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BACKGROUND: Jet nebulizers constitute the aerosolization devices most frequently used during
mechanical ventilation. Continuous nebulization can influence the delivered tidal volume (VT) and
lead to significant medication loss during expiration. Ventilators thus provide integrated jet neb-
ulization systems that are synchronized during inspiration and ostensibly keep VT constant.
METHODS: This was a bench study of systems integrated in the Evita XL, Avea, Galileo, and G5
ventilators. The VT delivered with and without nebulization, the inspiratory synchronization of
nebulization, and the aerosol deposition were measured with 2 locations of the nebulizer. RESULTS:
Changes in VT with the nebulizer were below 20 mL and below 10% of set VT for all ventilators.
Synchronization was good at the beginning of insufflation, but prolonged nebulization was observed
with all ventilators at the end of insufflation, until up to 1 s during expiration: 5–80% of nebuli-
zation occurred during expiration with significant aerosol loss in the expiratory limb. Synchrony
could be improved by (1) reducing gas compression/decompression phenomena proximal to the jet
nebulizer and (2) increasing inspiratory time, which reduced the amount of nebulization occurring
during expiration. Placing the nebulizer upstream in the inspiratory limb did not affect inspiratory
synchrony but allowed reduction of the amount of aerosol lost in the expiratory limb.
CONCLUSIONS: Jet nebulizer systems integrated in the tested ventilators are reliable in terms of
VT control. Gas compression in tubing driving gas to the nebulizer delays synchronization and
reduces nebulization yield if the nebulizer is placed close to the Y-piece. Increasing inspiratory time
with no end-inspiratory pause reduces the expiratory loss of medication if placement of the nebu-
lizer upstream in the inspiratory limb is not feasible. Key words: administration, inhalation [MeSH];
respiration, artificial [MeSH]; nebulizers and vaporizers [MeSH]. [Respir Care 2014;59(10):1508–1516.
© 2014 Daedalus Enterprises]

Introduction

Jet nebulizers are simple cost-effective devices for aero-
solized medication delivery.1 They are designed for single

use, thus obviating sterilization procedures and contami-
nation-associated risks.2 Their operation requires a
6–8 L/min gas flow; the nebulizer’s internal resistance
(pinhole narrowing) induces a pressure drop within the
device, resulting in aerosolization through a Bernoulli ef-
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Équipe Biomécanique Cellulaire et Respiratoire, and the Centre National
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Institut supérieur des sciences de la santé, Université Hassan ler,
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fect. Recent data indicate that jet nebulizers are the most
common devices used for nebulization during mechanical
ventilation in ICUs.3

During mechanical ventilation, the gas flow operating
the jet nebulizer may interfere with the gas flow delivered
by the ventilator.4 For instance, in the case of a ventilator
set to deliver a 40 L/min square waveform flow and a jet
nebulizer operated with an 8 L/min external gas source, a
20% increase in tidal volume (VT) may approximately be
expected. As manual corrections of ventilator settings to
take into account this extra gas flow are imprecise and
cumbersome, manufacturers have implemented integrated
jet nebulization systems into ventilators.4 Those systems
comprise a jet nebulization port on the ventilator, provid-
ing the nebulizer’s driving gas in parallel to the gas de-
livered through the inspiratory limb.5 This theoretically
enables an automatic compensation of the insufflated vol-
ume to potentially maintain a constant VT and patient
ventilation (Fig. 1). In addition to controlling VT, jet neb-
ulization systems integrated into ventilators aim to syn-
chronize nebulization with inspiration to avoid loss of med-
ication aerosolized during expiration.6 Thus, ventilators
aim to deliver the driving gas to the nebulizer only during
inspiration.7 A study from 1993 evaluated the nebulizers
of a preceding generation of ventilators and showed that
some performed poorly.5 To the best of our knowledge,
the possible benefits of the integrated jet nebulization sys-
tems, that is, control of VT and inspiratory synchronized
aerosol delivery, have not been independently evaluated
despite their frequent use in ICUs and regulatory approval.3

The aim of this bench study was to measure changes in
VT and to assess inspiratory synchronization when oper-
ating ventilator-integrated jet nebulization systems.

Methods

Jet nebulization systems integrated in 4 ICU ventilators
(Evita XL [Dräger, Lübeck, Germany], Avea [CareFusion,
San Diego, California], and Galileo and G5 [Hamilton
Medical, Reno, Nevada]) were evaluated in a bench model
of mechanical ventilation (Fig. 1). Gas flow was measured
twice (Fleisch No. 2 pneumotachograph, cleaned and dried
between each experiment): first, immediately distal to the
nebulizer, and second, distal to the Y-piece to measure the
total flow entering the lungs. The airway pressure was
measured at the Y-piece. The lung model (Training and
Test Lung, Michigan Instruments, Grand Rapids, Michi-
gan) compliance and resistance were set at 60 mL/cm H2O
and 5 cm H2O/L/s, respectively. The delivered VT was
measured through flow integration over time distal to the
Y-piece. Inspiratory synchronization of nebulization was
evaluated measuring the time lapse between beginning of
insufflation and beginning of nebulization (beginning of
insufflation synchrony: see �1 in Fig. 1) and the time lapse
between end of insufflation and end of nebulization (end
of insufflation synchrony: see �2 in Fig. 1). The beginning
and end of insufflation and nebulization were determined
based on flow and pressure tracings. Nine different vol-
ume controlled ventilator settings were evaluated varying
VT (300, 500, and 700 mL) and square waveform inspira-
tory flow (30, 50, and 70 L/min) without an end-inspira-
tory pause. Breathing frequency was set at 12 breaths/min,
FIO2

at 21%, and end-expiratory pressure at 5 cm H2O. All
measurements were carried out at ambient temperature
and pressure in dry conditions.

First, measurements were carried out with a standard jet
nebulizer commonly used in the ICU (Micro Mist, Hudson
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QUICK LOOK

Current knowledge

Jet nebulizers are the most commonly used devices for
delivery of aerosolized medications during mechanical
ventilation. Continuous nebulization augments tidal vol-
ume (VT) and may induce some loss of medication.
Ventilators may incorporate nebulizer drive systems to
synchronize aerosol delivery with inspiration, maintain-
ing constant VT and avoiding drug waste.

What this paper contributes to our knowledge

Jet nebulization systems integrated in ventilators pro-
vide control of VT and may be preferred to external gas
sources or empirical ventilator setting changes. Place-
ment of the nebulizer upstream in the inspiratory limb
reduces the loss of medication in the expiratory limb
due to nebulization during expiration.
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RCI, Durham, North Carolina) filled with 0.9% sodium
chloride and placed close to the Y-piece (Fig. 1). Second,
to gain insight into the mechanisms ruling inspiratory syn-
chrony/asynchrony of nebulization, measurements were
also performed (1) without a nebulizer placed in the cir-
cuit; (2) with a nebulizer exhibiting a high internal resis-
tance (Heart, WestMed, Tucson, Arizona); and (3) with
the standard nebulizer but reducing the length of the neb-
ulizer gas supply tubing to 2 cm (to reduce the volume of
compressible gas), placing the nebulizer very close to the
output of the ventilator. Indeed, we reasoned that the long
tubing, driving gas from the ventilator to the nebulizer,
was a source of gas compression that would continue to
drive the aerosol after the end of the ventilator’s insuffla-
tion. The Evita XL ventilator was also tested with nebu-
lizer 84 12 935 (Dräger), as recommended by the ventila-
tor manufacturer.

To distinguish between nebulization synchronized with
insufflation as opposed to inspiration (insufflation � end-
inspiratory pause), all measurements were repeated with a
1-s end-inspiratory pause.

Finally, to illustrate the link between inspiratory syn-
chronization of nebulization and aerosol delivery (and con-
versely, aerosol loss in the expiratory limb), deposition
experiments were performed using 0.9% sodium fluoride
as a tracer as previously described.8,9 Briefly, filters were
placed between the endotracheal tube and the lung model
(to measure delivered aerosol) and between the Y-piece
and expiratory limb (to quantify aerosol loss in the expi-
ratory limb); the Micro Mist nebulizer (filled with 4 mL of
0.9% sodium fluoride) was run until no more nebulization
could be visually observed, and filters were dismounted

and desorbed overnight in 50 mL of 2% total ionic strength
adjustment buffer (Reagecon, Shannon, Ireland). The so-
dium fluoride extracted was then assayed by electrochem-
ical analysis (Orion combination fluoride electrode,Thermo
Fisher Scientific, Waltham, Massachusetts) and expressed
as a percentage of the total amount recovered on both
filters. Measurements (triplicate) were made with the Evita
XL ventilator in situations of poor synchrony (short in-
spiratory time of 0.6 s) and in situations of improved syn-
chrony (long inspiratory time and/or reducing the volume
of compressible gas proximal to the nebulizer), with the
nebulizer being placed close to the Y-piece (Fig. 1). Fi-
nally, deposition measurements were also performed, plac-
ing the nebulizer in a position 25 cm proximal in the
inspiratory limb.

Table 1. Absolute Changes in Flow, Pressure, and Volume
Delivered at the Y-piece

Ventilator

Absolute Change After Starting Nebulization

Inspiratory
Flow

(L/min)

Duration of
Insufflation

(ms)

Tidal
Volume

(mL)

Peak Airway
Pressure

(cm H2O)

Evita XL �1.8 � 0.4 20 � 4 �10 � 7 �0.3 � 0.1
Avea �0.1 � 0.1 7 � 3 7 � 4 0.03 � 0.06
Galileo 0.1 � 0.6 14 � 4 11 � 7 0.3 � 0.4
G5 �0.5 � 0.3 7 � 2 1 � 8 �0.2 � 0.1

Values indicated were measured at the Y-piece (flow meter 2 on Fig. 1) and are presented as
mean � SD. All measured changes were statistically significant (P � .05) but clinically
negligible.

Fig. 1. �1 and �2 time lapses were computed as positive values if flow 1 started after flow 2 and negatively if otherwise. When performing
tests without a nebulizer in place, the nebulizer gas supply tubing was directly connected to flow meter 1. This tubing was cut to 2 cm in
length to perform measurements with reduced volume of compressible gas proximal to the nebulizer.
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Measurements were reported as mean � SD. For each
ventilator, comparisons were carried out using the Student
t test and the Pearson correlation coefficient. Comparisons
between ventilators were made using analysis of variances,
followed, if significant, by two-by-two post hoc analysis.
A P value below .05 was considered significant.

Results

Altogether, 2,880 respiratory cycles were analyzed.

Control of VT

When starting the nebulizer system, the change in VT was
always below 20 mL in absolute value and below 10% of the
set VT. Minimal changes observed in inspiratory flow and in
the resulting VT and airway pressure, as well as the gas flow
passing through the nebulizer, are detailed in Table 1.

Inspiratory Synchronization

Typical nebulizer and ventilator flow waveforms are de-
picted in Figure 2. At the beginning of insufflation, the time
lapse between the start of insufflation and that of nebulization
was always below 100 ms. Following this rapid start, nebu-
lization flow gradually increased to a maximum during in-
sufflation. At the end of insufflation, nebulization flow grad-
uallydecreasedtozero.Duetothisgradualdecrease,prolonged
nebulization persisted after the end of insufflation, until up to
1 s (Fig. 2 and Table 2). For all ventilators, this persisting
expiratory nebulization (poor end-inspiratory synchroniza-
tion) explained that up to 80% of nebulization could occur
and be potentially lost during expiration. This proportion was
negatively correlated with the insufflation time set on the
ventilator (r2 � 0.45, P � .001) (Fig. 3).

For the Evita XL ventilator, results concerning VT con-
trol and synchronization were similar when using nebu-

Fig. 2. Synchronization of nebulization and insufflation. A: synchronization at the beginning and end of insufflation is depicted. Bars
represent number of respiratory cycles exhibiting the given time lapse between nebulization and insufflation, thus representing the distri-
bution of time lapse for the 180 ventilator cycles analyzed for each ventilator (20 cycles analyzed per ventilator setting: tidal volume 300,
500, and 700 mL and inspiratory flow 30, 50, and 70 L/min). Of note, in some cases, nebulization seems to start a few milliseconds before
insufflation; this may be due to small artifacts and measurement precision. B: Typical ventilator and nebulizer flow tracings as observed for
all tested ventilators. At the beginning of insufflation, one observes a rapid start of nebulization; however, maximum nebulization flow is
observed only later during insufflation. At the end of insufflation, nebulization flow starts decreasing; however, as nebulization persists,
some potential loss of medication may occur.
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lizer 84 12 935 as recommended by the manufacturer; for
all ventilators, synchrony was similar whatever the posi-
tion of the nebulizer in the circuit, in particular placing the
nebulizer 25 cm upstream in the inspiratory limb (data not
shown).

Mechanism of Poor Synchronization

When evaluating synchronization without a nebulizer
placed in the circuit (very low resistance opposed to the
nebulization port gas flow), an excellent synchronization
was observed at the beginning and end of insufflation for

all ventilators, with time lapses below 60 ms whatever the
ventilator setting. Conversely, using the high internal re-
sistance nebulizer (12.7 � 0.3 cm H2O/L/s measured with
an air flow of 2 L/min), an extremely large delay between
end of insufflation and end of nebulization, up to 2.5 s,
was observed for all ventilators. When using the nebulizer
with a standard internal resistance (0.67 � 0.07 cm H2O/
L/s), used for the rest of the experiments, or when reduc-
ing the tubing volume of the nebulizer gas supply (reduc-
ing the length of the tubing to 2 cm), end-insufflation
synchronization improved for all ventilators. Those mech-
anisms of asynchrony are depicted in Figure 4.

Effect of an End-Inspiratory Pause

The Evita XL and Avea systems delivered nebulization
synchronized with insufflation, whereas the Galileo and
G5 systems were synchronized with inspiration (active
nebulization persisting during the pause) (Fig. 5).

Impact of Poor Synchronization on Aerosol Loss and
Delivery

When the nebulizer was placed close to the Y-piece
(Fig. 1), ventilator settings associated with prolonged flow
through the nebulizer during expiration (short inspiratory
time related to high inspiratory flow and/or reduced VT)
were associated with 80% aerosol deposition on the expi-
ratory limb filter (lost aerosol produced by a sufficient
flow through the nebulizer during expiration) and 20% at
the tip of the endotracheal tube (Table 3). When improving
inspiratory synchronization, through increasing inspiratory
time to 1.40 s (reduced inspiratory flow and/or increased
VT) or reducing the volume of compressible gas proximal
to the nebulizer, only 40% and 47% of deposition, respec-
tively, occurred on the expiratory limb filter (60% and
53% deposition on the filter placed at the tip of the endo-
tracheal tube). Thus, when placing the nebulizer close to
the Y-piece, changes in nebulization during expiration par-

Table 2. Synchronization and Aerosol Produced During Expiration

Ventilator
Beginning of Insufflation Synchrony
(Time Lapse Between Beginning of

Insufflation and of Nebulization, ms)*

End-Insufflation Synchrony
(Time Lapse Between End of

Insufflation and of Nebulization, ms)†

Potential Loss of Medication
(Proportion of Volume Nebulized

During Expiration, %)

Evita XL 40 � 18 (�15, 70) 550 � 48 (445, 625) 38 � 13 (17, 63)
Avea 30 � 5 (20, 45) 460 � 130 (80, 575) 24 � 11 (0, 43)
Galileo 20 � 9 (�45, 30) 970 � 60 (815, 1,095) 49 � 12 (27, 75)
G5 �10 � 2 (�15, �10) 310 � 26 (245, 375) 19 � 6 (10, 31)

Values are indicated as mean � SD (range). All differences were statistically significant (overall analysis of variance and two-by-two post hoc comparisons). Only the slightly better performance of
the G5 ventilator may be clinically relevant. For the Evita XL ventilator, results were similar when using nebulizer 84 12 935 as recommended (data not shown).
* Represented as �1 in Figure 1.
† Represented as �2 in Figure 1.

Fig. 3. The gas volume passing through the nebulizer during ex-
piration (expressed as a percentage of the total gas volume pass-
ing through the nebulizer over the respiratory cycle) potentially
generates aerosol during expiration. Volume was measured through
integration of the flow signal over the time of inspiration and ex-
piration. This aerosol is believed to be cleared through the expi-
ratory limb and lost for the patient as opposed to aerosol gener-
ated during insufflation, which is potentially delivered to the patient.
Increasing the set inspiratory time decreases the amount of med-
ication nebulized during expiration, thus potentially increasing the
amount of medication delivered to patients.
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alleled changes in the amount of aerosol lost in the expi-
ratory limb.

Placing the nebulizer upstream in the inspiratory limb
was associated with the greatest reduction in deposition on
the expiratory limb filter whatever the synchronization and
the degree of persistent nebulization during expiration
(Table 3).

Discussion

The main finding of this experimental study is that the
VT delivered by modern ICU ventilators remains well con-
trolled when integrated jet nebulization systems are used.
The synchronization with insufflation was poor, however,
with a significant part of the nebulization occurring during

Fig. 4. From top to bottom, nebulizer flow waveforms depict situations with decreasing gas compression/decompression phenomena
proximal to the nebulizer. Without a nebulizer, synchronization appeared good (in green); thus, the ventilator per se seemed to deliver gas
to the nebulization port in an appropriate manner. However, increasing the internal resistance of the nebulizer (red) or the volume of
compressible gas proximal to it (blue versus black curve), situations in which gas compression/decompression proximal to the nebulizer
is favored, resulted in long-lasting nebulization during expiration (poor synchronization).

Fig. 5. End-inspiratory pause. A: Depicts behavior of the Evita XL and Avea ventilators when a 1-s end-inspiratory pause was added to the
ventilator settings. Nebulization extends within the plateau because of poor end-insufflation synchrony (gas decompression proximal to the
nebulizer). B: Depicts behavior of systems synchronized on inspiration rather than insufflation (Galileo and G5 ventilators). Active nebuli-
zation persists during the entire end-inspiratory pause, thus increasing airway pressure.
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the end-inspiratory pause and/or expiration. This aerosol
generated during expiration may be lost if the nebulizer is
placed close to the Y-piece. Given the frequent use of
those systems, several implications concerning mechanical
ventilation settings, nebulization performance, system de-
sign, and clinical use might be taken into consideration.

Nebulization Interaction With Ventilation

When using jet nebulizers during mechanical ventila-
tion, a gas source external to the ventilator induces a sig-
nificant increase in VT as 6–8 L/min gas are added to the
inspiratory flow. In the present bench study, the change in
VT observed when activating the integrated systems was
always below 10% of the set VT, that is, within the pre-
cision range of the VT setting of modern ICU ventilators.10

Thus, those systems may be considered reliable in this
regard during volume controlled mechanical ventilation.
Previous work evaluating jet nebulization systems inte-
grated in a previous generation of ventilators found that
some ventilators delivered a low pressure and a low flow
of gas to the nebulizer.5 A flow lower than 4 L/min has
been linked to poor nebulization performance (in terms of
nebulization rate and overall yield). For all ventilators, we

observed flows through the nebulizer exceeding 6 L/min
(Table 1). Thus, insufficient gas supply may no longer be
a concern or potential factor for improvement in modern
ventilators.

Nebulization During Expiration and End-Inspiratory
Pause

Significant nebulization occurred during expiration in
all the tested ventilators and may therefore constitute a
factor for potential improvement. When the nebulizer is
placed close to the Y-piece, medication nebulized during
expiration is cleared mostly through the expiratory limb of
the ventilator and thus is lost for the patient and has the
potential to damage the expiratory flow meter and/or ob-
struct filters protecting this flow meter.11,12 To deliver a
higher amount of drug to the patient, it may be desirable to
reduce the drug loss during expiration.13,14

The Galileo and G5 ventilators are designed to synchro-
nize nebulization with inspiration rather than with insuf-
flation (Fig. 5). No standardization exists, and the value of
such a design appears questionable, as medication nebu-
lized during the pause is unlikely to reach the patient. The
persistent nebulization during the pause also compromises

Table 3. Relation Between Persistent Nebulization During Expiration and Aerosol Loss

Nebulizer Position and
Setting Summary

Volume of
Compressible Gas

Proximal to
Nebulizer

Inspiratory
Time (s)

Tidal
Volume

(mL)

Inspiratory
Flow

(L/min)

Tip of ETT/
Expiratory Limb
Deposition (%)*

Nebulization
Yield (%)

Poor synchronization: persistent nebulization during
expiration (40% of gas flow through
the nebulizer occurs during expiration)

Close to Y-piece† Normal 0.6 700 79 20/80 13
Close to Y-piece Normal 0.6 280 30 20/80 14

Improved synchronization: less nebulization during
expiration (10–20% of gas flow through
the nebulizer occurs during expiration)

Close to Y-piece Normal 1.40 700 30 60/40 41
Close to Y-piece Reduced‡ 0.60 700 79 53/47 34

Nebulizer placement 25 cm upstream in the
inspiratory limb

Upstream§ Normal 1.40 700 30 78/22 56
Upstream Reduced 1.40 700 30 81/19 60
Upstream Normal 0.60 700 79 88/12 36

All measurements were made with the Evita XL ventilator and the Micro Mist nebulizer. Depositions were measured based on fluoride quantification and are expressed as a percentage of the total
amount recovered on the filters placed at the tip of the endotracheal tube and between the Y-piece and the expiratory limb. Nebulization yield represents the percentage of the fluoride placed in the
nebulizer recovered on the filter placed at the tip of the endotracheal tube.
* When the nebulizer is placed close to the Y-piece, in case of poor synchronization, most of the aerosol is lost in the expiratory limb. This proportion is reduced when synchronization is improved
(ie, when nebulization during expiration is reduced). When the nebulizer is placed upstream in the inspiratory limb, loss of aerosol in the expiratory limb is limited, and improving synchrony is of
little value.
† Denotes placement of the nebulizer between the Y-piece and the tracheal tube.
‡ Denotes reduced volume of compressible gas proximal to the nebulizer, an experimental setting in which the nebulizer gas supply tubing length was reduced to 2 cm, placing the nebulizer very
close to the output of the ventilator.
§ Denotes placement of the nebulizer 25 cm upstream in the inspiratory limb.
ETT � endotracheal tube
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proper plateau pressure measurement. The end-inspiratory
pause used in clinical practice (300–500 ms) is usually
shorter than the one used for illustrative purposes in this
bench study (1 s). Because the flow through the nebulizer
is �4–10 times lower than the inspiratory flow commonly
set on ventilators (	6–10 vs 40–60 L/min), the clinical
impact of persistent nebulization during the plateau will be
smaller than in our study.

Mechanisms of Asynchrony and Implication for
System Design

The flow coming out of the nebulizer after insufflation
has stopped was explained by the gas compressed proxi-
mal to the nebulizer. Indeed, testing the integrated nebu-
lization system working without a nebulizer and with a
reduced volume of compressible gas proximal to the neb-
ulizer both improved synchronization. By contrast, using a
nebulizer with high internal resistance resulted in poor
synchronization. Therefore, gas compression and decom-
pression proximal to the nebulizer are probably major de-
terminants of persistent nebulization during expiration.

Synchronization Algorithm. Albeit the ventilators per
se did not appear to be at the origin of the asynchrony, a
simple way to limit nebulization during expiration would
be to stop delivering gas to the nebulizer earlier during
inspiration. Actually nebulizing only during the very ini-
tial phase of inspiration would limit the amount of medi-
cation potentially lost during expiration while also increas-
ing the amount of medication delivered to the distal parts
of the lung. Indeed, the gas and thus the aerosol delivered
at the end of insufflation do not reach the deep part of the
lungs.7,15 An ideal algorithm would start nebulization im-
mediately before the start of insufflation (this concerns
only fully controlled ventilation) for the nebulizer flow to
be highest at the beginning of insufflation. As the particle
sizes produced by jet nebulizers decrease with increasing
nebulizer flow, such an algorithm would allow production
of the finest droplets at the beginning of inspiration, thus
favoring distal lung deposition.16

Decrease Compressible Gas Volume Proximal to the
Nebulizer. Reducing the length of the nebulizer gas sup-
ply tubing is not feasible in the clinical setting for very
practical reasons: the Y-piece and, as a consequence, the
head of the patient would need to be placed within very
short distance of the ventilator, which is, at best, very
unpractical. Thus, reducing the inner tubing diameter may
be an interesting approach to reduce the volume of com-
pressible gas.

Clinical Implications

Internal Resistance of the Nebulizer. Using high-resis-
tance nebulizers leads to very poor synchronization and
should probably be avoided. Conversely, a low-resistance
nebulizer could be evaluated. However, the larger droplets
produced by such devices may be counterproductive (by
favoring impaction in the ventilator circuit).17

Nebulizer Position in the Circuit. As inspiratory syn-
chronization appeared poor in the present bench study,
nebulizer placement may best be done as for continuous
nebulizers, that is, proximal in the inspiratory limb, as this
placement was associated with the least loss of medication
in the expiratory limb and the highest amount of medica-
tion delivered at the tip of the endotracheal tube (Table
3).17 Precise optimal placement deserves further investi-
gations since different values of bias flow may be associ-
ated with different optimal positions. Of note, similar re-
sults were observed previously with synchronized jet
nebulization systems by O’Doherty et al18 and Hughes and
Saez.19 Beyond confirming those results on modern ven-
tilators, our results show that the benefit of positioning
these synchronized systems upstream in the inspiratory
limb is due to the observed persistent nebulization during
expiration, that is, the nebulizer behaves like a continuous
system due to poor synchronization. Thus, our results show
that nebulizer placement close to the Y-piece, a practice
acknowledged by a large number of intensivists,3 is far
from optimal for the synchronized jet nebulization systems
evaluated in the present study. Whether this placement is
appropriate for other devices, potentially better synchro-
nized with inspiration, deserves further evaluation.15

Inspiratory Time. As placement of the nebulizer up-
stream in the inspiratory limb may be difficult in clinical
practice, especially with disposable circuits (need for extra
tubing and connection), a simple way to reduce the amount
of medication potentially lost during expiration when us-
ing the integrated jet nebulization systems placed close to
the Y-piece may be to increase the inspiratory time (in-
crease in VT and/or decrease in inspiratory flow according
to the patient’s condition and tolerance). Of note, reducing
inspiratory flow may be particularly interesting, as it may
increase nebulization yield through other means (reduced
droplet impaction in the ventilator circuit).16 However,
placement upstream in the inspiratory limb had the great-
est impact on delivery in the systems tested in the present
study (Table 3).

Study Limitations

The results of the present bench study need to be con-
firmed in patients receiving aerosolized medication. How-
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ever, the good results observed concerning VT control are
unlikely to be very different in the clinical setting, as
during volume controlled ventilation, the VT is indepen-
dent of the patient. Pressure-regulated modes of mechan-
ical ventilation were not evaluated in the present bench
study; thus, no conclusion may be drawn concerning the
function of the integrated jet nebulization systems in this
situation. Of note, as VT partly depends on the patient’s
effort and respiratory mechanics, its control by the venti-
lator would be less relevant. Nebulization is unlikely to
affect the delivered pressure, as this variable is very tightly
controlled by modern inspiratory valves.

The different test conditions influencing expiratory neb-
ulization also impacted nebulization during inspiration. Our
findings strongly suggest that persistent nebulization dur-
ing expiration is an important mechanism of drug loss. An
associated change in nebulization characteristics during
inspiration (mainly higher or lower flow through the neb-
ulizer) cannot, however, be completely ruled out. Some
variables such as the triggering type, breathing frequency,
and pressure in the connecting tubing were not fully eval-
uated in the present study, although they may interact with
some results.

Finally, only 0.9% sodium chloride/fluoride was used
for nebulization in the present study. Behavior may be
slightly different with other medications, particularly in
the case of solutions exhibiting high viscosity.

Conclusions

Jet nebulization systems integrated in modern ICU ven-
tilators allow a good control of VT and thus may be pre-
ferred to the use of external gas sources and empirical
ventilator setting changes. Inspiratory synchronization
sometimes appeared poor, due to persistent nebulization
during the inspiratory pause and expiration, in part be-
cause of gas compression/decompression proximal to the
nebulizer. Specific settings such as increasing inspiratory
time might help to optimize the dose of drug delivered.
Importantly, nebulizer placement upstream in the inspira-
tory limb is the most powerful means of reducing the loss
of medication in the expiratory limb due to persistent neb-
ulization during expiration. Delivering nebulization during
the entire inspiration, that is, including the pause, appears
questionable.
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