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Study of the mechanisms of deposition of inhaled par
ticles at the tracheobronchial and deep pulmonary 
levels are important both for the physiology of the 
respiratory tract and for the therapeutic properties of 
drugs in aerosol form. Such aerosols are of great value 
in the treatment of many respiratory diseases, since 
they often have potent local effect whilst avoiding the 
disadvantages of general treatment. Better use of these 
medical aerosols should result from research concern
ing the measurement of aerosolized particles. Particle 
size measurement is essential, since it allows us to 
determine to a considerable extent the mechanisms of 
deposition (by impaction, sedimentation or diffusion) 
and the deposition probabilities along the airways: we 
may thus define total deposit (T), extrathoracic de
posit, essentially nasopharyngeal and laryngeal (ET), 
tracheobronchial deposit (TB), and deposit at deep 
pulmonary level (P), so that: T=ET + TB+P. 

Among other factors affecting deposition are the mor
phology of the airways, the strength of the gas flow, 
the ventilatory parameters and the physicochemical na
ture of the aerosol. 

In this work we measured the particle size of nine 
aerosol dose inhalers. From the results obtained we aimed 
to calculate the probabilities for regional and total 
deposits. The deposition of inhaled particles in the res
piratory tract has been studied by several authors [1-3]. 
In particular, W. Stahlhofen and eo-workers have experi
mentally determined total and regional deposit reference 
values in healthy individuals according to their size. 

These results are presently being used in the revision 
of the deposit and particular clearance models of the 
International Radiological Protection Commission's 
"Task Group on Lung Dynamics" [4] whose object is to 
make recommendations concerning professional and 
environmental health. 

Appar atus 

Medical aerosol metered dose inhalers 

The nine aerosol metered dose inhalers studied are all 
pressurized aerosols with trichlorofluoromethane and 
dichloro or tetrafluoromethane-type propellants deliver
ing measured quantities of the active ingredient, by means 
of a constant-volume reservoir, in the form of a suspen
sion in an oil-based excipient. For the characteristics of 
these aerosols see table I. 

Particle measurement device 

We used an "aerodynamic particle sizer" (APS 33) 
[5). This device allows the precise measurement of the 
aerodynamic diameter of aerosolized particles. The aero
dynamic diameter of a particle (DAe) may be defined as 
the diameter of a sphere of density 1, having the same 
sedimentation speed as the particle at the end of its 
course. It therefore takes into account the geometric 
diameter, density and speed of the particle in question. 
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Table 1. - Pharmacodynamic properties of the nine tested aerosols. 

Aerosol Therapeutic effects Active substance 
no. 

1 Antibiotic Fusafungine 
2 Bronchodilation Salbutamol 
3 Bronchodilation Terbutaline 
4 Anti-inflammatory Bec!omethasone 
5 Bronchodilation Orciprenaline sulphate 
6 Bronchodilation Fenoterol brornhydrate 
7 Bronchodilation Oxitropium bromide 
8 Bronchodilation Isoprenaline 
9 Vaccination Vaccine 

Unlike simple measurement of geometric diameter, this 
is a dynamic measurement, which informs us directly 
about the behaviour of particles in the airways. 

The working principle of this device is as follows 
(fig. 1): the aerosol enters a jet comprised of an outer 
and an inner tube. Only 20% of the aerosol to be tested 
goes into the inner tube. The remaining 80% goes through 
a filter which retains the particles; at the out-let of the 
filter the cleaned air passes through a flowmeter and then 
back into the outer tube. The 20% of aerosol to be 
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Fig. I. - Schematic diagram of APS 33 

tested is thus carried along by this flow of clean air at 
a constant speed of 150 m·sec·1• The laser ray, focussed 
by a set of lenses, is divided into two beams which are 
crossed by the flow of aerosol. When a particle crosses 
the two beams, it creates two electrical impulses the 
proximity of which is proportional to the speed of the 
particle. For a given speed and particle density, these 
data are analysed by a computer linked to the apparatus 
which calculates: a) the aerodynamic diameter (DAe) of 
the particlescontained in theaerosol (range 0.5-15~m); 
b) the count (per ml of aerosol) and the mass (per mg·m· 
3 of aerosol) of the different particles; c) the total per
centage of the count and the mass of particles. 

The APS 33 also provides histograms of the DAc as 
a function of the count or the mass of the particles. 
These histograms are given in normal log distribution 
which is the usual distribution mode for aerosols. 

Excipient Size of Number of 
cannjster doses 

Isopropyl myristate 20ml not given 
Oleic acid not given 200 
Sorbitol trioleate 5 ml 200 
Oleic acid not given 100 
Soja lecithin 15 ml 300 
Sorbitol trioleate 5m1 100 
Soja lecithin 7.5 ml 150 
Sorbitol trioleate 15 ml 300 
Gycerides oleic salts 10 rnl 200 

Methods 

In order to check the response of the APS 33 to an 
aerosol of known dimensions accurately, we used 
calibrated polystyrene latex (PSL) aerosols. The den
sity and index of refraction of these spheres are 
accurately known. The reference aerosol is obtained 
by atomization of PSL solution, diluted at 1/100 in dis
tilled water, using a TSI TRI-JET generator. Four dimen
sions were selected. Two were submicronic, near the 
lower detection threshold at 0.5 and 0.8 J..l.m. The other 
two had a diameter of more than a micron: 1.1 and 2 
~m. Results show good agreement between the true di
mension of the particle (calibrated by the optical method) 
and the aerodynamic diameter given by the apparatus 
(fig. 2). 
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Fig. 2. - Histogram of particle count distribution for the 4 reference 
aerosols. 

After checking the APS 33, the experimental 
protocol was as follows: for each aerosol dose inhaler, 
a puff of nebulization was directed into a 5 l glass 
cylinder in which it was diluted with ambient air. Dilu
tion is necessary, since, in order for the APS 33 to 
achieve minimal margin of error (<5%), it must be 
used with a particle concentration below or equal to 
1000 per ml. The 5 l of dilution were then taken and 
counted by the APS 33. 

For each tested aerosol, the apparatus thus gave the 
DAe, the count and mass of particles, and the corres
ponding histograms. For the DAe, however, systematic 
correction proved to be necessary since the particles 
from the nine medical aerosol dose inhalers are all oily 
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droplets and in this case, the results of the APS 33 
show a default error. This is due to distortion of the 
droplets in the gas flow. This phenomenon has been 
studied by BARON [6], who traced a curve for the oily 
droplets which allows the calculation of the true aero
dynamic diameter from the apparent aerodynamic diame
ter given by the APS 33 (fig. 3). Our results take 
account of this. 

From these corrected results we have calculated 
certain parameters affecting probable deposition in the 
airways. These parameters are: 

a) CMAD (count median aerodynamic diameter) 
which is the aerodynamic diameter obtained from an aero
sol distribution curve in such a way that the number of 
particles is equal on either side of the median diameter; 
b) MMAD (mass median aerodynamic diameter) which 

is the diameter obtained from an aerosol distribution 
curve in such a way that the aerosol on either side of 
the median diameter is equal in mass; 
c) typical variation or standard geometric deviation 

(cr g): histogram analysis tells us:whether the aerosol is dis-
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Fig. 3.-Relationship between the true aerodynamic diameter and the one 
measured by the APS 33, for oily droplets. From P.A. BARON 1986. 

tributed uni- or multimodally. In the case of unimodal 
distribution, i.e. of monodispersed aerosol, crg is <1.2 
according to FucHs's definition [7). cr g is calculated 
by the following equation: a g=DAe 84%/DAe 50% 
where DAe 84% corresponds to a particle diameter of 
84% (%expressed as count), and DAe 50% corresponds 
to a particle diameter of 50% (% expressed as count). 

Forecast for total and local airway depositions 

Using the studies of STAHLHOFEN and eo-workers 
[8-10), we can calculate the probable depositions of 
particles contained in these aerosols: total deposition 
(T), extrathoracic (ET), tracheobronchic (TB) and deep 
pulmonary, which includes both the alveolar regions 
and the smaller distal bronchioles (P). We know [8, 9, 
11, 12] that total deposition takes place according to 
particle size by means of three principal mechanisms. 
These are: 
1) sedimentation or gravitation - this depositon is due 

to the force of gravity acting on the particles and 
finally depositing them at the surface of the airways. 
This mechanism concerns mainly particles with a DAe 
between 1 and 5 IJ.m or more; 
2) inertia or impaction - the inertia of the particles pro
pels them against the airway wall where they become 
fixed. This mechanism concerns mainly particles with a 
DAe greater than 3 IJ.m; 
3) diffusion - this mechanism concerns inframicronic 
particles and plays only a minimal part in the deposition 
of the nine aerosol dose inhalers tested here. 

Stahlhofen's studies have allowed us to determine the 
probable depositions expressed as a percentage of the 
total count of particles of a monodispersed aerosol at 
the (ET), (TB) and (P) levels as a function of the DAe. 

Figure 4 shows a graph of these results. For oral 
inhalation and the following ventilatory parameters: in
spiratory time (TI) of2 sec and inspiratory volume (VI) 
of 1500 ml, the following phenomena occur: 

a) deposition at deep pulmonary level (P) is of the 
order of 10% for particles of 0.5 IJ.m, increasing to 
about 50% for particles of 3 to 3.5 IJ.m and then 
progressively diminishing, reaching zero for particles of 
about 10 IJ.m; 
b) tracheobronchial deposition (TB) which is zero for 
particles of the order of 21J.m, increasing progressively 
to reach about 25% for particles of the order of 7.5 
IJ.m, then diminishing progressively to reach zero for 
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Fig. 4. - Regional deposition probability curves, versus aerodynamic 
diameters- after W. Stahlhofen et al. 1984. 

particles of the order of l51J.ffi; 
c) extrathoracic deposition (ET) is zero for particles of 
the order of 2 IJ.m, increasing steadily to 90% or more 
for particles greater than 121J.m. 

Results 

Analysis of the two histograms provided for each 
aerosol dose meter tested allows the following obser
vations: 
1) The particle distribution count per ml of aerosol as 
a function of DAe is comparable for all nine aerosol 
dose meters. This distribution is unimodal; an example 
is given in figure 5, wh.ich shows the distribution for 
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aerosol metered dose inhaler no. 1. 
2) The particle distribution mass·m·3 of aerosol as a 
function of DAe is also comparable for all nine aerosol 
metered dose inhalers. This distribution is multimodal. 
An example is given in figure 5, which shows this distri
bution for aerosol no. 1. We see that there is indeed a 
first distribution corresponding to that already des
cribed in the particle coum histogram, but followed by 
another distribution representing large particles which, 
although few in number, are great in mass. 
Results concerning the nine aerosol dose meters are 
shown in table 2. We observe that: 
a) CMAD shows little variation from one aerosol to 
another (from 0.63 to 0.73 J.Un). Calculated individually 
for this distribution count, a g likewise shows little 
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Fig. 5. -Histograms of oount and mass particle distributions for aerosol 
no. I. 

ties in each of the three regions of the airways, and the 
total mass deposition. 

We see that if VI=l500 ml and TI=2 sec: the total 
deposit (T) is between 46 and 86%; deposition at deep 
pulmonary level (P) is between 12 and 29%; 
deposition at tracheobronchial level (TB) is between 3 
and 12%; deposition at extrathoracic level (ET) is be
tween 13 and 63%. 

Discussion 

In general, the sizes of particles emitted from 
medical aerosol dose metered inhalers are not precisely 
known [13] and results are sometimes contradictory. 
For nine aerosols, HILLER et al. [14] showed CMAD 
between 0.62 and 0.82 J.lm and MMAD between 2.8 
and 4.3 J.lm. They found no normal log distribution for 
mass DAe and emphasized the multimodal character of 
the distribution observed. In more recent work 
SACKNER et al. [15] showed more or less normal log 
distribution with MMAD from 3.3 to 5.5 J.lm, but this 
distribution was not monodispersed since g varied 
from 2 to 2.2. These results are not properly compa
rable with ours for the following reasons: 

Measurement techniques used by these authors differ 
among themselves and from those used by us. For ex
ample, SACKNER et al. [15] used a cascade impactor 
and HILLER et al. [14] an aerodynamic relaxation time 
analyser. 

The nature of the aerosols tested was not always 
given and their excipients may have been either water 
or dry powder-based. All aerosols tested by us had oil-

Table 2.- Particle characteristics and probability of mass deposition using nine metered dose inhalers 

Particle characteristics 

No of CMAD og MMAD 
aerosols fJ.ffi Jlm 

1 0.72 1.6 5.8 
2 0.66 1.8 2.3 
3 0.73 1.4 3.7 
4 0.7 1.6 5.5 
5 0.7 1.5 6.7 
6 0.7 1.2 7.3 
7 0.72 1.5 7.3 
8 0.63 1.4 8.1 
9 0.7 1.5 8.3 

*after W. STAHLHOFEN and eo-workers [8-10]. 

variation, from 1.2 to 1.8. 
b) MMAD varies from 2.3 to 8.3 J.lm. 
c) By reference to the particle count per ml and the 
mass expressed in mg·m·J, and also the combined per
centage of the count and the mass of particles), and 
taking into account the results of the work of 
STAHLHOFEN et al. (table 3 and fig. 4), we can easily 
calculate for each aerosol lhe mass deposition probabili-

Probability of regional deposition as a percenlagc 
of the mass of an aerosol particle 

Alveolar Trachea Extta- Total 
+bronchi thoracic 

29.16 3.97 12.67 45.8 
15.16 3.22 35.75 54.13 
21.64 4.16 26.68 52.48 
14.95 3.5 46.81 65.26 
16.15 5.95 48.5 70.6 
14.02 11.59 60.73 86.34 
14.54 7.23 54.01 75.78 
11.53 7.76 61.75 81.04 
12.07 9.67 62.67 84.41 

based excipients. 
Moreover, the role of Lhe propellant is equally 

important. The propellants used were liquefied fluoro
carbon gases, whose evaporation speed at the time of 
emission depends on ambient temperature and on the 
quantity nebulized. REES et al. [16) have shown that 
the aerosol's final particle size will be proportionately 
finer as the quantity of propellant and the amount of 
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Table 3.- Probability of deposition as a percentage of 
the total number of particles for a VI of 1500 ml and Tl of 
2 sec. STAHLHOFEN and eo-workers (8-10) 

Corrected % deposited %deposited % deposited % deposited 
size P TB ET Total 

0.486 
0.504 
0.542 
0.582 
0.626 
0.673 
0.723 
0.777 
0.835 
0.897 
0.964 
1.03 
1.11 
1.19 
1.28 
1.38 
1.48 
1.59 
1.71 
1.84 
1.98 
2.12 
2.28 
2.45 
2.64 
2.83 
3.05 
3.27 
3.52 
3.78 
4.3 
4.7 
5.2 
5.5 
5.9 
6.5 
6.9 
7.5 
8.0 
9.0 
9.5 
10.3 
11.3 
12.3 
13.3 
14.5 
16.0 
17.8 
20.0 
22.5 

10 
10 
10 
11 
11 
11 
12 
12 
13 
14 
15 
16 
18 
20 
23 
25 
27 
32 
36 
28 
39 
42 
44 
47 
48 
49 
50 
50 
50 
47 
42 
36 
28 
25 
18 
14.5 
11.5 
8 
5.5 
2.5 
1.5 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
2 
2 
2.5 
3 
4 
5 
7 
8 
10 
10 
16 
18 
18.5 
18.5 
21 
22.5 
23 
21 
17 
15 
12 
9 
7 
6 
0 
0 
0 
0 
0 

active principle become smaller. 

10 
10 
10 
11 
11 
11 
12 
12 
13 
14 
15 
16 
18 
20 
23 
25 
27 
32 
36 
39 
41 
45 
48 
52.5 
55 
58 
61 
66 
71 
73 
78 
86 
88 
90 
89.5 
93.5 
96 
97.5 
97 
97 
96.5 
94.5 
95.5 
97 
98 
97.5 
98 
98 
98 
98 

SHORT et al. [17] produced somewhat different results 
in a study conducted with aerosols marked with 
bromine 77 (ET: 82%; thoracic tracts in general: 16%). 

If our results (table 3) concerning total and regional 
deposition are compared with the theoretical results of 
Stahlhofen et al. (fig. 4), discrepancies appear al
though the ventilatory parameters are the same 
(Vr=I500 ml and D=2 sec). For example, we would ex-

pect to observe a TB deposition of 18% and an alveolar 
deposition also of 18% for aerosol metered dose inhaler 
no. 1 which had an MMAD of 5.8 J.lm. However the 
results were different (TB=4% and P=29%). This discrep
ancy highlights the fact that the theoretical results 
obtained by Stahlhofen et al. were calculated for 
perfectly monodispersed aerosols whilst our aerosols 
were all polydispersed. Study of the histograms for 
aerosol metered dose inhaler no. 1 (fig. 5) shows that 
more than 90% of the particle count had a diameter 
lower than 2 J.lm: these small particles, although their 
mass was tiny, were deposited mainly at deep pulmo
nary level. Similar observations can be made for all 
nine aerosols tested. The results obtained also allow 
the following conclusions to be drawn: if an essentially 
tracheobronchial deposition is desired (since it is at this 
level almost exclusively that the majority of bron
chodilator aerosol metered dose inhalers should be 
effective), the "ideal" aerosol metered dose inhaler 
should have a MMAD of 7.5 J.lm (in this case, 
deposition at TB level is of the order of 25% (table 
2.2)). It should nonetheless be said that these ob
servations relate to well-defined ventilatory conditions 
with a VI of 1500 ml and a n of 2 sec. The "ideal" 
aerosol metered dose inhaler should above all be 
monodispersed. 

In our study, aerosols nos 6 and 7 had a MMAD 
close to this ideal but their TB deposition was only 
about 9% because of their considerable polydispersion. 
Production of perfectly monodispersed aerosols still 
requires complicated technology [18). Thus as all the 
aerosol metered dose inhalers are polydispersed, it would 
be advisable, in order to obtain maximum deposition at 
tracheobronchial level, to look at all the particles from 5 
to 10 ~m and not just at those possessing the MMAD. 

We must also stress that probability calculations 
doubtless only partially reflect reality since, as many 
authors have shown [19-24), it is very difficult to syn
chronise a discrete puff of nebulization with inhalation. 
The authors therefore recommend that the patient should 
inhale the metered dose from the aerosol via a small aux
illiary container. This container should first be filled 
from the aerosol metered dose inhaler and the patient 
should inhale its contents for a period of 1-4 sec. In 
this case, deposition of large particles would occur on the 
container walls and not in the pharyngeal region: thus 
complications due to oral absorption (cardiac for beta 
stimulants, infectious for corticoids) would be mini
mized. 

The notion of mass deposited in the respiratory tract 
as a whole and in its different sectors does not allow 
us to presume that the drug has been absorbed and is 
acting as desired [23]. The alveolar airways which 
have a very large surface area [1] are fairly permeable 
both to liposoluble and hydrosoluble substances with 
small molecular weight This permeability is further 
increased in many pathological conditions and in 
smokers [24). Such substances eventually pass into the 
blood capillaries if they are highly soluble, or into the 
lymph vessels if they are less so. The same is not 
the case with penetration as far as the epithelium. It 
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has been shown in dogs [25] that the average bronchial 
areas had absorption half the strength of the alveolar 
areas for diethylene triamine penta-acetate (DTP A) 
marked with technetium 99m. In these bronchial zones 
therapeutic substances are either fixed by the mucus, if 
they have affinities with the glycopolysaccharides of 
which it is composed, or they are eliminated by 
mucociliary clearance. In the case of fixation by the 
mucus, the chemical combination obtained generally 
reaches the bronchial epithelium, and if it is present in 
sufficient quantity, it can exert its action. 

Conclusion 

Aerosol metered dose inhalers are playing an in
creasingly important role in the treatment of many 
tracheobronchial conditions. The quantity of active in
gredient deposited depends on many factors, especially 
the size of aerosolized particles, but also on the ventila
tory parameters at the moment of inhalation. Nine aero
sol metered dose inhalers, targeting essentially the tra
cheobronchial area, were tested. For an inhalation with 
an inspired volume of 1500 ml and an inspiratory time 
of 2 sec, the percentage of TB deposition was between 
3 and 11.5%, according to the aerosol metered dose 
inhalers studied. This relatively small percentage relates 
essentially to the polydispersed character of their mass 
distribution. According to the theoretical study of 
Stahlhofen et al. it is possible to obtain, for the same 
ventilatory parameters, a tracheobronchial deposition of 
25% if the aerosol is monodispersed (a condition dif
ficult to meet) and if the particle diameter is very 
close to 7.5 IJ.m. 
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RESUM~: Ceuc etude pone sur la d~ermination de la granulometrie de 
neuf doseurs d'aerosols medicaux. Ceue determination a ete rendue 
possible grace a l'utilisation d'un velocimetre laser (Aerodynamic Par
ticle Sizer TSD. Le diametre aerodynamique median en nombre 
(CMAD) varie peu de 0,63 a 0,73 IUJl avec une deviation geometrique 
standard (cr g) allant de 1,2 a 1,8. L'analyse des histogrammes du 
diametre aerodynamique a montre pour taus les doseurs d'aerosols 
testes une distribution massique multimodale. Les calculs de leur proba
bilites de dep6t le long des voies aeriennes (dep6t extrathoraciq11e, 
depouracheobronchique et depi)t au niveau du poumon profond) ont etc 
rendus possible grace aux travaux de Stahlhofen <:! coil. Ces doseurs 
d'aerosols devant pour la majorite d'entre cux avoir une action 
therapeutique a predominance bronchique,le depllt a ce niveau pourrait 
etre ameliore si pour un volume inspiratoire de 1500 m1 et un temps 
inspiratoire de 2 secondes, le diametre aerodynamique median en masse 
(MMAD) etait de l'ordre de 7,5 1UJ1 avec une distribution davantage 
monodispersee. Les roles respect ifs des excipients et du pulseur utilises 
pour le conditionnement des doseurs d'aerosols sont egalement dis
cutes. 


