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BACKGROUND: The aim of this work was to determine the effect of fill volume and humidification
change on aerosol delivery during single-limb noninvasive ventilation (NIV). METHODS: Four
groups were recruited, each consisting of 12 subjects (6 females) with COPD receiving NIV. Groups 1
and 3 received inhaled salbutamol with a vibrating mesh nebulizer, and Groups 2 and 4 received
inhaled salbutamol with a jet nebulizer. The in vivo study was carried out on days 1 and 3. In
groups 1 and 2, 2 fill-volumes were delivered to each subject; 1 mL 5,000 �g/mL salbutamol
respirable solution used as it is or diluted to a total of 2 mL using normal saline. In groups 3 and 4,
1 mL 5,000 �g/mL salbutamol respirable solution diluted to 2 mL total volume using normal saline
was delivered to each subject with and without humidification. Unchanged salbutamol in urine at
30 min (USAL0.5) and in pooled urine at 24 h (USAL24) was determined. On day 2, the ex vivo
study was carried out on subjects using the same experimental setting with a filter placed proximal
to their face mask for collection of total inhaled dose of salbutamol (aerosol emitted). RESULTS:
The vibrating mesh nebulizer delivered higher USAL0.5, USAL24, and aerosol emitted compared
to the jet nebulizer at all fill volumes and humidification conditions (P < .001). Increasing fill
volume from 1 mL to 2 mL resulted in a significant increase in USAL0.5, USAL24, and aerosol
emitted from the jet nebulizer (P < .05) with an insignificant effect on the vibrating mesh nebulizer.
A 2-mL fill volume with the jet nebulizer delivered USAL24 and aerosol emitted comparable to
those of 1 mL with the vibrating mesh nebulizer with significantly longer nebulization times
(P < .001). Humidification had an insignificant effect on aerosol delivery. CONCLUSIONS: In-
creasing the fill volume of a jet nebulizer is essential to increase the amount of inhaled medication
reaching a subject. In contrast, there is no need to increase fill volumes when using a vibrating mesh
nebulizer. There is no need to switch off the humidifier while delivering aerosol through a single-
limb NIV circuit. Key words: nebulizer; noninvasive ventilation; fill volume; humidification; urinary
salbutamol; filter. [Respir Care 2018;63(11):1370–1378. © 2018 Daedalus Enterprises]

Introduction

Noninvasive ventilation (NIV) is a very good tool to
reduce the incidence of intubation.1,2 In some situations,

NIV may extend to several days and require aerosol de-
livery, which has been shown to be beneficial during NIV.2,3

In the last decade, aerosol delivery in NIV has been well
studied.4-7 The type and position of the aerosol generator,
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ventilator settings during aerosol delivery, and other vari-
ables during NIV have been investigated.4,5,7-18

Many previously published studies recommended
switching off the humidifier while delivering aerosol for
improved aerosol delivery.9,19,20 However, we have shown
that there was no significant effect on delivered aerosol
associated with this practice during auto-CPAP or dual-
limb ventilation.16,21,22 In addition, turning off the humid-
ifier and delivering dry gas may be harmful to the lungs,
so it is imperative that the humidifier be turned on again
after aerosol delivery is complete.4,23

Additionally, no studies were found regarding the rec-
ommended fill volume of the respiratory solutions placed
in the nebulizer medication reservoir. These data would be
helpful in determining whether we can improve aerosol
delivery with larger fill volumes. It is also important to
know which aerosol generators would be affected by in-
creasing fill volumes because they function differently and
have different residual volumes.9,24,25 For example, the jet
nebulizer, the most common type of nebulizer due to its
low cost, has a very large residual volume (�0.7 mL)
compared to the low residual volume of vibrating mesh
nebulizers (�0.1 mL).11,13,26

The aim of this study was to determine the effect of fill
volume and humidification on aerosol delivery to subjects
with a single-limb NIV circuit as a step toward optimizing
aerosol delivery for mechanically ventilated patients while
developing a foundation for practical guidelines.

Based on our previous in vitro study26 our hypothesis
was that the fill volume change would affect the delivered
dose to the subject, whereas the humidity change would
not have any significant effect.

Methods

This study was conducted in accordance with the amended
Declaration of Helsinki. A local hospital research ethics com-
mittee approval number was obtained for the subjects in the
study (FM-BSU REC FWA: FWA00015574). Written in-
formed consent was obtained from all subjects. The study
was performed at the Teaching Hospital of Faculty of Med-
icine, Beni-suef University, Beni-suef, Egypt. Controllers and
vibrating mesh nebulizers were supplied by Aerogen (Gal-
way, Ireland).

Patients with a previous diagnosis of COPD who had
been admitted to the respiratory unit with an exacerbation
or who required NIV for respiratory acidosis and were
prescribed salbutamol were eligible for study. All subjects
were recruited using the hospital-approved delayed-con-
sent procedure.

Patients were ineligible to be included in this study
if they had taken part in a research study during the
previous 6 months, had known hypersensitivity to
salbutamol, presented with a systolic blood pressure

of � 100 mm Hg, or exhibited severe renal impairment
defined as creatinine clearance or estimated glomerular
filtration rate � 20 mL/min.

Study Design and Procedures

As shown in Figure 1, recruited subjects in the study
were divided into 4 groups. Subjects were randomized to
be included in one of these groups. We utilized block
randomization with the use of http://www.randomization.
com. Each group received nebulized salbutamol using ei-
ther a vibrating mesh nebulizer (Aerogen Solo, Aerogen,
Galway, Ireland) or a jet nebulizer (Sidestream, Philips
Respironics, Guildford, United Kingdom), with predeter-
mined conditions and settings for each group. These neb-
ulizers, conditions, and settings were used in the in vivo
and ex vivo parts of the study.

In Vivo Method

Hindle et al27 developed a urinary pharmacokinetic
method to determine relative lung and systemic bioavail-
ability of salbutamol after inhalation. This method used
the amount of drug excreted in urine after 30 min as an
index of lung deposition and the amount of drug excreted
in urine over a 24-h period after inhalation as an index of
systemic absorption. This noninvasive pharmacokinetic
method has been used to detect lung deposition of aero-
solized drugs to healthy volunteers,18,28 subjects admitted
with an exacerbation of either asthma or COPD,29 as well
as ventilated subjects.10,14,15,17,21 Similarly, we used this
methodology to determine the effect of fill volume and
humidification changes on lung deposition and systemic
absorption of 2 different nebulizers.

QUICK LOOK

Current knowledge

Current recommendations for aerosol delivery during
mechanical ventilation include increasing the fill vol-
ume of the nebulizer and discontinuing humidity. The
efficiency of aerosol delivery during non-invasive ven-
tilation is impacted by position of the nebulizer relative
to the leak port in the circuit.

What this paper contributes to our knowledge

Increasing the fill volume is an essential factor to im-
prove aerosol delivery via jet nebulizer but not via vi-
brating mesh nebulizer. The use of humidity had no
significant effect on aerosol delivery in single-limb non-
invasive ventilation.
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Bi-level ventilators are intended to provide airway sup-
port during breathing by blowing air into the lungs during
a breathing cycle. Pressure is increased during the pa-
tient’s inhalation to a set level, and it is then allowed to
decrease to a threshold level when they breathe out, thus
reducing the work of breathing. The bi-level ventilator
(Breas Medical, Stratford-Upon-Avon, United Kingdom)
was set in spontaneous mode at an inspiratory pressure
of 20 cm H2O and expiratory pressure of 5 cm H2O
according to the routine ward protocol. These ventilator
pressures are the typical levels used for COPD patients.
A schematic design of the study is shown in Figure 2.

The NIV breathing circuit (Fisher & Paykel Healthcare,
Auckland, New Zealand) consisted of a 180-cm length of
corrugated tubing (diameter 22 mm) with an integrated
fixed-leak expiration port (Breas Medical, Stratford-Upon-
Avon, United Kingdom). We placed the nebulizer near the
subject between the face mask and the expiration port
because this format has been shown to produce a greater
aerosol delivery with less aerosol loss through the expira-
tion port.11,30

Day 1 study doses occurred between 12 and 24 h after
start of NIV. Salbutamol administration was avoided for at
least 12 h prior start of the study. Subjects received ipra-
tropium bromide (Atrovent inhalation solution containing
a nominal dose of 25 �g/mL, Boehringer Ingelheim, In-
gelheim am Rhein, Germany) in place of their normal
salbutamol dose during this period. The high-performance
liquid chromatography analysis method that we used dif-
ferentiated between these 2 drugs.

For the fill-volume part of the study, subjects were ran-
domized to receive the salbutamol study doses via either

vibrating mesh nebulizer (group 1) or jet nebulizer (group
2) attached to a compressor (PortaNeb, Philips Respiron-
ics) pre-set by the manufacturer at 6 L/min. In previous
studies, the vibrating mesh nebulizer and the jet nebulizer
were reported to have an average dead volume of �0.1
and 0.7 mL respectively.11,13,26 Subjects were also ran-
domized to receive the 5,000 �g salbutamol study dose in
a 1- or 2-mL fill volume. The 2-mL fill volume was pre-
pared by placing 1 mL Farcolin respirator solution
(5,000 �g/mL salbutamol; Pharco Pharmaceuticals, Alex-
andria, Egypt) in the nebulizer medication reservoir and
diluting it with 1 mL normal saline solution. In the fill-
volume part of the study, the aerosol delivery occurred in
dry non-humidified conditions.

For the humidification part of the study, subjects were
again randomized to receive the salbutamol study doses via
either vibrating mesh nebulizer (group 3) or jet nebulizer
(group 4). They were also randomized to receive the salbu-
tamol study dose with or without humidification, provided by
a passover humidifier (MR810, Fisher & Paykel Healthcare)
with a single-limb NIV humidified circuit (Fisher & Paykel
Healthcare) as shown in Figure 2. The humidifier was set
to invasive mode and allowed to reach 37 � 1°C prior
to nebulization. A salbutamol dose of 5,000 ug/mL was
given in the nebulizer medication reservoir along with
2-mL fill volume containing 1 mL Farcolin respirator
solution diluted with 1 mL normal saline.

Nebulization ended at sputter with the jet nebulizer and
at dryness with the vibrating mesh nebulizer. Subjects
voided urine 15 min before each study dose and then pro-
vided a urine sample 30 min (USAL0.5) from commence-
ment of dosing. Their urine was then pooled for the next

Nebulizers Fill
volumes

Jet nebulizer

HPLC analysis Solid phase extraction

VMN

Group 1

1 mL - 2 mL

1 mL - 2 mL

Group 2

Group 3

Group 4

Humidity
Day 1

30 min

urine

samples.

24 h urine

samples.

30 min

urine

samples.

24 h urine

samples.

In vivo

Day 2

Ex vivo

Inhaled

amounts

delivered to

inhalation

filter.

Day 3

In vivo

With and
without

humidification

With and
without

humidification

Fig. 1. Schematic design of the study (n � 12 for each group).
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24 h (USAL24). The volume of 30-min and 24-h collec-
tion samples were measured and assayed for salbutamol
using previously validated high-performance liquid chro-
matography.14,15,17,21,31 Salbutamol was extracted from
urine samples using solid-phase extraction with Oasis MCX
cartridge (Waters Corporation, Milford, Massachusetts),
with bambuterol hydrochloride added as internal stan-
dard, and then injected into the high-performance liquid
chromatography system. A 5-�m octadecyl-silica (ODS)
(4.6 mm � 250 mm, Zorbax Eclipse) C-18 high-perfor-
mance l iquid chromatography column with a
4 mm � 3 mm C-18 (ODS) guard column (Agilent,
Santa Clara, California) was used. Mobile-phase aceto-
nitrile:water containing 0.1% orthophosphoric acid
(90:10, v/v), was pumped through columns at flow of
1 mL/min maintained at 25°C, and photodiode array
detection was set at 220 nm. The lower limit of detec-
tion and lower limit of quantification for salbutamol
were 0.36 and 1.00 �g/mL, respectively.

Ex Vivo Method

On day 2, subjects received 5,000 �g/mL salbutamol in
the previously described fill volumes or humidification
conditions with either a vibrating mesh nebulizer or a jet

nebulizer on a filter (Filta Guard breathing filter, Intersur-
gical, Wokingham, United Kingdom) placed between their
face mask (AF531 oronasal mask, Philips Respironics,
Guildford, United Kingdom) and nebulizer within the same
setting shown in Figure 2. Previous studies have shown the
ability of this filter to entrap all drugs that would reach the
subject and to indicate percentage of loss.10,14,15,17 Sub-
jects continued receiving their prescribed ipratropium bro-
mide to relieve their bronchospasm during day 2 of the
study because subjects did not receive any salbutamol dur-
ing the ex vivo study. Salbutamol entrained on the filter
was described as total inhaled dose (aerosol emitted) and
assayed for salbutamol using previously validated high-
performance liquid chromatography.12,13,25,26,32,33 We used
the 25 mm � 4.6 mm Zorbax Eclipse Plus C18 and the
ODS1 column (Agilant), through which the mobile phase
consisted of a mixture of acetonitrile and water (0.1% phos-
phoric acid) (90:10, v/v) was pumped at 1 mL/min using the
1260 Infinity preparative pump (G1361A, Agilant) the 1260
Infinity Diode array detector VL (G131SD, Agilant) was set
at 225 nm with an injection volume 100 �L. Calibration
solutions ranged from 4 to 100 �g/mL (weight/volume). Limit
of detection was 0.35 �g/mL, and the lower limit of quanti-
fication was 2.55 �g/mL.

Mesh nebulizer

HumidifierJet nebulizer

OR

Face mask

Exhalation port
Ventilator filter

Ventilator
Position of ex vivo filter

Fig. 2. Schematic design of the in vivo and ex vivo noninvasive ventilation methodology; in the ex vivo experimental setting, a filter was
placed between the subject face mask and nebulizer.
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Data Analysis

All data are expressed as mean (SD). The statistical
analysis of the study was performed using SPSS version
22.0 (SPSS, Chicago, Illinois) with P � .05 considered
significant. Mixed analysis of variation with the applica-
tion of Bonferroni correction was used to compare both
the urinary excretion of salbutamol and salbutamol on
ex vivo filters post-inhalation.

Results

Forty-eight NIV subjects (24 females) recruited in the
study were divided into 4 groups; each group consisted of
12 subjects (6 females). All of the subjects completed the
study. The demographic data of the 4 groups are presented
in Table 1. They all agreed to be included using a delayed
consent procedure, and they completed all study doses.
Routine ward management of these subjects does not in-
clude spirometery, so this was not measured.

Mean (SD) USAL0.5, USAL24, aerosol emitted, and
nebulization times for jet nebulizer and vibrating mesh
nebulizer with different fill volumes are shown in Table 2
and Figures 3–5.

No significant difference was found in USAL0.5,
USAL24, and aerosol emitted between 1- and 2-mL fill
volume with the vibrating mesh nebulizer. However, the
2-mL fill volume resulted in significantly greater
USAL0.5 (P � .001), USAL24 (P � .001), and aerosol
emitted (P � .001) than did the 1-mL fill volume with the
jet nebulizer.

The vibrating mesh nebulizer resulted in significantly
greater USAL0.5 (P � .001), USAL24 (P � .001), and
aerosol emitted (P � .001) for all fill volumes studied. The
vibrating mesh nebulizer with a 1-mL fill volume resulted
in significantly higher USAL0.5 (P � .001) than did the
jet nebulizer with a 2-mL fill volume. However, there was
no significant difference between the vibrating mesh neb-
ulizer with a 1-mL fill volume and the jet nebulizer with a
2-mL fill volume for USAL24 and aerosol emitted.

Nebulization time with the 2-mL fill volume was sig-
nificantly longer (P � .001) than that with the 1-mL fill
volume for both the vibrating mesh nebulizer and the jet

nebulizer. Nebulization times for 1- and 2-mL fill volume
from the jet nebulizer were significantly longer (P � .001)
than those from the vibrating mesh nebulizer. No sig-
nificant difference was found between nebulization times
for the 1-mL fill volume from the jet nebulizer and the
2-mL fill volume from the vibrating mesh nebulizer.
Mean (SD) USAL0.5, USAL24, and aerosol emitted
values for the jet nebulizer and the vibrating mesh neb-
ulizer using different humidification conditions are
shown in Table 3 and Figures 3–5.

Again, the vibrating mesh nebulizer resulted in signifi-
cantly greater USAL0.5 (P � .001), USAL24 (P � .001)
and aerosol emitted (P � .001) compared to jet nebulizer
for all humidification conditions studied. However, no sig-
nificant difference was found between group 3 (jet nebu-
lizer humidification) and group 4 (vibrating mesh nebu-
lizer humidification) between humidified and dry
conditions; there was an insignificant increase in the
USAL24 and aerosol emitted in dry conditions.

Discussion

We studied the effect of humidification and increasing a
nebulizer’s loading volume from 1 mL to 2 mL for albu-
terol delivery in adult subjects with COPD treated with
NIV and aerosols during an exacerbation. We used a pre-
viously described urinary pharmacokinetic method.27 We
found that humidity did not affect drug delivery. We also
found that increasing the loading volume from 1 mL to
2 mL increased drug delivery in the jet nebulizer but not in
the vibrating mesh nebulizer.

The great differences between the vibrating mesh neb-
ulizer and the jet nebulizer when using a 1-mL fill volume
(4.0 fold, 3.7 fold and 1.9 fold) were reduced to 2.8-, 1.3-,
and 1.2-fold in USAL0.5, USAL24, and aerosol emitted,
respectively, by increasing the fill volume to 2 mL.

The jet nebulizer showed a significant (P � .001) in-
crease in the USAL0.5 (1.7-fold), USAL24 (2.9-fold), and
aerosol emitted (1.8-fold) by increasing the fill volume.
However, the vibrating mesh nebulizer showed an insig-
nificant increase in the USAL0.5 (1.2-fold), USAL24 (1.1-
fold), and aerosol emitted (1.1-fold) by increasing the fill
volume. The increase of the fill volume from 1 mL to
2 mL was very beneficial in the jet nebulizer compared to
the vibrating mesh nebulizer, which may be due to the
very small residual volume of the vibrating mesh nebu-
lizer.9,24,25,34 This smaller residual volume allows the vi-
brating mesh nebulizer to deliver most of the respirable
solution placed in the nebulizer reservoir.9,24,25,34 This vari-
ation in the effect of fill-volume change for the jet nebu-
lizer suggests that increasing the fill volume of a jet neb-
ulizer improves its low efficiency.9,26,35

The trend of difference in the results of the in vivo study
was similar to previous studies in single-limb NIV26 and

Table 1. Demographic Data

Age, y Weight, kg Height, cm

Group 1 62.3 (6.0) 70.7 (7.9) 173 (4.7)
Group 2 65.0 (5.3) 74.4 (8.5) 170.6 (7.2)
Group 3 59.4 (10.1) 79.2 (9.2) 179 (14.7)
Group 4 61.3 (9.2) 84.4 (10.3) 169.5 (17.3)

Data are shown as mean (SD).
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dual-limb ventilation.9,36-38 However, the magnitude of dif-
ference between the vibrating mesh nebulizer and the jet
nebulizer and between 1 and 2 mL was much higher in the
USAL0.5 and USAL24 measurements, whereas the aero-
sol emitted measurements increased in the same manner as
what was observed in in vitro studies.9,26,36-38 This finding
suggests that even though the in vitro data gives us a good
idea about the expected aerosol delivery, it is essential to
extend to an in vivo study due to the possible effects of
human physiology. In addition, comparing in vivo to ex vivo

data were not possible using normal statistical methods
and would not provide accurate results due to the small
number of patients used in the study. Further studies are
needed to properly define the correlation between in vivo,
ex vivo, and in vitro methodology.39

On the other hand, fill-volume change affected nebuli-
zation time, in that the increase in nebulization time due to
volume change was observed with both nebulizers.24,26,40

This increased nebulization time might not be of impor-
tance in aerosol delivery to NIV patients unless it is a
lifesaving medication delivered to critically ill patients.9

The dilution of 1-mL respirable solution by 1-mL saline in
the jet nebulizer increased the drug delivery as measured
with USAL24 by 2.9-fold. This increase was much greater
than that measured with USAL0.5, which was only 1.7-
fold. Therefore, increasing the jet nebulizer fill volume
results in better lung deposition, although this carries a
much greater increase in systemic side effects, which must
be considered when increasing the fill volume of jet neb-
ulizer, especially in critically ill patients.41

Dilution of respirable solution in the jet nebulizer (2-mL
fill volume) resulted in measurements with USAL24 and
aerosol emitted comparable to those of the vibrating mesh
nebulizer with no dilution (1-mL fill volume). However,
the USAL0.5 obtained with 1 mL delivered by the vibrat-

Table 2. Salbutamol Delivered Using Different Fill Volumes

Nebulizer Type Fill Volume, mL USAL0.5, �g USAL24, �g Ex vivo, �g Time, min Nebulization Chamber, �g

Jet nebulizer 1 28.3 (7.6) 146.3 (42.3) 792.9 (130.7) 3.42 (0.08) 2,927.9 (887.7)
2 47.9 (10.6) 429.5 (106.9) 1,395 (152.2) 6.86 (0.42) 2,259.1 (348.1)

P � .001 � .001 � .001 � .001 .046
Vibrating mesh nebulizer 1 107.9 (28) 542.1 (88.4) 1,480.9 (116.5) 2.29 (0.08) 529.0 (352.4)

2 134.6 (44.7) 599.6 (60.9) 1,690.8 (156.0) 4.22 (0.7) 257.2 (76.9)
P .70 .73 .78 � .001 .61

Data are shown as mean (SD).
USAL0.5 � unchanged salbutamol at 30 min
USAL24 � unchanged salbutamol at 24 h
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ing mesh nebulizer was still 2.3-fold greater than results
found with 2 mL delivered by a jet nebulizer. The vibrat-
ing mesh nebulizer did not need any dilution of the respi-
rable solution to deliver significantly more aerosol to the
lungs than the jet nebulizer.9,24,34 Based on better lung
deposition by the vibrating mesh nebulizer and its short
delivery time, we recommend that lifesaving aerosol med-
ication, expensive drugs, and medication administered to
critically ill patients should be delivered via vibrating mesh
nebulizer without dilution to allow for a more efficient
delivery in a very short time. It must be noted that our
study was performed using respirable solutions, not sus-
pensions or viscous medications. In addition, the cost of
the vibrating mesh nebulizer compared to the disposable
jet nebulizer may be an obstacle in some hospitals.

Although the humidity change results were far different
from most of the previously published in vitro studies,
which recommend switching off the humidifier when de-
livering aerosol to ventilated patients,9,19,20,42-45 the results
were very close to our previous findings of the effects of
humidity change on aerosol delivery in auto-CPAP venti-
lated subjects16 and invasively ventilated subjects.21,22 This
finding shows that there is no need to discomfort the pa-
tient by switching off the humidifier for aerosol delivery
because the dry gas could potentially be harmful to the
lung and the increase in delivered aerosol was insignifi-
cant. In our study, the nebulizer was placed near the sub-
ject’s mask in the single-limb ventilation circuit, similar to
that of the auto-CPAP study and our in vitro study.16,26

This placement could decrease the effect of humidity on
delivered aerosol compared to most of the previous in vitro
studies in dual-limb ventilation circuit, in which the neb-
ulizer was placed in the inspiratory limb far from the sub-
ject.9,19,20,45 However, our studies on dual-limb ventilated
subjects also showed an insignificant difference between
humidified and non-humidified aerosol delivery.21,22 This
suggests that delivering aerosol during ventilation is not
affected by the humidifier being on or off. All of the
previous in vitro studies ignored the humidity of the air
exhaled by the patient and the humidity of the ventilation

circuit itself, which has been shown to persist for 30 min
after turning off the humidifier.46 Based on our findings,
we do not recommend interrupting humidification during
aerosol delivery, especially after 2 reports found no sig-
nificant effect on subjects’ clinical status22 and aerosol
delivery21 with changing humidity during aerosol admin-
istration to invasively ventilated subjects.

In addition to this study, we found in other research that
humidity had no effect on aerosol delivery.16,21,22 This
information could help optimize aerosol delivery for me-
chanically ventilated patients and avoid discontinuing hu-
midity without benefit, given that switching off the hu-
midifier may contribute to problems associated with
administration of dry cold gas to the lungs, such as lung
irritation, bronchospasm, and desiccation of secretions.47

These risks are greater if the clinician forgets to turn on the
humidifier again after aerosol delivery.

Limitations of the Study

There are several important limitations of our study.
Subjects’ respiratory efforts were not quantified because,
according to routine ward management of these patients,
spirometry was not measured. The coefficient of variation
for urinary salbutamol was reported to be approximately
high, which may account for some of the insignificant
differences. A potential limitation is that we operated the
jet nebulizer at 1 mL, which is lower than the recom-
mended loading volumes, to compare it to the vibrating
mesh nebulizer, which does not need dilution for aerosol
delivery.

Conclusion

The effect of humidification on aerosol delivery in sin-
gle-limb NIV was found to be statistically insignificant.
We recommend keeping the humidifier on and at the same
setting while delivering aerosol to NIV patients. At the
same fill volume and humidification conditions, the vi-
brating mesh nebulizer resulted in better lung deposition

Table 3. Salbutamol Delivered at Different Humidification Conditions

Nebulizer Type Fill Volume USAL0.5, �g USAL24, �g Ex vivo, �g

Jet nebulizer With humidification 59.1 (26.4) 376.6 (156.3) 1,231.3 (180.2)
Without humidification 54.8 (22.6) 405.2 (160.5) 1,352.6 (193.2)

P .70 .77 .75
Vibrating mesh nebulizer With humidification 130.8 (49.6) 588.7 (136.0) 1,629.7 (170.2)

Without humidification 123.1 (39.4) 635.4 (119.1) 1,732.3 (135.2)
P .89 .72 .86

Data are shown as mean (SD).
USAL0.5 � unchanged salbutamol at 30 min
USAL24 � unchanged salbutamol at 24 h
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and systemic absorption with shorter nebulization times
than the jet nebulizer, indicating higher efficacy of the
vibrating mesh nebulizer. Increasing fill volume is an es-
sential factor for improving aerosol delivery via the jet
nebulizer to the extent that a 2-mL fill volume in the jet
nebulizer had aerosol emitted and USAL24 measurements
similar to those found with a 1-mL fill volume in the
vibrating mesh nebulizer. The vibrating mesh nebulizer is
not significantly affected by increasing fill volume.
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