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ABSTRACT: Deposition of nonisotonic therapeutic and diagnosis aerosols can cause
changes in airway fluid composition and bronchoconstriction in sensitive subjects.
"Hypodense" aerosols containing a relatively low concentration of droplets in the
carrier air were used in the studies of regional deposition of radiolabelled nebulized
solutions of hypo- and hypertonic saline, in order to investigate whether the number
of droplets per volume of carrier can affect deposition.
Solutions with and without 0.5% nedocromil sodium were nebulized in order to
examine the effects of a potential modifier of the rates of heat and mass transfer.
The deposition was quantified using penetration index (PI) calculated from images
obtained by single photon emission computerized tomography (SPECT) in 11 healthy
volunteers per study.
There was an increase in the penetration index (10.9%, for the saline only; 15.5%,
for the nedocromil study) of the hypotonic compared to the hypertonic aerosol,
although the initial size distribution of both types of aerosols was very similar (mass
median aerodynamic diameter (MMAD) 3.7 and 3.8 µm; geometric standard deviation
(GSD) 1.8 and 1.5 for the hypo- and hypertonic aerosols, respectively).
The present results confirm the effects of tonicity on deposition of aerosols found
in a parallel study reported in this issue of the Journal. They also give support to
the theory that, in addition to the concentration of the nebulized solutions, the
number of droplets per volume of the carrier air is a factor affecting deposition of
aqueous aerosols. The presence of 0.5% nedocromil sodium in the solutions did
not appear to interfere with the processes of heat and water transfer in the airways.
Eur Respir J., 1994, 7, 1483–1489.

Aerosols prepared by nebulization of nonisotonic saline solutions have been used for bronchial hyperreactivity testing [1–4]. The greatest perturbation of the
airway fluid composition is most likely to be in the large
airways, in view of the fact that the total amount of the
periciliary fluid in the first 12 airway generations is less
than 1 ml [4]. Many pharmaceutical aerosol formulations
are nonisotonic [5], or they contain hygroscopic ingredients [6, 7]. A large number of theoretical investigations
[7–16] and in vitro experimental studies [6–8, 17] have
been carried out to determine hygroscopic growth or
shrinkage of aerosolized particles. In vivo measurements
have also been made by comparing the size distribution
of the inhaled and exhaled aerosols [18–21].
Single photon emission computerized tomography
(SPECT) [22] was used to investigate the distribution of
aerosols "in vivo" of nonisotonic saline solutions prepared
by conventional nebulizers [23–26]. The differences
observed between the deposition of hypo- and hypertonic
nebulized solutions in normal subjects were somewhat
less than expected on theoretical grounds [23]. One
possible explanation for this discrepancy was that, during
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the inhalation, the aerosols significantly change the
composition of the airway fluid such that the driving
force for the hypertonic aerosol to grow, or for the hypotonic aerosol to shrink, is reduced. In order to test this
hypothesis, we prepared "hypodense" aerosols, which
contain a very low number of aerosol droplets per unit
volume of carrier air. As a result, any possible physicochemical change in the airway environment (e.g. tonicity
of the periciliary fluid) should be minimized. In this
sense, the hypodense aerosols resemble the aerosols
generated by dry powder inhalers or by the propellantdriven metered dose inhalers, which also contain minute
quantities of materials (typically <5 mg). Hypodense
nonisotonic aerosols are also less likely to cause
bronchoconstriction in sensitive subjects, because neither
the dose, nor the rate of delivery, should be high enough
to provoke bronchospasm.
Our investigations consisted of two parts: 1) a study
with 0.3 and 5% (w/v) saline solutions; and 2) a study
in which the same saline solutions also contained 0.5%
nedocromil sodium. Nedocromil sodium has been found
to be more potent than cromolyn (sodium cromoglycate),
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not only in inhibition of histamine release from human
lung mast cell in vitro [27], but also for in vivo prophylaxis of asthma induced by adenosine 5'-monophosphate
(AMP) [28], cold air [29], sodium metabisulphite [30],
or exercise [31]. It was proposed that the pharmacological
actions of cromolyn could be related to its effects on the
heat and water transfer in the airways [32, 33]. Nedocromil sodium may have similar properties. If nedocromil
sodium interfered directly with these physical processes,
then aerosols containing this substance would be expected
to grow or shrink to a different extent, or at different
rates, than pure saline aerosols, and this should affect
the deposition pattern in the respiratory tract.
Materials and methods
The study protocols were approved by the Ethics Review
Committee at the Royal Prince Alfred Hospital. Written
consent was obtained from each subject before participation. Normal healthy, nonasthmatic volunteers were
recruited. The subjects inhaled on two separate occasions
under controlled breathing conditions either 5 or 0.3%
radiolabelled aqueous saline aerosols (in one study without, and in the second study with, 0.5% nedocromil
sodium). The regional deposition of the radioaerosol
was followed by external scintigraphy [22, 23].
Prior to any radioaerosol inhalation, lung functions and
volumes were measured before and after challenging the
subject with nonisotonic saline aerosols to confirm normal lung function (taken as >80% predicted value for
forced expiratory volume in one second (FEV1), functional
vital capacity (FVC), peak flow rate (PEF), and midexpiratory peak flow rate (MEPF) [34]) and lack of
bronchial hyperreactivity (fall in FEV1 postchallenge
≤10%). In addition, haematological and biochemical
investigations were performed to verify the absence of
clinical abnormality before and after their participation
in the study. Seventeen subjects were enrolled into the
study with saline alone. Three subjects had to be rejected
because of technical problems with scintigraphy during
the study. Three further subjects could not control their
breathing within the prescribed limits. The remaining
11 subjects were 5 females (aged 18–35 yrs, height
155–176 cm) and 6 males (aged 19–33 yrs, height 167–185
cm). In the nedocromil sodium study, 13 subjects were
enrolled; one subject was unable to control breathing
within the prescribed limits; a second subject admitted
after the study that he did not report a feeling of tightness in the chest before the first inhalation, thus, the
results from this subject were not included in the analyses.
Therefore, 6 females (aged 19–41 yrs, height 156–173
cm) and 5 males (aged 22–33 yrs, height 171–178 cm)
remained in this study.
The aerosols were generated from a nebulizer system,
which consisted of an Inspiron jet nebulizer (Mini-Neb,
Inspiron, a division of Intertech Resources Inc., Rancho
Cucamonga, CA, USA); the air was supplied by an
electrical pump (Aeromist, Medical Industries Australia)
at 2.9 and 4.5 l·min-1, respectively. As in our previous
studies [22, 23], precautions were taken, by using humidified dilution air [24, 26, 35], to prevent droplet evapora-

tion before entry of the aerosol to the mouth. This was
confirmed by collection of aerosol and assuring that the
osmolarity of the collected solution was the same as that
of the solution in the nebulizer. A baffle, which did not
limit the flow, was placed in the inhalation line in order
to reduce the concentration of the droplets in the aerosol.
Using several designs and several flow rates, the operating conditions were found such that the aerosol size
distributions for the hypo- and hypertonic solutions were
similar (mass median aerodynamic diameter (MMAD)
3.7±0.2 and 3.8±0.3 µm; geometric standard deviation
(GSD) 1.8±0.1 and 1.5±0.1; n=21 and 17, respectively).
These measurements on a cascade impactor [35] also
confirmed that the aerosol particle size distribution of
the hypodense aerosols was similar to the conventional
"dense" aerosols used in our previous studies (MMAD
3.7–3.8 µm; GSD 1.4–1.5) [23]. However, the droplet
output from the system was only approximately 0.05
and 0.01 ml·min-1 for the hypotonic and hypertonic saline
aerosols, respectively, (compared to 0.23 ml·min-1 with
the dense aerosols used in our previous studies [23]).
Therefore, by calculation based on mass balance, the
maximal change in the tonicity of periciliary fluid for
the first 16 airway generations would not exceed 15%,
assuming no replenishment of the airway fluid [4].
Each subject inhaled the hypertonic and hypotonic aerosols (with or without nedocromil sodium) on two separate
occasions at least 20 h apart, but within 7 days. The
order of hypertonic/hypotonic was randomized and the
studies were single-blind. The volunteers inhaled the
aerosols for 3–5 min, using their own tidal breathing in
a controlled and reproducible manner by application of
a computerized breathing circuit [22, 23, 36]. The aerosols
were labelled with 99mtechnetium-diethylenetriaminepentaacetic acid (99mTc-DTPA) [22]. Immediately after the
aerosol inhalation, the subjects gargled and rinsed their
mouth with water, then drank water ad libitum and
swallowed a slice of bread to minimize residual radioactivity in the oesophagus. With the subject lying supine,
transmission and emission SPECT imaging of the chest
was then carried out [22, 23]. In order to examine the
effect of regional clearance of the deposited aerosol during the SPECT acquisition, anterior and posterior planar
images of the respiratory tract were also taken immediately before and after the SPECT acquisition [23, 37].
The SPECT penetration index (PI) was obtained from
mid-lung coronal slices; both the SPECT PI and the PI
derived from the geometric mean of the anterior and
posterior images were defined as the ratio of the amount
of radioactivity in the peripheral lung to that in the central
region, including the trachea; only the right hand side of
the thorax was used [22, 23]. The difference in the
aerosol deposition patterns was measured in terms of the
d-value which was defined as:
d% = 100 × [PI (hypotonic) - PI (hypertonic)]
PI (hypotonic)
The statistical significance of the d-values was assessed using one-tailed t-test and one-tailed Wilcoxon test
[38].
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Table 1. – Mean breathing parameters for each subject in the saline study
Hypotonic aerosol
Subject
No.
1
2
3
4
5
6
7
8
9
10
11

Hypertonic aerosol

VT
ml

PIF
l·min-1

PEF
l·min-1

Ttot
s

PI
s

VT
ml

627
583
658
1080
1098
619
579
896
489
756
557

34.7
31.8
27.5
39.3
39.1
29.4
25.7
34.1
30.0
32.0
23.8

34.9
29.2
24.6
35.7
38.7
33.9
22.5
23.0
24.1
25.1
24.3

3.9
3.8
5.2
6.4
6.4
4.3
5.7
8.7
3.7
5.4
5.0

0.06
0.05
0.05
0.07
0.01
0.06
0.15
0.61
0.14
0.21
0.35

656
549
642
1095
1095
608
566
894
483
719
559

PIF
l·min-1
32.3
28.2
31.2
37.7
39.9
28.8
29.0
27.7
32.3
32.1
28.3

PEF
l·min-1

Ttot
s

PI
s

36.5
30.6
21.5
41.2
33.1
35.4
20.8
22.6
22.8
25.7
23.3

3.9
3.9
5.2
6.8
6.4
4.3
5.6
8.7
3.7
5.2
5.0

0.04
0.07
0.08
0.29
0.03
0.06
0.21
0.46
0.15
0.36
0.41

VT: tidal volume; PIF: peak inspiratory flow rate; PEF: peak expiratory flow rate; Ttot: total time of a breath cycle; PI:
inspiratory pause.
Table 2. – Mean breathing parameters for each subject in the nedocromil study
Hypotonic aerosol
Subject
No.
1
2
3
4
5
6
7
8
9
10
11

VT
ml
786
635
723
1259
450
499
636
797
645
510
1027

Hypertonic aerosol

PIF
l·min-1

PEF
l·min-1

Ttot
s

PI
s

VT
ml

21.7
20.7
18.8
34.7
20.9
28.6
28.5
33.7
33.4
27.9
42.9

17.9
21.7
15.4
34.2
19.8
23.0
22.1
29.5
33.1
19.3
34.6

8.1
5.4
9.7
10.0
4.8
4.9
5.0
4.9
3.6
4.7
5.2

0.43
0.13
0.42
0.44
0.17
0.60
0.16
0.13
0.10
0.43
0.14

775
633
770
1175
433
521
637
805
651
511
1067

PIF
l·min-1
23.7
25.0
22.3
28.7
21.8
27.1
29.0
32.3
34.7
30.4
45.1

PEF
l·min-1

Ttot
s

PI
s

18.3
24.5
16.2
19.9
18.9
22.7
23.4
29.4
33.5
20.6
36.4

8.1
5.4
9.7
10.1
4.6
4.9
4.4
4.9
3.6
4.7
5.0

0.57
0.25
0.32
0.42
0.34
0.53
0.04
0.07
0.16
0.57
0.20

For abbreviations see legend to table 1.

Results
The breathing characteristics of the subjects are presented in tables 1 and 2. The breath-by-breath analysis of
the breathing parameters on any particular study day
showed that the coefficient of variation of the mean values
for any one individual was less than 25%, except for
subject No. 4 in the saline study, whose expiratory flow
rate varied by 27.7%. Considering the intra-individual
variation from one study day to another, the group mean
d-values were not statistically different from zero, except
for the inspiratory pause in the saline study and the total
time of the breath cycle (Ttot) in the nedocromil sodium
study. However: 1) the absolute differences in the mean
inspiratory pause (PI), were within 0.2 s; and 2) the mean
%d-value for Ttot was only 2.5%. The intra-individual
d-values were again less than 25% for all subjects and
all parameters, except for the following: subject No. 4
in the nedocromil sodium study had a 42% difference in
the expiratory flow between the two study days; when
this subject was omitted from the analysis of the deposition
data, the group results remained virtually unchanged.

Thus, we do not think that any of these variations could
have introduced a significant bias to the deposition results.
Saline study
The SPECT PI values for the 11 subjects are plotted
as hypertonic versus hypotonic results in figure 1. There
is a clear tendency for higher deposition in the lung
periphery for the hypotonic as compared to the hypertonic aerosol. A similar trend was obtained when the
radioactivity in the central regions was expressed as a
percentage of the whole lung. Here (fig. 2) the data
indicate more central deposition for the hypertonic than
the hypotonic aerosol. Figure 3 shows the d-values for
the hypodense aerosols together with the previous results
[22] for the isotonic aerosols (2.6 and 5.5 µm) with the
central region including the trachea [23]. Also shown
are nonisotonic dense (conventional number of droplets
per volume of carrier air) saline aerosols (concentration
of solutions 0.3 and 4.5%; droplet sizes 3.7–3.8 µm) [23].
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Fig. 1. – Graph showing that the single photon emission computerized
tomography (SPECT) penetration index (PI) for the hypotonic aerosols
is consistently higher than the PI for hypertonic saline aerosols in
normal subjects. The solid line shows the hypothetical situation in
which the PI’s for hyper- and hypotonic aerosols would be identical.

Hypotonic central deposition %

75
65
55
45
35
35

45

55

65

75

85

Hypertonic central deposition %
Fig. 2. – Graph showing that the deposition in the central region
(including trachea) of the lung for the hypotonic aerosol is consistently
lower than that for the hypertonic saline aerosols in normal subjects.
The solid line shows the hypothetical situation in which the central
deposition for the two types of aerosols would be identified.

d%
70

50
40

20

n=11
p=0.033

n=11
p=0.020

10
0

d% = 100 ×

(post-SPECT PI) - (pre-SPECT PI)
post-SPECT PI

The results showed a mean d-value of -5.88% (t-test
p=0.020; Wilcoxon test p=0.046) and -3.88% (t-test
p=0.16; Wilcoxon test p=0.13) for the hypertonic and
hypotonic aerosols, respectively, indicating that there was
in fact some relative redistribution of the aerosols in the
lung, which reached statistical significance for the hypertonic aerosols. However, the difference between the dvalues for the hypo- and hypertonic aerosols was not
statistically significant (t-test p=0.060; Wilcoxon test
p=0.063). Therefore, it could not account for the difference
in the aerosol deposition obtained from SPECT. More
importantly, it was SPECT, but not the planar images,
which was capable of showing a significant difference
between the PI for the hypo- and hypertonic aerosols
(mean d-value for PI: pre-SPECT planar images = -2.3%;
t-test p=0.26; Wilcoxon test p=0.25; SPECT study: mean
d-value=10.9%; t-test p=0.020; Wilcoxon test p=0.034).
Nedocromil sodium study

n=7
p<0.001

60

30

The mean d-value for the isotonic aerosols (2.6 and 5.5
µm) was 52.4% [23]. The previous mean d-value for
the nonisotonic dense aerosol was only about 6% [23].
The present data showed a mean d-value of 1.6 times
that of the nonisotonic "dense" aerosols; also, the statistical tests showed more significant p-values for the difference in PI when using hypodense aerosols (t-test p=0.020;
Wilcoxon test p=0.034). The results, thus, support the
hypothesis [15, 39] that the number density of nonisotonic
aerosols plays a role in their deposition.
A potential problem with SPECT was that regional
clearance of the deposited aerosols could occur during
the image acquisition, leading to artefacts in the calculation
of PI. To examine this, the pre- and post-SPECT planar
images were collected, and the PI values were obtained.
The d-values were calculated for these planar images as:

Isotonic
Nonisotonic Nonisotonic
small vs large dense
hypodense

Fig. 3. – Difference in the penetration index (PI) (or deposition
pattern) for the various types of aerosol as expressed by the d-value.
"Isotonic small vs large" is from [22] with the central region modified
to include the trachea [23]. "Nonisotonic dense" aerosols had the same
tonicities and size distributions as in the current study, but 5–20 times
greater number of droplets per volume of carrier air [23]. "Nonisotonic
hypodense" are the results from the current study.

The SPECT PI data and the central lung region data
for 11 subjects are plotted in figures 4 and 5. The overall
results were similar to the study without the drug: the
peripheral lung deposition for the hypotonic aerosol was
higher than for the hypertonic solution. The mean dvalue for PI was 15.5% (t-test p=0.0019; Wilcoxon test
p=0.006); i.e. it was similar in magnitude to the salineonly study, but statistically even more significant.
On examination of the PI data of the pre- and postSPECT planar images, we found the mean value of d to
be -3.27% (t-test p=0.18; Wilcoxon test p=0.225) and 6.77% (t-test p=0.021; Wilcoxon test p=0.015) for the
hypertonic and hypotonic aerosols, respectively. The
results thus showed that, in contrast to the saline only
study, the relative clearance of the aerosol towards the
central lung region occurred more for the hypotonic than
the hypertonic solutions, as observed with "dense"
nonisotonic aerosols [23]. Although the difference between these two d-values was not statistically significant
(t-test p=0.44; Wilcoxon test p=0.13), the data indicate
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Fig. 4. – Graph showing that the SPECT penetration index (PI) in
normal subjects for the hypotonic saline aerosols containing 0.5% (w/v)
nedocromil sodium is consistently higher than the PI for hypertonic
saline aerosols containing the same concentration of the drug. The
solid line shows the hypothetical situation in which the PI’s for the
two types of aerosols would be identical.

Hypotonic central deposition %
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Hypertonic central deposition %

90

Fig. 5. – Graph showing that the deposition in normal subjects in the
central region (including trachea) of the lung for the hypotonic aerosol
containing 0.5% (w/v) nedocromil sodium is consistently lower than
that for the hypertonic saline aerosols containing the same concentration
of nedocromil sodium. The solid line shows the hypothetical situation
in which the central deposition for the two types of aerosols would be
identical.

that if there had been no redistribution of the deposited
radioactivity during the SPECT acquisition, the difference
in the PI for the nonisotonic aerosols would have been
found to be even bigger.
As in the saline only study, the PI derived from SPECT,
but not that calculated from the planar images, was capable of demonstrating a significant difference in PI between the hypo- and hypertonic aerosol (mean d-value
for PI: pre-SPECT planar image=5.8%; t-test p=0.10;
Wilcoxon test p=0.175; mean d-value in SPECT
study=15.5%; t-test p=0.0019; Wilcoxon test p=0.006).
Discussion
Firstly, the results verified that SPECT shows a better
ability to identify differences in deposition than the more
conventional planar techniques [22]. Secondly, they
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confirmed the previous findings with the "dense" aerosols
(i.e. aerosols having a high number concentration of
droplets) that there was a difference in the deposition of
the nonisotonic saline solutions, with a higher PI value
for the hypotonic aerosol compared to the hypertonic
aerosol [23–26]. The present results, however, showed
a somewhat larger difference in the PI between the two
aerosols, suggesting that the number density of the aerosol
plays a role in the regional deposition in the lung. This
greater difference, compared to the "dense" aerosols, is
consistent with the expectation that hypodense aerosols
will cause minimal perturbations of the airway fluid.
This would imply that there is very little, if any, effect
of the droplet deposition on humidity of the airways,
airway calibre or mucociliary clearance when using
hypodense aerosols. Thirdly, it should be noticed that
the present d-values are still much lower than those
obtained for the isotonic aerosols, with initial sizes 2.6
and 5.5 µm [22, 23]. If the hypo- and hypertonic aerosols
equilibrated with the water vapour pressure corresponding to that in the alveoli (i.e. if the droplets became
isotonic), their size should change from 3.7 to 2.6 and
6.6 µm, respectively. The experimental results with both
the dense and the hypodense nonisotonic aerosols show
that the difference in PI for the aerosols of different
tonicity is much less than that expected for the difference in deposition of 2.6 and 6.6 µm aerosol droplets
(c.f. the results with the small and large isotonic aerosol
study [22]). The fact that the hypodense aerosols show
a bigger difference than the dense aerosols indicates that
the latter appear to change the composition of the airway
fluid to the extent that they attenuate their own change
in droplet size. Ideally, this hypothesis should be tested
in a randomized cross-over study in which the same
subjects inhale both normal and hypodense aerosols.
The current results with the hypodense aerosols support
the conclusions from the previous findings [23] that the
droplets do not seem to change their size instantaneously to the equilibrium values. It has been predicted by
theoretical modelling [8–16] that droplet equilibration
takes an appreciable length of time. Furthermore, there
is a gradient of relative humidity in the airways [8, 40,
41]. Indeed, it is known that the fluid lining the upper
airways is hypertonic [42], so that the hypertonic aerosols
would not grow in this part of the respiratory tract to the
isotonic value (however, the same fact should enhance
the evaporation of the hypotonic aerosols).
Until recently, theoretical models of hygroscopic aerosol deposition have considered only the behaviour of a
single particle in an environment of unlimited capacity
for exchange of water vapour [15, 39]. This is not realistic
for dense aerosols, such as those prepared by conventional
jet nebulizers. Such theoretical models are more appropriate for low number density ("hypodense") aerosols,
such as those used in this study, or generated by the low
dose dry powder inhalers and propellant-driven metereddose inhalers.
The presence of the drug nedocromil sodium did not
appear to make any significant change to the difference
in deposition patterns of hyper- and hypotonic aerosols.
It should be noted that 0.5% nedocromil sodium in the
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saline solutions made a negligible impact on the osmolarity. The dose was too small to observe any physiological changes. These results indicate that the presence
of 0.5% nedocromil sodium in saline did not affect the
dynamics of droplet growth, or shrinkage.
The use of hypodense aerosols in deposition studies
seems to overcome the problem of perturbation of the
composition of the airway fluid by the aerosol. This
would be particularly important in hyperreactive subjects,
where such changes could lead to a deposition pattern
dominated by the effect of aerosol-induced bronchospasm
[23, 25, 26].
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