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BACKGROUND: Nebulizers are commonly used in emergency departments to deliver broncho-

dilators to children with asthma exacerbations. However, no clinical study comparing a vibrating

mesh nebulizer with a jet nebulizer is available in this patient population. The purpose of this

study was to compare the clinical efficacy of a vibrating mesh nebulizer to a jet nebulizer com-

bined with a mouthpiece or mask in children with asthma exacerbations admitted to the emer-

gency department. METHODS: We conducted a single-blinded randomized clinical trial of 217

children (2–18 y old) with a moderate to severe asthma exacerbation in the emergency depart-

ment. Assessment of severity was defined by our acute asthma score, adapted from the Pediatric

Asthma Score. Subjects were randomized to receive bronchodilator treatment via vibrating

mesh nebulizer (n 5 108) or jet nebulizer (n 5 109) and were treated until they achieved a mild

asthma score and were discharged or until a decision to admit was made. All subjects were

treated per our acute asthma clinical pathway algorithm for the emergency department with

modifications to allow for blinding, assessment of treatment, and data collection. Outcome varia-

bles included hospital admission rate, number of treatments, and time to mild asthma score.

RESULTS: There was a significant difference in baseline asthma score between subjects treated

with the vibrating mesh nebulizer and those treated with the jet nebulizer (P 5 .042), but no

other significant differences in demographics existed between groups. To adjust for effect of

baseline asthma score, a multiple logistic regression model was used to model admission. The

vibrating mesh nebulizer group had a lower probability of being admitted to the hospital (P 5
.062), and they required significantly fewer treatments (P < .001) and less time to reach a mild

asthma score (P 5 .004) than those in the jet nebulizer group. In subjects with a mask interface,

the vibrating mesh nebulizer significantly reduced the probability of admission (P 5 .032).

CONCLUSIONS: Subjects treated with a vibrating mesh nebulizer required significantly fewer

treatments and less time to achieve a mild asthma score. In subjects with a mask interface, the

vibrating mesh nebulizer significantly reduced the probability of admission compared to jet nebu-

lizer. (ClinicalTrials.gov registration NCT02774941.) Key words: aerosols; jet nebulizer; vibrating
mesh nebulizers; pediatric asthma; moderate; severe; children; emergency department; albuterol.
[Respir Care 2020;65(10):1451–1463. © 2020 Daedalus Enterprises]

Introduction

Asthma is a common childhood disease affecting

approximately 6.1 million children in the United States.1

Acute asthma exacerbation leads to > 680,000 emergency

department visits and > 70,000 hospitalizations for chil-

dren each year.2 The first-line treatment for children pre-

senting in the emergency department with an asthma

exacerbation is timely administration of oral corticosteroids

and aerosolized short-acting b -agonists (SABAs).3-8 While
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short-term systemic corticosteroid dosing and administra-

tion are well established, variations in terms of dosing, fre-

quency, and devices used to deliver inhaled SABAs still

exist.4,6,9-11 Current recommendations for the initial treat-

ment of mild to moderate asthma in the emergency depart-

ment are to administer up to 3 SABA treatments via

nebulizers or pressurized metered-dose inhalers (pMDIs)

over 1 h in 20-min increments.5 For severe asthma exacer-

bations, the current recommendation is 3 high doses of

SABA plus ipratropium bromide administered every 20

min or an equivalent dose administered continuously over

1 h.5 pMDIs and nebulizers can be used to administer inter-

mittent therapy, but nebulizers must be used to deliver con-

tinuous treatment. Although pMDIs with valved holding

chambers have been shown to be just as effective as nebu-

lizer treatments, nebulizers are often preferred in mod-

erate to severe exacerbations due to the ability to

deliver single or multiple medications continu-

ously.4,5,9,11-16 A variety of patient interfaces, such as

masks and mouthpieces, are available to administer aer-

osol therapy regardless of device used. Interface selec-

tion is usually based on patient size, age, and

adherence.17-19 Nebulizers are more efficient when used

with a mouthpiece,20-23 but younger children and

acutely dyspneic patients may not be able to use a

mouthpiece properly.11,20,24

Nebulized SABA dosing recommendations are based on

the use of jet nebulizers, which are commonly used in hos-

pitals and emergency departments due to their low cost and

ease of use.5,20 Advancements in technology have led to the

development of newer nebulizers, such as vibrating mesh

nebulizers. In vivo and scintigraphy data indicate that

vibrating mesh nebulizer are more efficient and deliver

higher concentrations of medication compared to jet nebu-

lizers.25,26 In a recent study using a pediatric lung model,

the combination of a vibrating mesh nebulizer and valved

mask delivered a > 2-fold increase in drug delivery com-

pared to a jet nebulizer with an aerosol mask, dragon mask,

or valved mask.20 There have been no randomized clinical

trials comparing vibrating mesh nebulizers with jet

nebulizers in terms of clinical outcomes in pediatric sub-

jects with moderate to severe asthma exacerbations in the

emergency department.

The primary purpose of this study was to compare the

effect of using a jet nebulizer versus a vibrating mesh nebu-

lizer with different interfaces on clinical outcomes in treat-

ing children with acute moderate to severe asthma. The

secondary purpose of the study was to determine the clini-

cal efficacy of mouthpiece and face mask combined with a

vibrating mesh nebulizer or a jet nebulizer in children

with asthma admitted to the emergency department.

The effect of disease severity on the hospital admission

rate was also explored. We hypothesized that using a

vibrating mesh nebulizer would result in fewer hospital

admissions, fewer treatments, and decreased time to

achieve a mild asthma score compared to our current

practice of using a jet nebulizer.

Methods

Subject Population

The study was conducted in the emergency department

of Children’s Medical Center, a 490-bed not-for-profit terti-

ary pediatric hospital in Dallas, Texas, between August

2016 and March 2019. Subjects were children between the

ages of 2 and 18 y who had a known history of asthma and
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Current knowledge

Advancements in technology have led to the develop-

ment of newer nebulizers, such as vibrating mesh nebu-

lizers. Multiple in vitro and in vivo studies indicate that

vibrating mesh nebulizers are more efficient and

deliver more medication compared to jet nebulizers.

There have been no randomized clinical trials compar-

ing the clinical efficacy of vibrating mesh nebulizers

versus jet nebulizers with different interfaces.

What this paper contributes to our knowledge

Among pediatric subjects who presented to the emer-

gency department with moderate to severe asthma

exacerbations, those who were randomized to receive

bronchodilator treatment with a vibrating mesh nebu-

lizer required fewer treatments and took less time to

reach discharge criteria compared to those who were

randomized to treatment with a jet nebulizer. For sub-

jects treated with a face mask interface, the vibrating

mesh nebulizer reduced the probability of admission

compared to the jet nebulizer. Due to small sample

sizes these differences were not statistically significant.
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presented to the emergency department with a moderate to

severe asthma exacerbation. Eligible subjects were enrolled

when the study investigator was available to obtain consent

and collect study data. Assessment of severity was defined

by the Children’s Medical Center’s acute asthma score,

adapted from the Pediatric Asthma Score,27 which rates the

severity of exacerbation based on breathing frequency,

oxygen requirement, retractions, and findings on auscul-

tation (mild: 1–4, moderate: 5–8, severe: 9–12) (Table

1). The score has been utilized in our in-patient and

emergency department acute asthma clinical pathway

algorithm since 2013. Initial asthma score was obtained

by an emergency department respiratory therapist after

initial nursing assessment in triage. Patients were excluded

if they had any comorbid/complex medical conditions (eg,

cardiovascular disease, cystic fibrosis, chronic lung dis-

ease, airway anomalies, or immunodeficiency syndromes),

coexisting medical conditions such as pneumonia, or if

they were in impending respiratory failure as determined

by treating physician. Patients who received oral cortico-

steroids in the previous 24 h or bronchodilator treatment

within 1 h of the emergency department admission were

also excluded.

Subject Enrollment

Eligible subjects were approached for enrollment by a

study investigator after receiving permission from the

attending physician. Prior to enrollment, informed consent

was obtained from the parent, legally authorized represen-

tative, or subject if they were 18 y of age. All subjects

received a corticosteroid (1–2 mg/kg prednisone or

prednisolone, maximum 60 mg; 0.3–0.6 mg/kg oral

dexamethasone, maximum 16 mg; or 1–2 mg/kg intrave-

nous methylprednisolone, maximum 60 mg) as soon as

possible per standard of care, but no SABAs were admin-

istered prior to obtaining consent. Once enrolled, subjects

were randomized in a single-blinded fashion (from study

investigator) to receive aerosol treatments via jet nebulizer

with aerosol mask or mouthpiece or via vibrating mesh

nebulizer with valved mask or mouthpiece.

Online randomization software (https://www.graphpad.

com, Accessed May 12, 2016) was used to assign subjects

to a treatment group. Sequentially numbered envelopes

were assigned to the jet nebulizer and vibrating mesh nebu-

lizer groups (in a 1:1 ratio) with a corresponding card

placed inside to indicate jet nebulizer or vibrating mesh

nebulizer. Envelopes were sealed and stored in a secure

location, and then assigned to study subjects in numerical

order as enrolled. This study was approved by the hospital’s

institutional review board.

Nebulizers

The control group used our standard single-use, small-

volume jet nebulizer (AirLife Sidestream High-Efficiency

Nebulizer, CareFusion, Yorba Linda, California) operated

at 7 L/min per the manufacturer’s guidelines. The jet nebu-

lizer is operated with pressurized oxygen to aerosolize liq-

uid drugs. The study group used a vibrating mesh nebulizer

(Aerogen Solo with Ultra adapter, Aerogen, Galway,

Ireland), which is an electronically powered nebulizer with

a mesh consisting of 1,000 precision-formed holes vibrating

at 128,000 times per second to generate aerosol by pumping

liquid through the holes. The Ultra adapter is an accessory

to the vibrating mesh nebulizer that allows intermittent or

Table 1. Acute Asthma Score*

Score 0 1 2 3

Breathing frequency by

subject age, breaths/min

2–3 y old # 26 27–34 35–39 $ 40

4–5 y old # 24 25–30 31–35 $ 36

6–12 y old # 20 21–26 27–30 $ 31

> 12 y old # 18 19–23 24–27 $ 28

Oxygen requirement $ 98% on room air 95–97% on room air 90–94% on room air < 90% on room air or any

oxygen

Auscultation Normal with good

aeration throughout

Normal to end-expiratory

wheezes

Expiratory wheezing Inspiratory and expiratory

wheezing to diminished

breath sounds

Retractions†, no. None (0) Intercostals (1) Intercostals, substernal (2) Intercostal, substernal,

supraclavicular (3)

* Severity of exacerbation based on breathing frequency, oxygen requirement, retractions, and findings on auscultation (mild: 1–4; moderate: 5–8; severe: 9–12).

†Our acute asthma score captures the types of retractions to define severity; however, it is common practice in our institution to score based on the number of retractions, and not necessarily on the type

of retraction because children of different ages and anatomy present differently. To be consistent with common practice, the number of retractions was used for scoring in this study.
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continuous nebulization for pediatric and adult patients via

a valved mouthpiece or a valved mask. It was operated per

manufacture’s guidelines with 2 L/min of supplemental

flow with a valved mask, and without supplemental flow

with the valved mouthpiece unless subjects had an oxygen

requirement (Figure 1).

Interfaces

As our standard care, the jet nebulizer was used in

conjunction with one of 2 face masks, either a dragon aero-

sol mask (KidsMED Pediatric Aerosol Dragon Mask,

KidsMED, Hinsdale, Illinois) or an AirLife aerosol mask

(adult size, CareFusion), or a mouthpiece utilizing a T-pi-

ece and 6-inch flexible tube as a reservoir. The vibrating

mesh nebulizer was used with a pediatric or adult valved

face mask (Salter Labs I-Guard Aerosol Mask, Arvin,

California) or a valved mouthpiece (Aerogen). The selec-

tion of the interface for both aerosol devices was made at

the discretion of the treating respiratory therapist and based

on the subject’s age, size, and ability to follow instructions

or comply with mouthpiece application.

Study Procedure

All subjects were treated per the Children’s Medical

Center’s acute asthma clinical pathway algorithm with

modifications to allow for blinding, treatment assessment,

and data collection. Per the algorithm initial treatment of

moderate to severe asthma (asthma score 5–12) consists of

3 treatments of albuterol and ipratropium delivered

intermittently in 20-min increments or combined and given

continuously over 1 h. For this study, 3 intermittent treat-

ments were ordered instead of continuous aerosol therapy

to allow for the assessment of response after each dose.

Two personnel were used for study procedures, an emer-

gency department respiratory therapist to administer treat-

ments and the blinded study investigator to perform

assessments after treatment. To eliminate inter-rater vari-

ability, all posttreatment assessments were performed by

the blinded study investigator. The asthma score was used

to determine the severity of the exacerbation and the need

for additional treatments. If the subject received an asthma

score of 5–12, a subsequent treatment was administered. If

the subject received an asthma score of 1–4 (mild), they did

not receive a subsequent treatment and were reassessed ev-

ery 20 min. If after 40 min the subject still demonstrated a

mild asthma score, treating physicians were notified to

evaluate subjects for discharge. Subjects receiving an

asthma score of 5–12 during any reassessment received

subsequent treatment. This procedure was repeated until

the subject received a mild asthma score or there was a de-

cision to admit. In our institution, patients who have not

progressed after 2 h of treatment (ie, 6 treatments) are com-

monly admitted. See Figure 2 and Figure 3 for the study

procedure, medication, and dosages for the first, second,

and third hours.

Blinding was achieved when the emergency department

respiratory therapist placed a randomized nebulizer in an

opaque bag hanging from an intravenous pole after each

treatment. Considering that the vibrating mesh nebulizer

operates via electricity, the controller box used to power

A B

Fig. 1. Nebulizer types used in this study. A: Vibrating mesh nebulizer with Ultra adapter shown with valved mask, B: jet nebulizer shown with

dragon mask.
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the vibrating mesh nebulizer was attached to an intravenous

pole and placed bedside for each enrolled subject regardless

of assigned nebulizer to maintain blinding. Because sub-

jects, parents, and legal guardians were not blinded to the

nebulizer used, they were instructed not to comment or dis-

cuss the nebulizer with the blinded study investigator dur-

ing posttreatment assessments. Any questions, concerns, or

comments were directed to the emergency department re-

spiratory therapist. To compensate for different treatment

times between the jet nebulizer and vibrating mesh

nebulizer, posttreatment assessments were completed 15–

20 min after initiation of treatment to ensure blinding of the

investigator. In addition, a sign was posted outside the sub-

ject’s treatment room to indicate when the randomized neb-

ulizer was hidden so that blinded investigator could safely

enter the room.

If, at any time or any phase, a subject was deemed to be

in impending respiratory failure by treating physicians, the

subject was removed from the study and managed by the

clinical team. The study procedure stopped as soon as a

1st Neb treatment
<10 kg: 2.5 mg albuterol/250 �g ipratropium
≥10 kg: 5 mg albuterol/500 �g ipratropium

2nd Neb treatment
<10 kg: 2.5 mg albuterol/250 �g ipratropium
≥10 kg: 5 mg albuterol/500 �g ipratropium

3rd Neb treatment
<10 kg: 2.5 mg Albuterol/250 �g lpratropium
≥10 kg: 5 mg Albuterol/500 �g lpratropium

20 min post
assessment and

AS

Advance to phase
1b

Mild; AS 1-4

Re-assess every
20 mins for 40
mins. If AS still

mild (1-4) after 40
mins notify

treating physician
to evaluate for

discharge1.

If subject scores
moderate to

severe (5-12) at
any 20 min re-
assessment,
administer

subsequent
treatment or

advance to next
phase depending

on number of
treatments given

*Adjuvant therapies ordered
at physician discretion:

1Discharge criteria:

Moderate; AS 5-8 Severe; AS 9-12*

Mild; AS 1-4 Moderate; AS 5-8 Severe; AS 9-12*

Mild; AS 1-4 Moderate; AS 5-8 Severe; AS 9-12*

Magnesium sulfate - IV
Terbutaline - IV
Epinephrine - IV
Heliox
Noninvasive ventilation

S  >92% on room air
No respiratory distress
Clinically stable

Study protocol ends if heliox
or NIV ordered.20 min post

assessment and
AS

20 min post
assessment and

AS

-
-
-

•
•
•
•
•

pO2

Fig. 2. Flow chart of the first hour of the study procedure, medication, and dosages for the first, second, and third hours. AS¼ asthma score.
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decision to discharge or admit was made by the treating

physicians. The decision to admit or discharge was at the

sole discretion of treating physicians regardless of asthma

score or number of treatments administered. Physicians’

requests for additional treatments despite meeting mild

asthma score were noted to track total treatments to dis-

charge. Any adjuvant therapies were ordered at the treating

physician’s discretion.

4th Neb treatment
<10 kg: 2.5 mg albuterol
≥10 kg: 5 mg albuterol

5th Neb treatment
<10 kg: 2.5 mg albuterol
≥10 kg: 5 mg albuterol

6th Neb treatment
<10 kg: 2.5 mg albuterol
≥10 kg: 5 mg albuterol

20 min post
assessment and

AS

Notify treating physician to
evaluate for admission or to

advance to phase 1c

Mild; AS 1-4

•  If subject advanced to phase 1c, subsequent treatments are given in the same manner as phase 1b until they
are either (1) admitted to hospital, or (2) discharged.
•  If continuous bronchodilator treatment is ordered then study procedure stops and subjects are treated per
standard practice using large volume jet nebulizer.

Re-assess every
20 mins for 40
mins. If AS still

mild (1-4) after 40
mins notify

treating physician
to evaluate for

discharge1.

If subject scores
moderate to

severe (5-12) at
any 20 min re-
assessment,
administer

subsequent
treatment or

advance to next
phase depending

on number of
treatments given

*Adjuvant therapies ordered
at physician discretion:

1Discharge criteria:

Moderate; AS 5-8

Phase 1c (3rd hour)

Severe; AS 9-12*

Mild; AS 1-4 Moderate; AS 5-8 Severe; AS 9-12*

Mild; AS 1-4 Moderate; AS 5-8 Severe; AS 9-12*

Magnesium sulfate - IV
Terbutaline - IV
Epinephrine - IV
Heliox
Noninvasive ventilation

No respiratory distress
Clinically stable

Study protocol ends if heliox
or NIV ordered.20 min post

assessment and
AS

20 min post
assessment and

AS

-
-
-

•
•
•
•
•

S  >92% on room airpO2

Fig. 3. Flow chart of the second hour of the study procedure, medication, and dosages for the first, second, and third hours. AS¼ asthma score.
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Statistical Analysis

The initial sample size was based on another previously

published study comparing pMDIs with a spacer versus jet

nebulizers in children with moderate to severe asthma exac-

erbations.13 The hospital admission rate was estimated to

be 60% in the jet nebulizer group and 33% in the vibrating

mesh nebulizer group. The overall admission rate was esti-

mated to be 45%. A sample size of 60 subjects per group

(ie, 120 subjects in total) was initially calculated to be

adequate to provide 80% power to detect a statistically sig-

nificant difference in hospital admission rates between the

2 groups (significance level ¼ 0.05, 2-sided). After the

108th subject was enrolled, an independent, third-party,

blinded, interim power analysis was performed because

the overall rate of hospitalization was considerably

lower than the rates anticipated in the original design.

Using the same power calculation as before, it was

determined the study would require an additional 50

subjects per group. Institution review board approval

was granted, and the sample size was increased to 220

subjects.

The primary outcome variable was the rate of hospitali-

zation between the 2 treatment groups. Hospitalization was

defined as admission to a general pediatric unit or ICU.

Secondary outcome variables were the number of treat-

ments to mild asthma score and the time to mild asthma

score. Time to mild asthma score was defined as the time

elapsed from the start of the initial treatment to the time of

mild asthma score as documented in the electronic medical

record. The maximum recorded posttreatment heart rate

was noted as the posttreatment heart rate. All outcome vari-

ables were compared to identify differences between

mouthpiece and mask combined with the jet nebulizer and

the vibrating mesh nebulizer.

Descriptive analyses of categorical and continuous

variables were performed using proportions, frequen-

cies, medians, and interquartile ranges, respectively.

Statistical methods to test 2 independent groups in-

cluded the chi-square test, Fisher exact test, and

Wilcoxon rank sum test, as appropriate to the variable’s

level of measurement and distribution. Log transforma-

tion was used to make independent variables with

highly skewed distributions less skewed. The adjusted

effect of different types of nebulizers was estimated

with a multiple logistic regression model for a binary

outcome, or with multiple linear regression analysis for

a continuous outcome. The other independent variables

in the regression models included the unbalanced vari-

able (ie, log-transformed asthma score) and significant

predictive variable (ie, log-transformed subject weight).

P values # .05 or less were considered statistically sig-

nificant. The statistical analyses were performed with

SAS 9.4 (SAS Institute, Cary, North Carolina).

Results

Initially, 220 children were enrolled and randomized to

the jet nebulizer and vibrating mesh nebulizer groups. Two

children were excluded when they were discharged after an

initial decision to admit was made and they were treated off

of study protocol, and one child was excluded after the di-

agnosis of pneumonia was made. Of the remaining 217

children, 108 were treated with a vibrating mesh nebulizer

and 109 were treated with a jet nebulizer (Fig. 4). Table 2

shows demographic and baseline characteristics. The me-

dian (interquartile range) baseline asthma score was signif-

icantly higher in the vibrating mesh nebulizer group [9.0

(8.0–10.0) vs 8.0 (7.0–10.0), P¼ .042], but no other signifi-

cant differences existed between groups.

Effect of Nebulizers and Disease Severity on Admission

and Discharge

Figure 5 shows overall admission rates in the vibrating

mesh nebulizer and jet nebulizer groups. Admission rates

were 31% lower (6.3 percentage point difference) in the

vibrating mesh nebulizer group (15 of 108 children) than in

the jet nebulizer group (22 of 109 children), but this did not

reach significance (P¼ .22). Although there was no signifi-

cant difference in admission rate between groups based on

severity, the absolute reduction with vibrating mesh nebu-

lizer remained even when analyzed by subgroup; 7.2% for

moderate and 8.4% for severe. One child in the jet nebu-

lizer group was transferred to the ICU after initially being

admitted to general care, while all other subjects were

admitted to general care. Additionally, it is important to

note that simple randomization failed to balance the base-

line characteristics between the 2 groups because the base-

line asthma score was significantly higher in the vibrating

mesh nebulizer group.

To adjust for the effect of significant differences in base-

line asthma score, a multiple logistic regression model was

used to model admission. The predictors included vibrating

mesh nebulizer, log-transformed asthma score, and log-

transformed subject weight. Based on the sign of regression

coefficients, subjects with a higher asthma score and body

weight were positively associated with the risk of admis-

sion (P < .001, P < .001, respectively). After the adjust-

ment of log-transformed asthma score and weight, subjects

treated with a vibrating mesh nebulizer had a higher proba-

bility of being discharged overall (P¼ .062).

Effect of Nebulizers on Subject Treatments and

Progress

Overall, the median number of treatments required to

achieve a mild asthma score was significantly less in the

vibrating mesh nebulizer group than in the jet nebulizer
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group (2 vs 3 treatments, respectively, P< .001), regardless

of baseline asthma score (Fig. 6). As shown in Table 3,

there was a 28.4% decrease in median (IQR) time of 58

(33–103) min to reach mild asthma score in the vibrating

mesh nebulizer group compared a time of 81 (56–133) min

in the jet nebulizer group (P ¼ .004). None of the dis-

charged subjects received adjuvant therapies; however, in

subjects who were admitted, 2 subjects received magne-

sium sulfate and 3 subjects received magnesium sulfate

plus terbutaline in the jet nebulizer group versus 2 subjects

who received magnesium sulfate in the vibrating mesh neb-

ulizer group. There was no significant difference between

groups in the overall mean pretreatment heart rate (vibrat-

ing mesh nebulizer 122 6 17.28 beats/min vs jet nebulizer

122 6 20.62 beats/min) and posttreatment heart rate

(vibrating mesh nebulizer 1536 19.91 beats/min, jet nebu-

lizer 1526 22.72 beats/min).

Effect of Mask andMouthpiece on Subject Outcomes

There was no significant difference between mask and

mouthpiece interface in terms of hospital admission and

number of treatments to mild asthma score when combined

Assessed for
eligibility

586

Excluded
366

Excluded
2

Treated with
mouthpiece

24

Treated with
mouthpiece

22

Treated with
valved mask

84

Treated with
aerosol mask

87

Excluded
1

Did not meet inclusion 
criteria: 320
Declined to participate: 14
Other: 32

Subjects
enrolled

220

VMN group
110

Analyzed
108

Analyzed
109

JN group
110

Fig. 4. Flow chart for subject enrollment and treatment. VMN¼ vibrating mesh nebulizer; JN¼ jet nebulizer.

Table 2. Demographics and Baseline Characteristics

Vibrating Mesh Nebulizer Jet Nebulizer P

Gender

Male 73 (67.6%) 73 (67.0%) .92

Female 35 (32.4%) 36 (33.0%)

Race

White 45 (41.7%) 48 (44.0%) .80

Black 62 (57.4%) 59 (54.1%)

Other 1 (0.9%) 2 (1.8%)

Ethnicity

Hispanic 42 (38.9%) 46 (42.2%) .62

Non-Hispanic 66 (61.1%) 63 (57.8%)

Age, y 7.0 (5.0–9.5) 6.0 (5.0–10.0) .61

Weight, kg 27.3 (20.2–42.8) 25.7 (20.0–44.9) .66

Baseline asthma score 9.0 (8.0–10.0) 8.0 (7.0–10.0) .042

Baseline asthma score

Moderate (5–8) 46 (42.6%) 63 (57.8%) .03

Severe (9–12) 62 (57.4%) 46 (42.2%)

Interfaces

Mask 84 (77.8%) 87 (79.8%) .71

Mouthpiece 24 (22.2%) 22 (20.2%)

Data are presented as n (%) or median (interquartile range). Vibrating mesh nebulizer group:

n ¼ 108 subjects; jet nebulizer group: n ¼ 109 subjects.
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with vibrating mesh nebulizer (P ¼ .15 and P ¼ .40,

respectively) or jet nebulizer (P ¼ .97 and P ¼ .80, respec-

tively). However, in subjects with a face mask, using the

vibrating mesh nebulizer combined with a valved mask

reduced hospital admission rate by a relative 48% (10%

absolute reduction) compared to jet nebulizer with aerosol

mask: vibrating mesh nebulizer 10.7% (9 of 84) versus jet

nebulizer 20.7% (18 of 87) (P ¼ .07) (Fig. 7). After adjust-

ment for the significant difference in baseline asthma score,

the multiple logistic regression model showed that the

vibrating mesh nebulizer combined with a valved mask

could significantly reduce the probability of admission

(P ¼ .032) compared to the jet nebulizer with the aerosol

mask.

Discussion

In children presenting to the emergency department with

acute moderate to severe asthma exacerbations, we ob-

served a relative reduction in overall admission rate by

31% (6.3% absolute) when delivering medication through

the vibrating mesh nebulizer. Although this difference did

not reach statistical significance, we believe that it is clini-

cally important. The reduction in admission rate was simi-

lar regardless of exacerbation severity. In children treated

with a face mask, we noted that the vibrating mesh nebu-

lizer reduced hospital admission by 48% (10% absolute

reduction) and significantly reduced the probability of

admission compared to treatment with the jet nebulizer. In

children who were discharged, those who received bron-

chodilator therapy with the vibrating mesh nebulizer

required significantly fewer treatments and took less time

to reach a mild asthma score compared to treatment with

the jet nebulizer. Whereas multiple studies have reported

that the vibrating mesh nebulizer delivers more medication

compared to the jet nebulizer,23,25,26,28,29 to our knowledge

this is the only randomized clinical trial to examine the

clinical efficacy of the vibrating mesh nebulizer versus the

jet nebulizer in children with moderate to severe asthma

exacerbations using a face mask or mouthpiece.

The motivation for our research was based on a previous

bench study by Ari et al20 that compared aerosol delivery

between a jet nebulizer and a vibrating mesh nebulizer in a

simulated spontaneously breathing pediatric lung model

using 3 different mask interfaces: an aerosol mask, a dragon

mask, and a valved mask. Although the authors found no

significant difference between masks when combined with

a jet nebulizer, the delivery efficiency of a vibrating mesh

nebulizer with the valved mask was greater than with the

dragon or the aerosol mask. The authors also noted that,

when combined with a valved mask, a vibrating mesh nebu-

lizer delivered significantly more medication (11.11 6
0.66%) than a jet nebulizer regardless of mask interface

used (5.33 6 0.75% with a valved mask, 4.67 6 0.94%
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Fig. 5. Rate of admission in the jet nebulizer and vibrating mesh
nebulizer groups overall and stratified according to severity. Overall

rate of admission was 31% lower in the vibrating mesh nebulizer
group (P¼ .22). However, there was a significant difference in base-
line asthma score between groups, as 62 children had severe

asthma in the vibrating mesh nebulizer group vs 46 in the jet nebu-
lizer group. To adjust for the effect of baseline asthma score, a multi-

ple logistic regression model was used to model admission. After
the adjustment of log-transformed asthma score and subject
weight, subjects treated with vibrating mesh nebulizer had a higher

probability of being discharged overall compared to those treated
with jet nebulizer (P ¼ .062). JN ¼ jet nebulizer; VMN ¼ vibrating

mesh nebulizer.
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Fig. 6. Median (IQR) number of treatments required to achieve mild

asthma score. Boxes represent interquartile ranges; center lines
denote the median (median and 25th percentile for severe vibrating

mesh nebulizer subjects was the same, 2.0), and whiskers repre-
sent maximum and minimum values. In subjects who were dis-
charged, the median (IQR) number of treatments required in the

vibrating mesh nebulizer group was 2.0 (1.0–3.0) vs 3.0 (2.0–5.0) in
the jet nebulizer group (P< .001). When stratified based on severity,

the vibrating mesh nebulizer group required 2.0 treatments regard-
less of severity: moderate, vibrating mesh nebulizer 2.0 (1.0–3.0) vs
jet nebulizer 3.0 (2.0–4.0), P < .001; severe, vibrating mesh nebu-

lizer 2.0 (2.0–3.0) vs jet nebulizer 3.5 (3.0–6.0), P < .001. AS ¼
asthma score; JN ¼ jet nebulizer; VMN ¼ vibrating mesh nebulizer;

IQR¼ interquartile range.
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with a dragon mask, and 4.08 6 0.27% with an aerosol

mask). We designed this study to test whether the dif-

ference in drug delivery between a vibrating mesh nebu-

lizer and a jet nebulizer, as reported by Ari et al,20

would lead to improved clinical outcomes compared to

our current practice of using jet nebulizers combined

with the dragon or aerosol masks. Whereas Ari et al20

did not evaluate aerosol delivery between a jet nebu-

lizer and a vibrating mesh nebulizer using a mouthpiece

in their pediatric model, we included them in our study

for children who were able to comply with the applica-

tion. Our observed 31% relative reduction in the overall

admission rate with the vibrating mesh nebulizer included

both mask and mouthpiece interfaces. However, only 21%

of the 217 children enrolled in our study used a mouthpiece.

When the admission rate was stratified based on the face

mask, we found a 48% relative reduction with the vibrating

mesh nebulizer compared to the jet nebulizer. These results

support the findings of the study by Ari et al20 and also sug-

gest improved efficacy when a vibrating mesh nebulizer is

combined with a valved mask versus a mouthpiece in the

treatment of children with moderate to severe asthma

exacerbations.

Previous studies have reported that the delivery effi-

ciency of the mouthpiece is better than that of the face

mask in children.20,21,23,30 Although our findings may

appear to contradict previous research, differences in these

findings may be due to the small sample size of the mouth-

piece group compared to the face mask group, inconsistent

use of the mouthpiece during aerosol therapy, or the lack of

time by the emergency department respiratory therapists to

monitor appropriate use. Using a mask instead of the

mouthpiece may be a better option to improve the efficacy

of aerosol therapy in children with asthma. It is important

to note that when a face mask is used for aerosol drug deliv-

ery, clinicians should ensure a good face mask seal to

increase the efficiency of treatment and to eliminate drug

waste and deposition in the eyes.

Prior to this study, there has been only one project com-

paring clinical outcomes between a vibrating mesh nebu-

lizer and a jet nebulizer. Dunne and Shortt31 conducted a

quality-improvement project that substituted a vibrating

mesh nebulizer for a jet nebulizer in all subjects (adults and

pediatrics) receiving bronchodilator therapy in the emer-

gency department for 30 d. For all age groups, the authors

reported a 32% decrease in admissions, significantly less

administered albuterol, and a 37-min decrease in the me-

dian stay in the emergency department with the vibrating

mesh nebulizer group compared to the jet nebulizer group.

Although our findings are similar, it is important to note

that in patients 3–18 y old, Dunne and Shortt31 reported no

difference in admission rates between those treated with a

vibrating mesh nebulizer and those treated with a jet nebu-

lizer (4.72% absolute reduction, 12.1% with a vibrating

mesh nebulizer vs 12.7% with a jet nebulizer). In contrast,

we observed a 31% relative reduction (6.3% absolute) in

overall admission rate with the vibrating mesh nebulizer

compared to the jet nebulizer, and a 48% reduction (10%

absolute) with the vibrating mesh nebulizer in children who

used a face mask. Differences in specific patient inclusion

and exclusion criteria could have contributed to the differ-

ence in the admission rates between these studies. For

example, Dunne and Shortt31 evaluated all subjects pre-

scribed nebulized albuterol regardless of primary diagnosis

or severity of respiratory disease, and their results may

have been diluted with subjects with mild asthma

Table 3. Time to Achieve Mild Asthma Score

Vibrating Mesh Nebulizer Jet Nebulizer P

Outcome overall, min 58 (33–103) 81 (56–133) .004

Outcome by subjects with moderate baseline asthma score (5–8), min 45 (25–92) 71 (52–95) .01

Outcome by subjects with severe baseline asthma score (9–12), min 74 (42–127) 105.5 (68–162) .02

Data are presented as median (interquartile range).
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Fig. 7. Admission rate between groups stratified by mask interface.
In subjects with face mask, overall admission rate was 48% lower
(10% absolute reduction) in the vibrating mesh nebulizer group

compared to the jet nebulizer group (P ¼ .07). After adjustment for
significant difference in baseline asthma score, logistic regression

model showed that vibrating mesh nebulizer combined with a
valved mask could significantly reduce the probability of admission
(P ¼ .032) compared to jet nebulizer with aerosol mask. JN ¼ jet

nebulizer; VMN¼ vibrating mesh nebulizer.
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exacerbations or without a known history of asthma or reac-

tive airway disease, as only 23% of subjects in the jet nebu-

lizer group and no subjects in the vibrating mesh nebulizer

group required> 5 mg albuterol.

Our asthma scoring system is a modified version of the

scoring system used previously by Qureshi et al.27 They

conducted a randomized, double-blind, placebo-controlled

study of 434 children with acute moderate to severe asthma

exacerbations in the emergency department. The aim of

their study was to determine whether the addition of ipra-

tropium bromide to standard albuterol therapy would

reduce hospital admission rates. The authors reported that

the overall admission rate was lower in the ipratropium

group (27.4%) compared to the control group (36.5%) (P¼
.05). However, when stratified based on severity, they

reported that the addition of ipratropium made no differ-

ence in hospitalization rates for children with moderate

asthma (10.7% control vs 10.1% ipratropium), although

admissions for those with severe exacerbations were

reduced significantly (52.6% control vs 37.5% ipratropium,

P ¼ .02). Whereas they demonstrated that the addition of

ipratropium to standard albuterol therapy delivered with jet

nebulizer and face mask significantly reduced hospitaliza-

tion in children with severe asthma, we found further reduc-

tions in admission by delivering albuterol and ipratropium

with a vibrating mesh nebulizer and a face mask (10.7%

overall admission rate), as well as an absolute reduction in

overall admission rate with the vibrating mesh nebulizer

when analyzed by subgroup (7.2% for moderate, 8.4% for

severe).

Although we observed clinically meaningful reductions

in hospital admission rate with the vibrating mesh nebulizer

compared to the jet nebulizer, it is important to note that

there are multiple factors that determine whether children

may be safely treated as out-patients or if hospital

admission is indicated. Decisions regarding the most

appropriate disposition for children with asthma exacer-

bations can be challenging, and there is no clear consen-

sus regarding either symptom severity at presentation or

intensity of the emergency department management

that should serve as a threshold for admission. Un-

doubtedly, children with tachypnea, accessory muscle

use, or hypoxia after treatment will require hospitaliza-

tion. Assessment of posttreatment peak flow may pro-

vide valuable data to emergency physicians and has

been reported to correlate with hospitalization; how-

ever, these measurements are inconsistently performed

and may not be feasible in younger patients.32 Each

patient’s history and socioeconomic status must also be

carefully considered prior to disposition. Children who

respond well to the emergency department management

may still be at risk of poor outcomes if they have

comorbid conditions or concurrent pulmonary infec-

tion, or if they have previously required endotracheal

intubation or ICU admission for asthma exacerbation.

Physicians may also consider hospitalization for chil-

dren with poor access to out-patient follow-up, insuffi-

cient caregiver availability or understanding, or limited

access to prescribed medication.

The current protocol in our institution for the initial treat-

ment of acute moderate to severe asthma exacerbations is

based on current National Institutes of Health guidelines.5

It consists of 3 treatments of albuterol and ipratropium bro-

mide delivered intermittently in 20-min increments or com-

bined and given continuously over 1 h using a jet nebulizer

with a dragon or aerosol mask or mouthpiece. Combining

treatments and administering continuously over 1 h is the

preferred method because it reduces the time spent by the

emergency department respiratory therapist.33 Results of

our study support this practice because the median number

of treatments required to achieve a mild asthma score in the

jet nebulizer group was 3; however, this commits patients

to an hour of initial treatment, whereas use of the vibrating

mesh nebulizer allowed fewer intermittent treatments and

a 28.4% reduction in time to realize the same clinical

response. In a busy pediatric emergency department, a

decrease in required treatments may result in more efficient

utilization of resources including physician, nurse, and re-

spiratory therapist time, as well as respiratory equipment

and medications. Additionally, improvements in patient

throughput may occur, resulting in decreased wait times

and patients leaving without being seen, fewer delays in di-

agnosis and intervention, shorter length of stay, and

improved patient experience, all of which are factors affect-

ing hospital reimbursement.34

Although the results of this study indicate improved clin-

ical outcomes associated with using a more efficient nebu-

lizer, it is not unreasonable to question whether the same

outcome might be achieved by increasing the loading dose

of the jet nebulizer compared to using a more expensive

nebulizer. However, multiple variables affect the perform-

ance of pneumatic nebulizers,35,36 and it is unknown

whether increasing the loading dose alone would lead to

similar results without increasing cardiopulmonary side

effects. Future studies are needed to assess dose-equivalent

outcomes based on performance differences between

nebulizers.

Limitations of the Study

The primary limitation of this study was that it was

underpowered for the primary end point of admission rates.

The initial sample size was based on a previous study with

an overall admission rate of 45%. Our overall admission

rate was 17%, much lower than the anticipated rate. Post

hoc analysis based on actual admission rates demonstrated

that admission rate as a primary end point would have

required a larger number of subjects, ie, 560 per arm (total
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sample size of 1,120 subjects) for an 80% power. We did

not proceed with the larger sample size for a few reasons.

Such a study would have been cost- and time-prohibitive.

Furthermore, we believe that the study as designed demon-

strated improved outcomes with the vibrating mesh nebu-

lizer. Multiple secondary end points were significant,

including the number of treatments and time to mild asthma

score. In addition, a constant trend toward lower admission

rates with the vibrating mesh nebulizer regardless of sever-

ity and lower probability of admission associated with the

vibrating mesh nebulizer and a valved mask suggested clin-

ically important differences in treatment arms.

The unequal sample sizes of the groups using different

interfaces was another limitation of this study. Although

unequally sized groups are common in research, it can

affect the statistical power of the study. Because the sample

size of the patient population using the mouthpiece was

smaller than the groups with the face mask, the mouthpiece

group may have a general loss of power that leads to the su-

periority of the face mask over the mouthpiece in clinical

outcomes of this study. Also, the dragon and aerosol masks

were combined in the jet nebulizer group, whereas only the

valved mask was used with the vibrating mesh nebulizer.

Due to the protocol of the hospital and the purpose of this

study to compare the vibrating mesh nebulizer and the

valved mask with the current protocol, the valved mask

was not tested with the jet nebulizer in this study.

Randomization did not account for the severity of asthma

score, which led to an imbalance in the groups for the base-

line asthma score. Future studies should stratify randomiza-

tion for severity to prevent these imbalances. Nevertheless,

there is evidence that this does not impact the validity of

the study because the results demonstrated improved out-

comes with the vibrating mesh nebulizer notwithstanding

the imbalance.

Our study population was based on convenience sampling.

Screening and enrollment occurred during the morning and

afternoon hours when the study investigator was available to

consent and collect study data. No subjects were enrolled dur-

ing the evening hours. This may have led to sampling bias

assuming children with moderate to severe asthma respond to

therapy differently depending on the time of day.

Conclusions

There are many different types of aerosol devices and

interfaces used in the treatment of children with asthma

exacerbations. Selecting the right device and interface is

important for effective aerosol drug delivery to this patient

population. Subjects treated with a vibrating mesh nebu-

lizer required significantly fewer treatments and less time

to achieve a mild asthma score. In subjects with a mask

interface, the vibrating mesh nebulizer reduced the proba-

bility of admission compared to the jet nebulizer. The lower

admission rates in the vibrating mesh nebulizer group was

constant, regardless of the severity of asthma exacerbation.
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