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ABSTRACT: Increasingly, proteins are delivered to the respiratory tract as an
aerosol, and clinical efficacy is dependent on optimal delivery of the protein in an
intact form. The object of this study was to compare the in vivo and in vitro results
of two aerosol delivery systems for the aerosolization of recombinant human deoxy-
ribonuclease I (rhDNase) in patients with cystic fibrosis (CF).

Patients with CF who were to be initiated on rhDNase were randomized either
to the Hudson nebulizer and Pulmo-Aide compressor or to the Sidestream nebu-
lizer driven by the CR50 air compressor. An in vitro study was performed in six
sets of the two aerosol delivery systems. One hundred and seventy three patients
were randomized in this open study, where rhDNase was administered for 7 days.

Improvements in pulmonary function were observed in both groups following
1 week of therapy with rhDNase. Changes in the Sidestream/CR50 and Hudson/
Pulmo-Aide groups, respectively, were: 16 and 11% for forced expiratory volume
in one second (p=0.14); 12 and 10% for forced vital capacity (p=0.70); and 14 and
7% for forced expiratory flow at 25–75% of expiration (FEF25–75) (p=0.18). A
greater proportion of patients in the Sidestream/CR50 group (58%) had a >10%
response in FEF25–75 compared to the Hudson/Pulmo-Aide group (42%; p=0.03).
The Sidestream nebulizer had a faster nebulization rate (p<0.05), lower mass me-
dian diameter for the aerosol mass produced (p<0.001), higher percentage of par-
ticles in the respirable range (p<0.001) and greater respirable output (p<0.005),
compared to the Hudson nebulizer.

The Sidestream/CR50 combination is a quicker, more efficient system in vitro
than the Hudson/Pulmo-Aide combination, whereas the in vivo study only sug-
gested a difference. Clinically, the two systems have similar efficacy.
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Accumulation of purulent infected sputum in the respi-
ratory tract of patients with cystic fibrosis (CF) obstructs
airways and causes chronic symptomatic infection [1].
Sputum in CF is rich in leucocyte-derived extracellular
deoxyribonucleic acid (DNA), which contributes to the
abnormal rheology of the airway secretions [2–4]. Re-
combinant human deoxyribonuclease I (rhDNase) reduces
the viscoelasticity of CF sputum and improves pulmo-
nary function. Short-term studies have demonstrated im-
provements in forced expiratory volume in one second
(FEV1) between 10–15% [5, 6]. Longer-term adminis-
tration demonstrates a modest reduction in respiratory
exacerbations [7], and open-label therapy has shown that
improvements in FEV1 of around 6% are maintained
for up to 2 yrs [8].

The previous clinical studies have used delivery systems
made in the USA: the Pulmo-Aide compressor (DeVilbiss,
Somerset, PA, USA) with either the Marquest Acorn II
nebulizer (Marquest Medical Inc, Englewood, CO, USA)
or the Hudson T-Updraft II nebulizer (Hudson, Irvine,
CA, USA). The availability of the Hudson and Acorn
II disposable nebulizers in the UK is limited, whereas
the Sidestream nebulizer (Medic-Aid, Pagham, Sussex,

UK) driven by the CR50 compressor (Medic-Aid) is more
widely-used. Jet nebulizers produce an aerosol from liq-
uids by shearing at the air-liquid interface with a fast
stream of air [9]. Proteins generally tend to behave as
surface active molecules, and recirculation of protein
solutions under high shear rates in the nebulizer bowl
may result in the denaturation of the protein [10]. It is,
therefore, important to evaluate any alternative aerosol
delivery systems in vivo as well as in vitro.

Methods

In vivo study

A multicentre, parallel-arm open study was under-
taken, with randomization of CF patients either to the
Sidestream nebulizer with a CR50 compressor, or to the
Hudson T-Updraft II nebulizer with a Pulmo-Aide com-
pressor. All patients were to be treated with open-label
rhDNase for 7 days. The protocol was approved by all
of the Hospital Ethics Committees and all patients pro-
vided informed consent.



Eligibility criteria. The diagnosis of CF was confirmed
by a sweat sodium ≥70 mEq·L-1 or, if homozygous for
the ∆F508 mutation, the presence of a history consistent
with CF. Patients were required to be above 5 yrs of
age, with a forced vital capacity (FVC) ≥40% predict-
ed at screening, and arterial oxygen saturations (Sa,O2)
≥90%, and to be able to perform reproducible lung func-
tion tests. No patient had previously received rhDNase.

No change in antibiotics, bronchodilators or steroid
treatment was permitted within 14 days of commence-
ment of the study. Any patients who were hospitalized
during the 14 day period prior to the study were exclud-
ed. Other exclusion criteria were pregnancy and the use
of any investigational drug within 28 days prior to the
start of the study.

Conduct of the study (table 1). Prospective subjects were
evaluated for eligibility on two separate screening visits
(7 days before and on the day of randomization). Pul-
monary function tests were performed according to
American Thoracic Society (ATS) guidelines [11]. Eligi-
ble patients were randomized to one of the two aerosol
delivery systems. All the patients received new equip-
ment in order to control for the quality of the equipment.
The patients were given verbal and written instructions
on the correct use of the nebulizer. The Sidestream nebu-
lizers were reusable, whereas the Hudson T-Updraft nebu-
lizers were discarded after a single use. All patients used
noseclips during inhalation of rhDNase. Patients receiv-
ed 2.5 mg rhDNase as 2.5 mL rhDNase (1.0 mg·mL-1)
in formulation buffer (8.77 mg·mL-1 NaCl, 0.15 mg·mL-1

CaCl2, pH 6.3±0.7).
Pulmonary function was re-evaluated after 7 days of

treatment with rhDNase. Duration of aerosol adminis-
tration, adverse events, patient hospitalizations, or chan-
ges in medication were recorded.

In vitro study

Six of the Sidestream/CR50 combinations and six of
the Hudson/Pulmo-Aide delivery systems were random-
ly evaluated in vitro prior to dispensing to the patients.
The nebulizer pressure-flow characteristics were mea-
sured by attaching an airflow meter and a Bourdon type
pressure gauge via a T-connector interposed between the

nebulizer and the compressor. Aerosol droplet size pro-
duced by the systems was measured by a Malvern Instru-
ments 2600C laser particle and droplet analyser (Malvern
Instruments, Malvern, Worcestershire, UK).

The nebulizers were fitted with their mouthpieces
and clamped onto the particle sizer, with the top of the
mouthpiece positioned 6 cm from the laser beam. The
aerosol spray was directed across the laser beam using
a suction pump placed opposite the mouthpiece. Par-
ticle size was derived from the laser diffraction angles,
based on the "Fraunhofer" theory and the "anomalous
diffraction" theory. A 63 mm range lens was used and
the size distribution of the aerosol mass was plotted into
42 size bands from 1.2 to 258 µm on a logarithmic scale.
The mass median diameter and the percentage of the
aerosol mass in the respirable range (1.0–5.6 µm in dia-
meter) were calculated. Aerosol particle size was eva-
luated at three different time-points of nebulization
(initiation, half way through, and near the end of neb-
ulization). The nebulization time, i.e. from the start of
nebulization up until no visible aerosol was produced
for 15 s, was recorded.

Aerosol output was estimated by collection onto a fil-
ter paper. A weighed 8 cm square piece of filter paper
(medium thickness; Sigma, Poole, Dorset, UK) was
placed 4 cm in front of the nebulizer mouthpiece. A
suction pump was used to draw the aerosol onto the
filter paper. The filter paper was allowed to dry in a
desiccant-filled jar and the dry weight determined after
24 h. The dry weight of the aerosol output (excipients
and rhDNase) on the filter paper was calculated by sub-
tracting the initial weight from the final weight. The
nebulizer pot was weighed prior to the experiment and
following nebulization placed in the desiccant jar. The
dry weight of the residual was calculated and this pro-
vided a means of ensuring mass balance in the experi-
ment, i.e. dry weight of the residual + dry weight of
aerosol output = dry weight of initial rhDNase solution.

Nebulizer efficiency (E) was determined by dividing
the dry weight of the aerosol on the filter paper by the
total dry weight of the initial 2.5 mL rhDNase solution.
Respirable output, which is a measure of aerosol deliv-
ery at respirable specifications, was estimated from the
respirable fraction (RF) and the nebulizer efficiency:

D = E × RF

However, the actual amount of rhDNase in each par-
ticle size fraction is unknown. For the purposes of our
analysis, it is assumed that rhDNase and excipients dis-
tribute equally in all aerosol particles. The proportion
of rhDNase to excipients in an aerosol particle should
be independent of the particle size and dependent upon
the concentration in the reservoir solution. With jet ne-
bulizers, evaporation occurs due to contact of the solu-
tion with a dry air stream, and, therefore, the concentration
of the solution increases during the nebulization process
[9]. Other authors have shown that both rhDNase and
sodium (main excipient) concentrate proportionally dur-
ing nebulization [12].

Statistical analysis

Baseline pulmonary function was the mean of the
two screening visits (Day -7 and Day 1). The change
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Table 1.  –  Conduct of study

Study day*
-7 1 8

Physical examination ×
Medical history ×
Demographics ×
Height/weight ×
Oximetry ×
Current secondary diagnoses × ×
Spirometry × × ×
Sputum collection × ×
Record any adverse events ×
Record any antibiotics × × ×
Randomization ×
Demonstration of correct nebulizer use ×
Time administration of aerosol ×
Review patient log × ×
Drug accountability ×
Dispense study medication ×
*: 7 days before and 1 and 8 days after randomization.



in pulmonary function before and after the treatment
period was calculated as median percentage change from
baseline:

FEV1 day 8 - baseline FEV1 × 100
baseline FEV1

The results are presented as median (with interquar-
tile range). The significance of the percentage change
from baseline between the two groups was evaluated by
the Mann-Whitney U-test. Short-term response was
defined as improvement in lung function by greater than
10%, and the number of responders in the two groups
compared by Chi-squared analysis.

The in vitro results (aerosol droplet size, output cha-
racteristics, nebulizer efficiency, and estimated respi-
rable output) are presented as median with interquartile
range. The significance of the results was evaluated by
Mann-Whitney U-test. A p-value less than 0.05 was con-
sidered statistically significant.

Results

In vivo study

One hundred and seventy three patients were recrui-
ted from three centres in the UK. Eighty six patients
were randomized to receive rhDNase, 2.5 mg once daily,
delivered by a sidestream nebulizer and CR50 compres-
sor, and 87 patients by a Hudson T-Updraft nebulizer
and Pulmo-Aide compressor. Baseline demographics and
characteristics were similar in the two groups and are
summarized in table 2.

Therapy with rhDNase appeared to be safe, with no
difference in the adverse event profile in the two groups
(table 3). The main adverse events observed were an in-
creased incidence of pharyngitis voice alteration, which
were consistent with the observations of previous clini-
cal studies with rhDNase [5, 7].

The changes in pulmonary function are presented in
table 4. Median (interquartile range) percentage increase
in FEV1 was 16 (7–25)% in the Sidestream/CR50 group
compared to 11 (4–25)% in the Hudson/Pulmo-Aide
group (p=0.14). Sixty seven per cent of patients in the
Sidestream/CR50 group had a >10% improvement in

FEV1 (58 responders out of 86) compared to 59% in the
Hudson/Pulmo-Aide group (p=0.23) (fig. 1). Five patients
had a decline in FEV1 in the Sidestream/CR50 group
compared to 13 in the Hudson/Pulmo-Aide group. Chan-
ges in FVC were 12 (5–20)% in the Sidestream/CR50
group and 10 (5–22)% in the Hudson/Pulmo-Aide group
(p=0.70). Fifty nine per cent of the Sidestream/CR50
group were defined as responders (fig. 2) compared to
53% for the Hudson/Pulmo-Aide group (p=0.39). Chan-
ges in forced expiratory flow at 25–75% of expiration
(FEF25–75) demonstrated greater variance, and the medi-
an change in the Sidestream/CR50 group was 14 (-5–
28)% compared to a median change of 7 (-4–25)% in
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Table 2.  –  Baseline and demographic characteristics

Sidestream/ Hudson/
CR50 Pulmo-Aide
(n=86) (n=87)

Sex  M/F 41/43 46/41
Age  yrs 24 25

(20–30) (20–30)
Baseline FEV1 L 1.3 1.5

(1.0–2.0) (0.9–2.1)
Baseline FEF25–75 L·s-1 0.6 0.6

(0.4–1.1) (0.4–1.0)
Baseline FVC  L 2.7 2.7

(2.2–3.5) (2.0–3.6)

Data are presented as median, with interquartile range in paren-
thesis. M: male; F: female; FEV1: forced expiratory volume
in one second; FEF25–75: forced expiratory flow at 25–75%
of expiration; FVC: forced vital capacity.

Table 3.  –  Adverse event profile

Adverse event Sidestream/ Hudson/
CR50 Pulmo-Aide
(n=86) (n=87)

Increased dyspnoea 1 1
Haemoptysis 1 0
Pneumothorax 0 0
Chest pain 0 0
Pharyngitis 6 9
Voice alteration 3 5
Laryngitis 1 0
Respiratory tract exacerbation 3 3
Upper respiratory tract infection 3 1

Table 4.  –  Changes (∆) in pulmonary function from
baseline

Sidestream/ Hudson/ p-value#

CR50 Pulmo-Aide
(n=86) (n=87)

∆FEV1 % 16 11 0.14
(7–25) (4–25)

∆FEF25–75 % 14 7 0.18
(-5–28) (-4–25)

∆FVC  % 12 10 0.70
(5–20) (5–22)

Percentage changes are presented as median, with interquar-
tile range in parenthesis. #: Mann-Whitney U-test.
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Fig. 1.  –  Histogram of percentage change from baseline in for-
ced expiratory volume in one second (∆FEV1) for the Sidestream/
CR50 aerosol delivery system (    ) and the Hudson/Pulmo-Aide
system (     ).



the Hudson/Pulmo-Aide group (p=0.18). The propor-
tion of patients defined as responders was 58% for the
Sidestream/CR50 group and 42% for the Hudson/Pulmo-
Aide group (p=0.03) (fig. 3). Twenty seven per cent of
patients had a decline in FEF25–75 in the Sidestream/
CR50 group compared to 39% of patients in the Hudson/
Pulmo-Aide group, after 1 week of treatment with
rhDNase.

In vitro study

The dynamic pressure and flow characteristics for the
two aerosol delivery systems were significantly different
(p<0.05) and are summarized in table 5. The sidestream/
CR50 combination reduced nebulization time compared
to the Hudson/Pulmo-Aide system (4.8 compared to 8.4
min, respectively). The distribution in particle size of the
aerosol mass produced by the two delivery systems is
presented in figure 4. The mass median diameter (in-
terquartile range) for the Sidestream/CR50 system was
3.42 (3.3–3.8) µm compared to 6.87 (6.1–7.4) µm for
the Hudson/Pulmo-Aide system (p<0.001). The respirable
fraction, defined as percentage of particles in the 1.2–5.6
µm range was 70 (68–75)% for the Sidestream/CR50
combination and 35 (33–42)% for the Hudson/Pulmo-
Aide system (p<0.001). The percentage of particles less
than 1.2 µm in size was also greater for the Sidestream/
CR50 system (16%) compared to the Hudson/Pulmo-
Aide combination (4%). Estimates of mass conservation
show that up to 90% of the theoretical total drug mass
was recovered. Nebulizer efficiency was similar in the
two groups, but a greater percentage of drug was de-
livered in the respirable range by the Sidestream/CR50
combination (33%) compared to the Hudson/Pulmo-Aide
system (16%).
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Fig. 2.  –  Histogram of percentage change from baseline in forced
vital capacity (∆FVC) for the Sidestream/CR50 aerosol delivery sys-
tem (     ) and the Hudson/Pulmo-Aide system (     ).
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Fig. 3.  –  Histogram of percentage change from baseline in forced
expiratory flow at 25–75% of expiration (∆FEF25–75) for the Side-
stream/CR50 aerosol delivery system (     ) and the Hudson/Pulmo-
Aide system (     ).

Table 5.  –  In vitro characteristics of the aerosol delivery systems

Pressure Flow Nebulization MMD Respirable Nebulizer Aerosol
kPa L·min-1 time µm fraction efficiency output

min % % %

Sidestream/CR50 17.25 6.5 4.8 3.42 71 46 33
(15.2–17.2) (6.4–6.6) (4.7–4.9) (3.3–3.8) (68–75) (44–49) (30–37)

Hudson/Pulmo-Aide 12.42 6.3 8.4 6.87 35 44 16
(11.0–12.4) (6.2–6.4) (8.2–10.0) (6.1–7.4) (33–42) (41–49) (14–20)

p-value# <0.01 <0.05 <0.05 <0.001 <0.001 NS <0.005

Values are presented as median, and interquartile range in parenthesis. #: significance between the two groups as evaluated by
the Mann-Whitney U-test. MMD: mass median diameter; Aerosol output: percentage of total nebulizer output in the respirable
range; NS: nonsignificant.
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Fig. 4.  –  Distribution in particle size of the aerosol mass produced
by the Sidestream/CR50 aerosol delivery system (     ) and the Hud-
son/Pulmo-Aide system (      ). A: mass median diameter of 3.42 µm
for aerosol mass produced by Sidestream/CR50; and B: mass median
diameter of 6.87 µm for aerosol mass produced by Hudson/Pulmo-
Aide.



Discussion

The changes in pulmonary function following treat-
ment with rhDNase demonstrate that the Sidestream
nebulizer was at least as effective as the Hudson ne-
bulizer. The median changes for FEV1 and FEF25–75
were 5% greater with the Sidestream nebulizer than the
Hudson nebulizer. A higher proportion of patients in the
Sidestream group had a >10% improvement in FEV1,
FVC and FEF25–75 compared to the Hudson nebulizer
group. However, these changes were not statistically sig-
nificant as the statistical power of the study was inade-
quate to evaluate this change.

The results suggest that the Sidestream/CR50 aero-
sol delivery system is more efficient than the Hudson/
Pulmo-Aide combination. The nebulization rates and the
respirable fraction of the aerosol mass generated were
greater for the Sidestream/CR50 combination, whilst the
mass median diameter was lower. However, dynamic
processes, such as evaporation, aggregation and sedi-
mentation, occur, so that the particle size distribution
entering the lung is unlikely to resemble the particle
size distribution from the outlet of the nebulizer. The
estimated respirable output of the Sidestream/CR50
combination was double that of the Hudson/Pulmo-Aide
system. However, the measurements performed in this
study estimate the total aerosol output in the respirable
range available to the patient. The aerosols are gener-
ated continuously throughout the breathing pattern but
only delivered during the inhalation phase. No estimate
of drug wastage during breathholding or expiration is
made. The Venturi effect employed by the Sidestream
nebulizer complicates this issue further because the ad-
ditional entrained ambient air increases the flow rate
output to 16 L·min-1. This may boost drug delivery dur-
ing the initial stages of inspiration, but as the effect
persists throughout the respiratory cycle a greater pro-
portion of the aerosol would be wasted in expiration.
This complicates the issue of nebulizer efficiency, and,
therefore, the only satisfactory estimate of efficiency is
patient response. In this study, the activity of the drug
following the nebulization process was not evaluated
in vitro, but other studies have shown that rhDNase re-
tains its activity following aerosolization with either the
Hudson/Pulmo-Aide or the Sidestream/CR50 delivery
systems [12, 13].

The better in vitro results of the Sidestream/CR50
system may account for the greater improvements in
pulmonary function compared with the Hudson/Pulmo-
Aide group. However, a simple increase in the amount
of rhDNase delivered to the airways is unlikely to fully
explain the changes in lung function. The earlier US
Phase II study demonstrated a similar degree of improve-
ment in lung function both for the 2.5 mg (13.8% change
in FEV1) and the 10 mg dose of rhDNase (14.5% change
in FEV1) after 10 days of therapy [5]. Differences in
particle distribution may account for some of the dif-
ferences in clinical efficacy observed in the present
study. In CF airways, obstruction and excessive airway
secretions may cause local turbulence and eddy forma-
tion, resulting in the deposition of particles on the walls
of the major airways [14]. It is possible that the greater
proportion of particles in the respirable range and lower
mass median diameter of the aerosol mass produced by

the Sidestream/CR50 system allow greater penetration
of rhDNase to the smaller airways, and, therefore, greater
improvements in FEV1 and FEF25–75. Following our pre-
liminary results, a large multicentre study was initiated
in North America [15]. A total of 749 patients were ran-
domized to receive 2.5 mg rhDNase daily for 14 days
delivered either by the Hudson/Pulmo-Aide combina-
tion or the Sidestream/MobilAire combination. How-
ever, in the North American study, patients had very
mild obstructive lung disease (baseline FVC 97–99%
pred and baseline FEV1 87–89% pred). Improvements
in pulmonary function were, therefore, limited (2.5% for
the Hudson/Pulmo-Aide group and 4.3% for the Side-
stream/MobilAire group; p=0.06).

The results may have cost implications, as the annual
cost of the Sidestream/CR50 combination is £99.50 (two
reusable Sidestreams and CR50 compressor, Medic-Aid,
January 1996) compared to £541.15 for the Hudson/
Pulmo-Aide combination (365 disposable Hudson nebuli-
zer units at £441.65, Hudson, January 1996), and Pulmo-
Aide compressor at £99.50 (DeVilbiss, January 1996).
However, this analysis does not take into account the
common practice of reusing the disposable nebulizers
by individual patients. In a recent survey, over 50% of
subjects used the disposable units for more than 14 days
[16]. Some centres have found that they may last for
up to 4 months, provided they are cleaned and sterili-
zed daily [17]. Nebulizer performance appears to be sta-
ble with repeated use, but the main problem is bacterial
contamination. Staphylococcus aureus was cultured from
57% and Pseudomonas aeruginosa from 37% of the
nebulizers that were used repeatedly [16]. Further inves-
tigation is required to determine whether more efficient
delivery systems allow dose reductions to be made, as
this would reduce the current drug costs (£7,469.81 per
annum, based on rhDNase 2.5 mg once daily, Mimms,
January 1996).

The Sidestream/CR50 combination is a quicker, more
efficient, system in vitro and clinically an effective alter-
native to the Hudson/Pulmo-Aide system for the aeroso-
lization of recombinant human deoxyribonuclease in
cystic fibrosis.
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