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ABSTRACT: In this study, the role of electrostatic fields on aerosol recovery from a
system with a large collapsible reservoir (30 L) was investigated. In addition, the
efficacy of the reservoir method for bronchial challenge procedures was assessed in
vivo.

Aerosol recovery was determined by measuring the fraction of aerosol (0.05%
99mTc-tagged human albumin solution) retrieved from the reservoir. Before aerosol
recovery experiments, electrostatic fields in the reservoir were measured.

Aerosol recovery varied significantly with wall thickness of the reservoir and
presence of an antistatic coating (range 6.0±70.3%). A close inverse relationship was
found between the mean electrostatic field in the reservoir and aerosol recovery. The
nebulized provocative concentration of histamine causing a 20% fall in forced
expiratory volume in one second in asthmatics was found to be approximately half
that of a standard method when compared with the reservoir system (mean ratio 2.24
(95% confidence interval, 1.60±3.12)).

Recovery from an aerosol delivery system with a relatively large collapsible aerosol
reservoir was highly dependent on the electrostatic field in the reservoir. In these
systems the use of electrostatic field dissipative material for the reservoir is therefore
recommended.
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For the administration of substances with high costs or
limited availability by inhalation (e.g. neurokinin A [1]), a
highly efficient method for aerosol generation and de-
position in the airways is required. However, most jet
nebulizers used for this purpose require fill volumes of
$10-times the aerosolized volume for proper functioning
[2]. In addition, in these conventional jet nebulizers, sol-
vent is lost during nebulization by the concomitant pro-
cess of evaporation, hampering the accurate calibration of
nebulizer output [3]. Also, in most methods for aerosol
delivery to the airways, the aerosol is generated contin-
uously during tidal breathing with resulting loss of aero-
sol during expiration. This specific problem can be
circumvented by using a dosimeter [2], but its high cost
impedes widespread use. Moreover, by using a dosimeter,
increased aerosol deposition in the throat and central
airways will occur as a result of the decreased inhalation
time with increased flow that is employed with this tech-
nique [4, 5].

The efficiency of aerosol generation and delivery to the
airways can be improved by using a nebulizer with small
fill volume and residual volume [6] in combination with an
aerosol reservoir [6±10]. In these systems, minimal initial
fluid volumes are required and the whole volume of the
generated aerosol will be inhaled without loss of aerosol
during expiration. In the ambient dry atmosphere inside the
aerosol reservoir, the aerosol droplets will evaporate de-

pending on relative humidity and solute content [8]. Under
optimal drying conditions it is possible to generate dry
particles [6, 8, 9]. Depending on choice of the solute
concentration and drying conditions, the diameter of the
aerosol particles will decrease during evaporation [8], im-
proving penetration in the peripheral airways after inhala-
tion with increased deposition after hygroscopic growth [8,
10]. This mechanism has been described to be particularly
advantageous for the alveolar targeting of aerosols in cer-
tain diagnostic and therapeutic applications [8, 10, 11].

In this report the characteristics of an aerosol delivery
system with a large collapsible aerosol reservoir (30 L) and
a limited drying effect intended for bronchial deposition of
aerosol is described. This system has previously been des-
cribed as resulting in efficient aerosol deposition in the
lungs (range 49±62%) [6]. However, when using this sys-
tem for allergen challenge, an unexpectedly low aerosol
recovery was found when conventional reservoirs made of
polyethylene were used. This finding indicated a possible
strong inhibiting influence of electrostatic fields on aerosol
recovery from the reservoir, as was earlier suggested by
MATTHYS et al. [9]. Aerosol recovery characteristics of this
aerosol delivery system were therefore validated in detail
by varying electrostatic properties by using various mat-
erials for the reservoir. In addition, the efficacy of the
reservoir method for bronchial challenge procedures was
assessed in vivo.
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Materials and methods

Aerosol delivery systems

A reservoir aerosol delivery system as described pre-
viously by BEL et al. [6] was used (fig. 1). This system is
equipped with a highly efficient jet nebulizer without
baffle and with small residual volume (<0.1 mL) (Mall-
inckrodt Diagnostica, Petten, the Netherlands). The aero-
sol is generated by means of compressed dry air from an
initial volume of 0.5 mL fluid in 1 min at an airflow rate
of 3 L.min-1. The aerosol is stored in a plastic collapsible
reservoir (see Aerosol recovery experiments) containing
approximately 30 L of dry air (relative humidity <10%) at
ambient air temperature and pressure. The aerosol is re-
covered from the reservoir through an outlet, either by
inhalation during tidal breathing via a three-way valve
box or by using a regulated vacuum pump (10 L.min-1).
For comparison, a standard aerosol delivery system fre-
quently employed in bronchial challenge procedures [2]
was used. This system consists of a conventional jet nebu-
lizer with a required fill volume of approximately 3 mL
(DeVilbiss 646, Somerset, PA, USA) attached to an in-
spiratory and expiratory three-way valve box. The nebu-
lizer was calibrated by measuring weight loss at an
output of 0.13 mL.min-1 at a flow rate of approximately 4
L.min-1.

Aerosol particle size measurements

Aerosol particle size measurements were performed in
aerosols generated from standard allergen dilution fluid
(phosphate-buffered saline (PBS), 0.5% phenol, 0.03% hu-
man serum albumin (HSA); ALK Benelux, Groningen, the
Netherlands), histamine diphosphate±PBS (32 mg.mL-1),
and saline (0.9% NaCl). The mass median diameter (MMD)
and count median diameter (CMD) of the aerosol particles
(range 0.5±10 mm) was determined by a laser particle and
droplet analyser (Metone, Grants Pass, OR, USA). In this
device, aerosol particles pass through a He±Ne laser beam

and the light refracts at different angles with different
particle size. The particle size of aerosols generated with
the reservoir method was measured by sampling through
the outlet of the electrostatic dissipative reservoir, directly
after generation of the aerosol and after 3 and 6 min. Meas-
urements of aerosols generated with the standard method
were performed by sampling at the orifice of the nebulizer
during continuous nebulization. All experiments were per-
formed in duplicate.

Aerosol recovery experiments

Aerosol recovery experiments were performed with the
reservoir system, equipped with different types of col-
lapsible reservoirs. Handling of the reservoirs, including
opening and installation in the reservoir container, were
standardized as far as possible. Reproducibility of the re-
covery procedure per se without the influence of electro-
static charge was determined with electrostatic dissipative
reservoirs. The reservoirs were plastic bags (30 L) made of
polyethylene (thickness 30 and 100 mm; Van der Windt
Verpakkingen, Honselersdijk, the Netherlands; 50 and 150
mm; VPP Industries, Bussum, the Netherlands). The anti-
static reservoir consisted of polyethylene with an antistat-
ic coating (150 mm; Richmond Antistatic (RCAS) 1206,
Richmond Redlands, CA, USA).

Technetium-99m (99mTc)-labelled HSA was added to
the standard allergen dilution fluid described above with a
final HSA concentration of 0.05%. The radioactivity of the
syringe containing a 0.5 mL sample was measured before
nebulization (typically 15 MBq). After generation of the
aerosol, the reservoir was emptied by means of a regulated
vacuum (10 L.min-1) in approximately 3 min through a
submicron filter (Artec, Indianapolis, IN, USA) connected
to the outlet of the reservoir. Subsequently, the radio-
activity of the syringe, reservoir, and filter were measured
and together accounted for 92.7�2.6% (mean�SD; n=9) of
the initial radioactivity. Aerosol recovery from the reser-
voir was expressed as the percentage of the total amount of
radioactivity initially stored in the reservoir, i.e. initial ac-
tivity of the syringe minus the remaining activity in the
syringe. The results were calculated from activity in the
outer filter divided by activity deposited in the reservoir.

Electrostatic field measurements

Electrostatic field measurements inside the reservoir
were performed with an electrostatic field meter (Anderson
Effects Inc., Mentone, CA, USA). Readings were taken at
four opposite sides and at four different levels just before
aerosol recovery experiments. Electrostatic field values
were expressed as the mean of the absolute voltages (i.e.
mean static value).

Bronchial histamine challenges

Two bronchial histamine challenges were performed in
seven subjects (six male; mean age 30.6 yrs (range 23±41
yrs)) with mild-to-moderate asthma in a crossover study
design at the same time of day on two consecutive days.
Patient characteristics are shown in table 1.

In four patients, bronchial histamine challenge was start-
ed with the reservoir aerosol delivery system (reservoir
method) and in three patients with the standard aerosol

Reservoir

Nebulizer

Syringe

Compressed
air

Mouthpiece

Filter
Three-way valve box

Fig. 1. ± Schematic representation of the reservoir bronchial aerosol
delivery system.
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delivery system (standard method). Informed consent was
obtained from all patients.

Both bronchial histamine challenges were performed
according to a standardized procedure [2]. With the res-
ervoir method, an aerosol was generated from an initial
volume of 0.5 mL histamine diphosphate in PBS in a res-
ervoir made of electrostatic field dissipative material (see
Aerosol recovery experiments). The entire volume of the
reservoir was inhaled in approximately 3 min. With the
standard method, a histamine aerosol was generated con-
tinuously during 2 min of tidal breathing (i.e. aerosol
output 0.26 mL). With both methods, doubling provoca-
tive concentrations of histamine diphosphate in PBS were
inhaled (range 0.015±32 mg.mL-1) with the nose clipped
until a fall in the forced expiratory volume in one second
(FEV1) of >20% of baseline value FEV1 (PC20) (mean of
three measurements) occurred. Spirometry was performed
by using a dry rolling-seal spirometer (SensorMedics, Bil-
thoven, the Netherlands) at 30, 90 and 180 s after inhala-
tion and the lowest value of FEV1 was used for analysis.
The nebulized PC20 was calculated by log-linear inter-
polation [2].

Statistical analysis

Linear regression and correlation was performed with
Graphpad software (San Diego, CA, USA). Histamine
threshold data were log-transformed to obtain normal dis-
tribution and differences were expressed by mean ratio.

Results

Aerosol particle size

The MMD, CMD and geometric standard deviation
(GSD) of the aerosol particles generated with the reservoir

method from standard allergen dilution fluid (MMD 4.3
mm; CMD 0.65 mm, GSD 2.2), histamine diphosphate 32
mg.mL-1 (MMD 4.2 mm; CMD 0.65 mm, GSD 2.1), and
saline (MMD 4.1 mm; CMD 0.67 mm, GSD 2.1) were found
to be similar. Moreover, no significant differences were
found between measurements performed directly after neb-
ulization and after 3 and 6 min.

The particle size distributions of aerosols generated with
the standard method (De Vilbiss 646) were found to be
similar as compared with the reservoir method (e.g. al-
lergen dilution fluid: MMD 4.3 mm; CMD 0.64 mm, GSD

2.2).

Aerosol recovery in relation to the electrostatic field in
the reservoir

The efficiency of the nebulizer, i.e. the relation between
radioactivity in the syringe before and after nebulization,
was found to be high and within a narrow range (82.6
�1.3% (mean�SD; n=9)). Aerosol recovery, as calculated
by using the remaining activity in the reservoir, was found
to be higher than when calculated with the activity in the
outlet filter. This difference, however, was small and sim-
ilar in all experiments (mean difference 8.8�3.2% (mean�
SD); n=9). The seeming loss of activity was probably
caused by a reduced counting efficiency owing to the geo-
metry of the reservoir and filter. Aerosol recovery results
are conservatively calculated from activity in the outlet
filter.

Aerosol recovery varied significantly with the electro-
static field in the reservoir immediately before nebulization
(table 2). Wall thickness of the reservoir appeared to be a
significant determinant of electrostatic charge. The lowest
aerosol recovery (mean of six experiments 6.0%, SD 4.8)
was found with reservoirs made of thin polyethylene (30
mm). The highest recovery was with electrostatic field
dissipative coated material (mean of four experiments
70.3%, SD 1.3). In reservoirs made of electrostatic field
dissipative material, no significant electrostatic fields
(>0.1 kV) were detected (table 2). A significant inverse
relationship was found between the electrostatic field in
the reservoir and aerosol recovery (fig. 2).

Table 1. ± Patient characteristics

Patient
No.

Age
yrs

FEV1 day 1/2
% pred

PC20 histamine
mg.mL-1

Medication

1 41 105/103 2.4 B
2 27 111/110 6.6 B
3 32 90/90 2.8 B
4 34 97/97 3.3 B
5 30 114/115 5.6 BC
6 27 92/96 0.3 BC
7 23 103/102 3.3 BC

FEV1: forced expiratory volume in one second; PC20: provo-
cative concentration causing a 20% fall in FEV1; C: inhaled
corticosteroids; B: inhaled b2-agonists p.r.n.

Table 2. ± Influence of reservoir wall thickness and static
field on aerosol recovery

Polyethylene wall
thickness mm Recovery % Mean static value

30 6.0 (4.8) 2.94 (1.9)
50 49.4 (4.5) 0.95 (0.2)
100 44.0 (6.8) 0.97 (0.6)
150 57.4 (8.5) 0.58 (0.5)
150 + antistatic coating 70.3 (1.3) <0.1 (<0.1)

Mean (SD) of 3±6 measurements.
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Fig. 2. ± Relationship between aerosol recovery and the electrostatic
field in the reservoir. Results of eight consecutive experiments
performed on the same day under identical conditions. Data shown as
mean�SEM (16 readings).
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Bronchial histamine challenge

For all seven patients tested, the PC20 was found to be
lower with the reservoir method than with the standard
method (fig. 3). The mean difference in nebulized his-
tamine between both methods, expressed by the mean
ratio, was found to be a factor of 2.24 (95% confidence
interval (CI) 1.60±3.12). A significant correlation bet-
ween the outcomes of both methods was found for the
group of patients (rs=0.93, p=0.007).

Discussion

The present report describes the characteristics of an
aerosol delivery system equipped with a highly efficient
nebulizer with a small fill volume (0.5 mL), a small re-
sidual volume (<0.1 mL) and a large collapsible aerosol
reservoir (�30 L). Aerosol recovery from the reservoir was
found to be highly dependent on the electrostatic properties
of the reservoir. The strong inhibiting influence of elec-
trostatic fields on aerosol recovery was somewhat unex-
pected in view of the relatively large distance between the
reservoir wall and the majority of the aerosol particles
(diameter of the reservoir 30 cm). A low aerosol recovery
of 6% was found when reservoirs made of thin poly-
ethylene were used, with high electrostatic fields measured
before aerosol recovery. In contrast, with reservoirs made
of electrostatic field dissipative material (polyethylene +
antistatic coating) the aerosol recovery was found to im-
prove to 70%.

Comparison of bronchial histamine challenges per-
formed with the reservoir method, with a reservoir made
of electrostatic field dissipative material, and a standard
method for bronchial challenge, revealed that with the
reservoir method significantly less histamine had to be
nebulized to obtain the same bronchoconstrictor effect.
This difference was found to be approximately two-fold. In
view of the similar aerosol characteristics these differences
can most likely be attributed to aerosol loss during the
expiratory phase (expiration plus expiration pause) of tidal
breathing in the standard method.

The direct particle size measurements confirm a limited
drying effect in the reservoir under the conditions chosen.

The increase in relative humidity (<10% to 70±80%) im-
mediately after nebulization in the reservoir indicates a 60±
70% loss of water corresponding to a 30% decrease in
particle diameter. The equilibrium is determined by the
maximal water content of the 30 L of dry air, and hygro-
scopic activity of salt solutions (maximal relative humidity
above saturated saline is approximately 70%). In both the
standard and reservoir method, initial evaporation of aero-
sol particles will occur as a consequence of the high velo-
city dry air stream used in the process of nebulization. The
effect of evaporation on the resulting aerosol particle size
will depend on the original particle size, its solute content
and the volume of dry air in the reservoir [12].

Aerosols, as generated in this study, appear to be ap-
propriate for bronchial deposition. Theoretically, a 1%
solute content of the aerosol fluid, with a density similar to
the solvent, gives rise to dry particles of, at most, a factor
4.3-times smaller than the original aerosol droplets after
complete evaporation [12]. With lower solute densities and
concentration, the effect of evaporation in the reservoir on
aerosol particle size increases. An additional "drying" ef-
fect has previously been described to result in increased
alveolar deposition of hygroscopic aerosol particles, which
can be highly advantageous for several therapeutic (e.g.
pentamidine [10]) and diagnostic applications (e.g. 99mTc
[8]) targeted at the alveolar compartment.

In conclusion, aerosol recovery from an aerosol delivery
system with a relatively large collapsible reservoir was
found to be highly dependent on the electrostatic properties
of the reservoir. In these systems the use of electrostatic
field dissipative material for the reservoir is therefore rec-
ommended. Bronchial responses to histamine in vivo as
assessed with the reservoir method are at least similar to
standard methods for bronchial challenge.

The high efficiency of the reservoir aerosol delivery
system, owing to its small fill and residual volumes and the
absence of expiratory aerosol loss, will be advantageous
for the administration of substances with low availability
or high costs by inhalation [1]. This beneficial character-
istic, together with the reported high reproducibility of
aerosol deposition in the airways [9], makes this system
attractive as an alternative to more expensive dosimeter
equipped systems.
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