensors and pressure
transducers (Hamilton Medical) were inserted in the cir-
cuit between the driver ventilator and the lung model,
between the lung model and the leak system, and between
the leak system and the ventilator being tested. Data were
recorded online using an analog-to-digital converter
(MP100, Biopac Systems, Goleta, California), sampled at
500 Hz, and stored in a laptop computer for subsequent
analysis (AcqKnowledge software, Biopac Systems). All
measurements were performed at an FIO2

of 0.21.

Measured Parameters

The various parameters commonly used to assess ven-
tilator performance during PSV were measured from the
recorded curves (for detailed explanations, see the supple-
mentary materials at http://www.rcjournal.com)12: trigger
delay to assess the ventilator response time, pressure-time
product at 300 ms (PTP300) to assess global pressuriza-
tion capacity, and inspiratory time in excess (TIex

) to assess
cycling off. Delivered tidal volumes (VT) were also mea-
sured and compared with VT displayed by the machines.
PTP300 was expressed as a percentage of an ideal PTP300

(illustrated in Fig. 2), defined as the PTP300 that would
have been delivered if the delivered pressurization had
immediately reached its maximum value (ie, no trigger
delay and no rise time).

A maximum trigger delay of 100 ms,13,14 corresponding
to �12.5% of the mean TI of 800 ms,4,15-17 is usually
considered as acceptable in adult patients. In this study,
inspiratory times of 400, 500, and 600 ms to simulate a
preterm neonate, a full-term neonate, and a child were
used, respectively (hereafter referred to as patient type).
Therefore, we considered trigger delays of 50, 60, and
70 ms as acceptable upper limits for the 3 simulated pa-
tient types, respectively.

Leaks

Leaks were generated by using open silicone tubes
(1.5-mm inner diameter) of 3 different lengths (one spe-
cific length for each simulated patient type) attached to a
3-way stopcock inserted between the Y-piece of the ven-
tilator circuit and the lung model. The amount of leakage
obtained was computed by subtracting the flow measured
after leak generation from the flow measured before it.12

The leak flows obtained with a continuous PEEP of
5 cm H2O for the 3 tested patient types were 0.6 L/min
(0.01 L/s) for a resistance of 100 cm H2O/L/s and a com-
pliance of 2 mL/cm H2O with a tube of 343 cm, 1.2 L/min
(0.02 L/s) for a resistance of 50 cm H2O/L/s and a com-
pliance of 5 mL/cm H2O with a tube of 172 cm, and

Fig. 1. Experimental setup. A neonatal/pediatric lung model was ventilated by a tested ventilator and triggered by a driver ventilator. Tidal
volume was measured by the ventilator at the Y-piece and by a pneumotachograph at the lung compartment model. Different endotracheal
tube leaks were simulated by open tubes of different lengths. Data were acquired online via an analog-to-digital converter and stored in a
laptop computer for subsequent analysis.
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2.4 L/min (0.04 L/s) for a resistance of 30 cm H2O/L/s and
a compliance of 10 mL/cm H2O with a tube of 95 cm.

Experiment Protocol

The driver ventilator was set in airway pressure release
ventilation mode. Thus, the inspiratory effort generated
was equal to the set pressure above PEEP.10-12 The base-
line breathing frequency was 20 breaths/min. In the case of
air trapping related to delayed cycling, the breathing fre-
quency was decreased to allow complete expiration, which
was assessed using visualization of the flow curve (expi-
ration was considered complete when the flow curve came
back to 0 before the start of the next inspiratory effort).

The various ventilators were tested with the 3 simulated
patient types. Preterm infant settings were: resistance
100 cm H2O/L/s, compliance 2 mL/cm H2O, TI 400 ms,
inspiratory efforts 1 and 2 cm H2O (R100C2). Full-term
infant settings were: resistance 50 cm H2O/L/s, compli-
ance 5 mL/cm H2O, TI 500 ms, inspiratory efforts 2 and
4 cm H2O (R50C5). Child settings were: resistance
30 cm H2O/L/s, compliance 10 mL/cm H2O, TI 600 ms,
inspiratory efforts 5 and 10 cm H2O (R30C10). As the
amplitude of inspiratory efforts varies in children in gen-
eral18,19 and can, under some circumstances such as during
sleep or with small infants, be very low,20-22 we chose to
simulate this as well. Neonatal options of the Fabian and
Evita XL NeoFlow ventilators were tested with R100C2,

and R50C5; pediatric options of the same ventilators were
tested with R50C5 and R30C10.

Each ventilator was tested in PSV mode with the fol-
lowing settings: maximum sensitivity inspiratory flow trig-
ger while avoiding autotriggering, PEEP 5 cm H2O, PS
levels 10 and 15 cm H2O, backup ventilation deactivated,
expiratory trigger setting (ETS) at 15% of the peak in-
spiratory flow (except the Leoni Plus ventilator, which has
a non-modifiable ETS of 25%). If adjustable, the maxi-
mum TI was set to the highest value possible to avoid
time-based cycling.

To test the influence of the leaks on ventilation perfor-
mance, tests were carried out while applying the 3 follow-
ing leakage scenarios: (1) in the absence of leaks and with
the ventilator leak compensation algorithm or noninvasive
ventilation (NIV) algorithm deactivated, (2) in the pres-
ence of leaks and with the NIV algorithm (which should
theoretically compensate for the presence of leaks) deac-
tivated, and (3) in the presence of leaks and with the NIV
algorithm activated. For each tested condition (patient type
plus leakage scenario), 2 min were recorded. Between 2
different conditions, a washout period of 2 min was ob-
served.

Statistical Analysis

For each tested condition, 10 consecutive, interpretable,
and triggered respiratory cycles (starting from the second
recorded cycle) were considered for the analyses. All re-
sults are expressed as mean � SD.

For each simulated patient type, the measured parame-
ters were compared between the different respiration sce-
narios (with or without leaks and with or without the NIV
algorithm activated) by repeated measures analysis of vari-
ance, followed by a pairwise multiple comparison proce-
dure for post hoc analysis (Student-Newman-Keuls
method) when analysis of variance was statistically sig-
nificant.

All statistical analyses were performed using SigmaStat 2.0
(Systat, San Jose, California). P � .05 was considered
statistically significant. Only data that had a difference of
� 10% in absolute value was considered clinically rele-
vant. Only clinically relevant and statistically significant
data are provided in the tables and figures and considered
for discussion.

Results

Ventilation Performance in the Absence of Leaks

Triggering: Trigger Delays. For simulated neonatal ven-
tilation, 3 neonatal ventilators (Leoni Plus, SLE 5000, and
Fabian) and one adult ventilator (Avea) had trigger delays
below the predefined acceptable limit (Fig. 3). For simu-

Fig. 2. Measured parameters. Trigger delay (Td) is the time be-
tween the beginning of the inspiratory effort and the minimum
value measured on the pressure curve during the triggering phase.
The pressure-time product at 300 ms (PTP300) is expressed as a
percentage of the ideal PTP, which corresponds to the PTP300
that would have been delivered if the pressurization delivered had
immediately reached its maximum value (ie, no trigger delay and
no rise time), and is represented by the rectangle. TI � inspiratory
time of the patient (duration of inspiration by the patient [driver
ventilator]). TIex

� TI in excess (duration of pressurization by the
ventilator in excess of patient inspiratory duration). P� aw � airway
pressure.
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lated child ventilation, 2 neonatal ventilators (Leoni Plus
and SLE 5000) and one adult ventilator (G5) had trigger
delays below the predefined acceptable limits. For some
ventilators, trigger delays were very different between the
various simulated patient types.

Pressurization: PTP300. Pressurization capacities were
very different depending on the ventilator and simulated
patient type, ranging from 15% (PB840) to 70% (Eng-
ström Carestation and Fabian in neonatal mode) of ideal
PTP300 (Fig. 4). The highest global PTP300 values were
achieved by 2 adult ventilators (Engström Carestation and
Avea) and one neonatal ventilator (Fabian). Most of the
ventilators, with the exception of Babylog VN500, Servo-i,
and PB840, showed reduced pressurization capacity when
the simulated patient type’s age was increased (ie, com-
pliance increasing, resistance decreasing, and inspiratory
effort increasing). Except for the G5 and Engström Care-
station, PTP300 values were clearly below 50% of the
ideal PTP300 in at least one of the 3 simulated patient
types.

Cycling: TIex
. Most ventilators had a very high TIex

(ie,
� 50% of the patient’s TI). The TIex

sometimes varied a lot
for a single ventilator between various simulated patient

types (Fig. 5). Three ventilators (Babylog VN500, G5, and
Servo-i) had a clearly lower TIex

compared with the others.
In contrast, 4 ventilators (SLE 5000, Fabian in neonatal
mode, PB840, and Avea) had a TIex

that was � 100% of
the TI, meaning that the ventilator-delivered pressurization
lasted more than twice the patient’s TI, in at least one of
the simulated patient types.

Influence of Leaks

Autotriggering. Introducing a leak into the circuit led to
autotriggering in almost all ventilators except the Babylog
VN500 and Fabian. For the Leoni Plus and G5, increasing
the inspiratory trigger only slightly (from 0.1 to 0.2 L/min
and from 0.5 to 1 L/min, respectively) solved the problem.
Activating the NIV algorithm when available also cor-
rected the problem, except for the Avea.

Trigger Delay. Introducing a leak substantially increased
trigger delay for the Leoni Plus, Evita XL NeoFlow, Eng-
ström Carestation, and Avea, namely, for one neonatal
ventilator and 4 adult ventilators (Fig. 6). Activation of the
NIV algorithm allowed complete or partial compensation
for the impairment in only 2 adult ventilators (Evita XL
NeoFlow with pediatric mode and Engström Carestation).

Fig. 3. Trigger delay with the 10 ventilators tested with 3 different types of patients: a preterm infant (resistance 100 cm H2O/L/s, compliance
2 mL/cm H2O, inspiratory time [TI] 400 ms, inspiratory effort 1 and 2 cm H2O [R100C2]), a full-term infant (resistance 50 cm H2O/L/s,
compliance 5 mL/cm H2O, TI 500 ms, inspiratory effort 2 and 4 cm H2O [R50C5]), and a child (resistance 30 cm H2O/L/s, compliance
10 mL/cm H2O, TI 600 ms, inspiratory effort 5 and 10 cm H2O [R30C10]). Two pressure support levels (10 and 15 cm H2O) were tested;
results are pooled. Histogram bars are mean � SD.
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Activating the Servo-i NIV algorithm induced a major
increase in trigger delay (26%).

Pressurization. No PTP300% variation was noted with
the 4 neonatal ventilators tested when a leak was added in
the circuit (Fig. 7). In contrast, 2 adult ventilators showed
a significant reduction in PTP300% (Evita XL NeoFlow
with pediatric mode and Avea). The NIV algorithm com-
pensated for the pressurization loss only for the Evita XL
NeoFlow. Additionally, the pressurization capacity was
significantly lower in the presence of leaks and with the
NIV algorithm activated for the Servo-i and PB840 com-
pared with the scenarios of (1) in the absence of leaks and
with the ventilator leak compensation algorithm or NIV
algorithm deactivated and (2) in the presence of leaks and
with the NIV algorithm deactivated. No variations of pres-
surization capacity between the simulated patient types
were observed for the G5. Note that the G5 was not tested
for the R100C2 simulation, as, at the time this bench test
was performed, this ventilator was not approved to venti-
late children � 3 kg of body weight.

Cycling. The presence of leaks increased the TIex
in all

ventilators except the Fabian in neonatal mode, Babylog
VN500, and Evita XL NeoFlow in neonatal mode (Fig. 8).
The TIex

was clearly � 100% in 3 adult ventilators (Eng-

ström Carestation, PB840, and Avea) and one neonatal
ventilator (SLE 5000) in the presence of leaks. The only 2
ventilators for which the TIex

was � 50% in the presence of
leaks were the Evita XL NeoFlow and Babylog VN500.
Using the NIV algorithm reduced the impairment of TIex

only for the Engström Carestation (partial correction),
Servo-i (partial correction), and PB840 (total correction).

Volumes

In the absence of leaks, the difference between the dis-
played and measured VT was in the range of � 10% for all
tested ventilators except the Evita XL NeoFlow in neona-
tal mode, Avea, and Servo-i (Table 1). Concerning the
technological characteristics of the ventilators (see the sup-
plementary materials at http://www.rcjournal.com), our
measurements showed no differences in VT accuracy be-
tween ventilators equipped or not with a proximal flow
sensor. Also, we saw no relevant differences in flow mea-
surement accuracy between flow sensors using the hotwire
or pressure differential technique. In the presence of leaks,
this difference between the displayed and measured VT

became much more important. In this case, most of the
ventilators displayed a value that was too low for the mea-
sured VT.

Fig. 4. Pressure-time product at 300 ms (PTP300) with the 10 ventilators tested with 3 different patient types: a preterm infant (resistance
100 cm H2O/L/s, compliance 2 mL/cm H2O, inspiratory time [TI] 400 ms, inspiratory effort 1 and 2 cm H2O [R100C2]), a full-term infant
(resistance 50 cm H2O/L/s, compliance 5 mL/cm H2O, TI 500 ms, inspiratory effort 2 and 4 cm H2O [R50C5]), and a child (resistance
30 cm H2O/L/s, compliance 10 mL/cm H2O, TI 600 ms, inspiratory effort 5 and 10 cm H2O [R30C10]). Two pressure support levels (10 and
15 cm H2O) were tested; results are pooled. The limit of 100 ms is generally recommended in adults4,17 for a mean TI of 800 ms. Histogram
bars are mean � SD.
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Activation of the NIV algorithm did not correct the
differences between the measured and displayed VT for
the Evita XL NeoFlow and G5. In contrast, activating the
NIV mode efficiently corrected the problem for both the
Engström Carestation and PB840. Under some conditions,
the PB840 and Servo-i displayed a value that was too high
for the effective VT when the NIV algorithm was acti-
vated.

Discussion

Our results show that, during the PS mode, under dif-
ferent bench testing conditions, the performance of the
various ventilators differed drastically with regard to trig-
ger delay, pressurization capacity, and cycling. This ap-
plied to ventilators designed primarily for neonates and
children as well as adult ventilators adapted to ventilate
small children. Some of the ventilators tested performed
well in one or two of the measured parameters, but unfor-
tunately, we could not identify one or several optimal
ventilators that performed well for all the tested criteria.
This was particularly true when the ventilators’ perfor-
mance was assessed in the presence of leaks.

On the basis of our measurements, we could not find
any solid argument that would speak against the use of

common adult ventilators in the neonatal field. However,
several items have to be discussed in more detail.

Ventilation Performance in the Absence of Leaks

Trigger. A prolonged trigger delay results in a large
amount of time during which the patient does not receive
ventilator-delivered assistance. Prolonged trigger delays
observed with some of the tested ventilators might be of
major concern for neonatal and pediatric ventilation. In a
previous bench study,7 a trigger delay � 100 ms was re-
ported for 6 tested ventilators, with values close to 60 ms
for 2 ventilators (Avea and Engström Carestation). Our
results obtained under similar respiratory mechanics test
conditions simulating a preterm infant (R100C2) are in
line with these findings. In our bench test, the new Baby-
log VN500 had a trigger delay of 110 � 30 ms. This value
is similar to the trigger delays found by Marchese et al7 in
similar simulated patient types with the Babylog 8000. In
contrast, a shorter trigger delay of 75 ms was reported
when the Babylog 8000 was used in neonates.23 This might
suggest that our bench test could have slightly underesti-
mated the ventilation performance of the ventilators tested,
possibly because of the difficulty in accurately simulating
real pediatric patients’ inspiratory efforts. However, in our

Fig. 5. Inspiratory time in excess with the 10 ventilators tested with 3 different patient types : a preterm infant (resistance 100 cm H2O/L/s,
compliance 2 mL/cm H2O, inspiratory time [TI] 400 ms, inspiratory effort 1 and 2 cm H2O [R100C2]), a full-term infant (resistance 50 cm H2O/
L/s, compliance 5 mL/cm H2O, TI 500 ms, inspiratory effort 2 and 4 cm H2O [R50C5]), and a child (resistance 30 cm H2O/L/s, compliance
10 mL/cm H2O, TI 600 ms, inspiratory effort 5 and 10 cm H2O [R30C10]). Two pressure support levels (10 and 15 cm H2O) were tested;
results are pooled. The limit of 100 ms is generally recommended in adults4,17 for a mean TI of 800 ms. Note that the Leoni Plus could be
tested only with an expiratory trigger setting of 25%. Histogram bars are mean � SD.
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Fig. 7. Pressure-time product at 300 ms (PTP300) and leaks. Trigger delay with the 10 ventilators tested under 3 conditions: in the absence
of leaks and with the NIV algorithm deactivated (L0NIV0), in the presence of leaks and with the NIV algorithm deactivated (L�NIV0), and
in the presence of leaks and with the NIV algorithm activated (L�NIV�). All results are pooled. Histogram bars mean � SD. * P � .05 vs
L0NIV0; † P � .05 vs L�NIV0 (analysis of variance).

Fig. 6. Trigger delays and leaks. Inspiratory time with the 10 ventilators tested under 3 conditions: in the absence of leaks and with the
noninvasive ventilation (NIV) algorithm deactivated (L0NIV0), in the presence of leaks and with the NIV algorithm deactivated (L�NIV0), and
in the presence of leaks and with the NIV algorithm activated (L�NIV�). All results are pooled. Histogram bars are mean � SD. * P � .05
vs L0NIV0; † P � .05 vs L�NIV0 (analysis of variance).
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bench test, the trigger delays measured for the Servo-i
were in line with the values reported in clinical settings.8,9,24

Pressurization. In the pediatric literature, there are a strik-
ing lack of data on the possible clinical impact of pressur-
ization capacities of mechanical ventilators. Theoretically,
limited pressurization capacities might be responsible for a
discrepancy between a patient’s inspiratory demand and
the pressure delivered by the machine, which could be
responsible for an increased work of breathing or for gen-
erating patient-ventilator asynchronies. However, no clin-
ical data are currently available concerning this topic in
the pediatric population.

Cycling. In the presence of late cycling, patients often
fight against their ventilators and actively recruit their ex-
piratory muscles, thus increasing the risk of significant
leaks.25 On the other hand, the occurrence of premature
cycling decreases the time available to deliver respiratory
assistance, which might lead, at a given level of PS, to a
lower VT than expected. Both conditions might increase a
patient’s work of breathing.26 Optimizing ETS should the-
oretically reduce the occurrence of cycling asynchronies.
However, ETS optimization can be difficult at the bedside,

as the respiratory mechanics might change rapidly depend-
ing on the deterioration or improvement of the patient’s
condition, and as the intermittent occurrence of a leak can
influence expiratory asynchrony. This calls the use of cy-
cling criteria in daily practice into question.

It must also be emphasized that the relatively good re-
sults regarding cycling (TIex

� 50%) observed with 4 of
the ventilators (Babylog VN500, Evita XL NeoFlow in
pediatric mode, G5, and Servo-i) might be counterbal-
anced by an increased risk of unwanted premature cycling,
as reported previously by Beck et al23 for the Babylog
8000 and by our group for the Servo-i.24

Ventilation Performance in the Presence of Leaks

Trigger. Similar to what was reported previously in adult
bench tests,12,15 NIV algorithms significantly reduced au-
totriggering related to leaks. Interestingly, of the neonatal
ventilators, only the SLE 5000 required a significant in-
crease in the flow trigger threshold (less sensitive trigger)
to overcome this phenomenon. This can probably be ex-
plained by the fact that a leak compensation algorithm is
activated by default in neonatal devices (see the supple-
mentary materials at http://www.rcjournal.com).

Fig. 8. Inspiratory time in excess (TIex
) with the 10 ventilators tested under 3 conditions: in the absence of leaks and with the NIV algorithm

deactivated (L0NIV0), in the presence of leaks and with the NIV algorithm deactivated (L�NIV0), and in the presence of leaks and with the
NIV algorithm activated (L�NIV�). All results are pooled. Histogram bars mean � SD. * P � .05 vs L0NIV0; † P � .05 vs L�NIV0 (analysis
of variance). Note that the Leoni Plus could be tested only with an expiratory trigger setting of 25%.
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In adult bench tests, it was reported previously that the
trigger delay increased to unacceptable values in the pres-
ence of leaks.12,15 In contrast, in our neonatal/pediatric
bench test, this increase in trigger delay was globally lower
and not systematic. Leaks did not cause major trigger de-
lay increases in neonatal ventilators or in 2 of the adult
ventilators. When considering adult ventilators, in the pres-
ence of leaks, 3 ventilators showed a significant increase
in trigger delays (Evita XL NeoFlow, Engström Care-
station, and Avea) compared with the absence of leaks.
Among these 3 ventilators, activating the NIV mode cor-
rected the impairment in only 2 of the ventilators (Evita
XL NeoFlow and Engström Carestation). Surprisingly, but
as reported previously in an adult bench test,12 the Servo-i
showed a higher trigger delay when activating the NIV
algorithm in the presence of leaks. The measured trigger
delay in this scenario (in the presence of leaks and with the
NIV algorithm activated) is similar to values reported pre-
viously in a clinical study performed in infants and chil-
dren by our group.24

Pressurization. For some adult ventilators, pressuriza-
tion was impaired in the presence of leaks either with or
without the NIV algorithm activated. We hypothesize that
this could lead to situations of underassistance when adult
ventilators are used to ventilate small infants. In contrast,
no change in pressurization was observed in the presence
of leaks for the 4 neonatal ventilators tested.

Cycling. In our bench test, as found previously in other
studies,17,27 we found that the TIex

was higher in the pres-
ence of leaks. As an increased TIex

is associated with an
increased incidence of late cycling and of ineffective ef-
forts,5,18 a TIex

that is � 100% of the TI, as we observed in
one neonatal and 3 adult ventilators, is worrying. The spe-
cific NIV algorithm, included by default, in neonatal ven-
tilators is of interest, although it showed poor ventilation
performance in one ventilator (Avea).

Volume Measurement Accuracy

Absence of Leaks. In baseline respiration scenarios, for
all ventilators in almost all simulated patient types, there
were no significant differences between the displayed and
measured VT. To accurately measure VT, especially in
neonates, proximal flow sensors have been strongly advo-
cated for many years.28,29 Interestingly, our measurements
showed no differences in VT accuracy between different
flow measurement techniques (distal or proximal flow sen-
sor, hotwire or pressure differential technique). However,
this may possibly not be applicable to cases with very
severe compliance impairment or high airway resistance,
as these formed no part of our bench test.

Presence of Leaks. Globally, in the presence of leaks
and with the NIV algorithm deactivated, the ventilators
tested tended to display a value that was too low for the VT

effectively delivered to the patient, which could lead to the
delivery of a higher assist than expected and even to sit-
uations of overassistance. Most (but not all) NIV algo-
rithms corrected this problem. As leaks are often present
during neonatal and pediatric invasive ventilation, activa-
tion of NIV algorithms is suggested, provided that the
algorithm of the ventilator performs well.

Clinical Implications

Our bench test suggests that the ventilators used to de-
liver PSV to the pediatric population do not perform well
in all circumstances regarding trigger delays, pressuriza-
tion capacities, cycling, and VT accuracy, especially in the
presence of leaks. These observations might put the ratio-
nale of using PSV in the pediatric population into question
and might also give insight into why the introduction of
assisted ventilation modes did not show major advantages
in terms of improved outcomes compared with controlled
modes.25,30 Additionally, the poor ventilation performance
documented with the currently available ventilators and
the absence of an optimal ventilator for delivering PSV to
small children must be taken into account when new ven-
tilatory modes, such as Neurally Adjusted Ventilatory As-
sist, are compared with standard PSV. More specifically,
the improved patient-ventilator synchrony documented
with Neurally Adjusted Ventilatory Assist in recent stud-
ies8,9,31-33 could have been enhanced by the non-optimal
ventilation performance of the ventilator used for PSV.

As optimizing the ETS criterion is difficult at the bed-
side, especially because respiratory mechanics and the
amount of leakage often vary over time, ventilators should
offer reliable tools to measure resistance and dynamic com-
pliance (eg, by single-occlusion technique34) during ongo-
ing mechanical ventilation and automatically adjust ETS
based on this information. As NIV was shown to improve
short-term outcomes in children,35 the use of this ventila-
tion modality is probably going to increase in the near
future, and ventilators must offer NIV algorithms that ef-
ficiently deal with the presence of leaks. Given the cir-
cumstances, it might be preferable to use time-cycled pres-
sure modes to deliver NIV to small children, although
these modes seem to increase trigger delay slightly.8

Concerning the pediatric and neonatal modes avail-
able on 2 of the ventilators tested (Fabian and Evita XL
NeoFlow), we observed only a slight difference in trigger
delays, but no significant differences in pressurization or
cycling. Theoretically, the difference between the 2
modes is a different maximum peak inspiratory flow. There-
fore, we do not have any explanation for this small dif-
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ference. Advantages may be seen only with higher inspira-
tory efforts.

Relying on the VT displayed by the machine in the
presence of leaks when the NIV mode is not activated
might be misleading and could cause the clinician to un-
derestimate the delivered VT. This could lead to the de-
livery of a higher assist than expected and even to a situ-
ation of overassistance. This issue can be considered as a
missing security feature for both neonatal and adult ven-
tilators when used in neonates.

There are several limitations of this study. First, a bench
test can simulate only a few well-defined and stable con-
ditions, but cannot reflect the extent and complexity of
true clinical scenarios, such as the variability of patients’
efforts, which change almost breath by breath.9 However,
bench tests allow comparison between ventilators due to
the reproducible conditions. Second, a fixed ETS cannot
be optimal for various clinical situations, and it could be
argued that the value chosen for this study (15%) was
arbitrary. However, almost no data on an optimal cycling
criterion in the pediatric setting are available in the liter-
ature. In our pediatric ICU, 10% is the most frequently
used ETS during invasive ventilation.24 Interestingly, when
a higher value of 25% (interquartile range of 21–29) was
used during NIV, many premature cycling events were
documented, suggesting that this threshold was too high
even in the presence of leaks. As the Babylog VN500, a
typical neonatal ventilator, has a non-modifiable ETS of
only 15%, we decided to use this same value to test all
ventilators to allow comparisons between the machines.
Of course, this choice can influence the TIex

we measured
and the occurrence of late cycling documented in our bench
test. Additionally, as the Leoni Plus has a non-modifiable
ETS of 25%, this ventilator could not be tested under the
same conditions as the other ventilators, which means that
the TIex

results reported for this ventilator must be consid-
ered with caution. Third, the inspiratory times we used in
our bench tests were slightly higher than the values re-
ported previously, especially for premature infants. How-
ever, as all ventilators were tested with the same inspira-
tory times, and as these values were not very different
from those reported previously, in our opinion, this should
not have significantly influenced our bench test results.
Fourth, to take into account the low amplitude efforts oc-
curring during sleep in small infants, we chose to simulate
low inspiratory efforts in our bench test. As a consequence,
we cannot conclude that we would have found the same
results if higher inspiratory demands had been used. Fi-
nally, we did not evaluate all operational aspects of the
ventilators, such as the user friendliness or the alarm set-
tings, and their interaction with ventilation parameters.
These important aspects should be the aim of a future
study.

Conclusions

In our pediatric bench test, no ventilator performed
equally well in all tested patient types and all tested leak-
age scenarios for all explored parameters (triggering, pres-
surization, cycling, and VT measurement accuracy), and
we were not able to identify an optimal ventilator to de-
liver PSV in all tested situations to neonates and children.
However, neonatal ventilators tended to perform better in
the presence of air leaks.

As adult ventilators globally performed better in the
presence of air leaks when NIV algorithms were activated,
turning these algorithms on is suggested when these ven-
tilators are used to deliver PSV through uncuffed tubes to
neonates and young children. However, this recommenda-
tion is not valid for the Servo-i, as this ventilator per-
formed poorly when its NIV algorithm was activated. In
summary, we conclude that our findings emphasize the
need to improve algorithms for assisted ventilation modes
to better deal with situations of high airway resistance, low
pulmonary compliance, and the presence of leaks.
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