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Abstract 

Background: the optimal particle size of a fi2-mimetic aerosol is not known. Mcthods: eight stable asthmatics with 
a FEV 1 (forced expiratory volume) of 72% of the predicted value inhaled three types of monodispersc salbutamol 
aerosols, with particle sizcs of 1.5, 2.8 and 5 #m. respectively, and a placebo aerosol. The volunteers inhaled 
cumulative dosages of 5, 10, 20 and 4(1 #g salbutamol, after which lung function improvcment was determined. The 
four resulting dose-response curves (one for each type of aerosol) wcrc analysed with rcpcatcd measurements 
ANOVA. Results: for the FEVj and the MEF:~/5,/25 (maximum cxpiralory flow) the 2.8 #m aerosol induced a 
significantly better dilation than the 5/.tm aerosol. In the case of the PEF (peak expiratory flow) thc 1.5/~m aerosol 
elicited a significantly smallcr improvement than the 2.8 ~m aerosol. No particle size effect was noticeable in the 
case of the VC (vital capacity), FVC (forced vital capacity) and the Rtot. Conclusions: in mild asthmatics the particle 
size of choice for a /3~-mimetic aerosol should be around 2.8 #m. 
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1. Introduction 

The t rea tment  of  as thma and chronic obstruc- 
tive pu lmonary  diseases ( C O P D )  has improved 
considerably with the introduct ion of  drugs by 
inhalation. As compared  to oral administrat ion,  
dosages can be decreased substantially and the 
incidence of  side effects is diminished consider- 
ably. Unfor tunately ,  the current ly available in- 
halation prepara t ions  show one major  disadvan- 
tage: only a small quanti ty of  the administered 
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mass reaches the airways (Clarke, 1986). Part of  
the problem is caused by the fact that, to date, 
only highly polydisperse aerosols arc available. 
Such aerosols contain large particles, which are 
not effective, since they deposit  extrathoracically. 

The site of  deposit ion of  the particles in the 
airways depends  strongly on the way of  inhalation 
and the size of  the particles. Target ing of  deposi- 
tion can be achieved by adjusting the inhalation 
manoeuvre  and the particle size. A way to im- 
prove the efficacy therefore  is to determine the 
optimal particle size (Byron, 1987), An ade- 
quately targeted/32-mimet ic  agent  will induce the 
strongest decrease in airway obstruction.  The de- 
position pat terns  of  aerosols in the lung will be 
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influenced, however, by the degree of constriction 
of the airways. Consequently, one is forced to 
stratify patients. A number of studies have fo- 
cused on the relationship between particle size of 
a /3z-mimetic aerosol and its efficacy (Rees and 
Clark, 1982; Clay ct al., 1986; Mitchell et al., 
1987; Patel et al., 1990; Hultquist et al., 1992). 
However, it is impossible to conclude from these 
studies the optimal particle size, since the results 
of the various investigations are contradictory. 

To determine the optimal particle size we 
compared the effects of salbutamol aerosols with 
wtriable diameters on the degree of lung function 
improvement  in a group of asthmatic patients 
with mildly impaired lung function. To do so, wc 
used monodisperse aerosols because polydispersc 
aerosols contain overlapping particle size distri- 
butions, which will obscure differences between 
larger and smaller particles. 

2. Materials and methods 

rpm. Liquid is fed to the centre of the disk and 
the high centrifugal force causes droplets to leave 
the rim of the disk. These droplets are all of the 
same size. These droplets are dried by hot air and 
led to a small tank, from which the patients 
inhale. The diameter  of the resulting dry particles 
is governed by the concentration of the drug in 
the solution and its viscosity. Salbutamol solu- 
tions (50% w a t e r / 5 0 %  ethanol) of 0.1, 1 and 
10% were used to yield aerosols with a mass 
median aerodynamic diameter  (MMAD) of 1.5, 
2.8, and 5 /,tm, respectively. Each time a patient 
was due to start aerosol inhalation, the mass of 
salbutamol per I of air and the particle diameter  
of the dry aerosol particles in the tank were 
measured by an Aerodynamic Particle Sizer 33 
(TSI, St. Paul, MN). For each dose the volume of 
air inhaled was calculated by dividing the dose by 
the mass of salbutamol per 1 of air. If sufficient 
aerosol-containing air had been inhaled, thc 
aerosol inhalation was discontinued by switching 
over to non-aerosol containing air. 

2. 1. Pat ients  2.3. Procedure 

Eight mild asthmatic patients participated in 
the trial (three women and five men). The aver- 
age age (SD) was 40 (10) years, and the mean 
FEV~ (SD) was 72.3% (6.8%) of the predicted 
valuc. In all patients a bronchodilator responsc of 
> 15% after inhalation of 200/xg salbutamol had 
bccn measured just before the trial. None of the 
patients were smokers. All patients used cortico- 
steroids by inhalation: cromoglycate or long-acting 
fie-mimetic agents were not used. Oral anti- 
asthma medication was not allowed. Except for 
the corticosteroids, their regular medication was 
discontinued 6 -8  h before the start of the trial. 
All patients gave their written consent before 
entering the trial, which was approved by thc 
hospital ethics committee. 

2.2. Aeroso l  genera tiolz 

Monodisperse aerosols (geometric SD < 1.2) 
were produced by a spinning top generator  
(Cheah and Davies, 1984). A spinning top genera- 
tor consists of a small disk, rotating at 12000 

Each patient was studied at the lung function 
laboratory with intervals of 1 week. The baseline 
FEV 1 during each session was not allowed to vary, 
more than 1(1%. Each session consisted of four 
cycles, which involved measurement  of the lung 
function 15 and 30 min after administration of 
the aerosol. A subsequent cycle started within 5 
rain after the previous one. First, 5/xg salbutamol 
was administered. This was followed by 5, 10 and 
20 p,g during the second, third and fourth cycle, 
respectively, resulting in cumulative doses of 5, 
10, 20 and 40 /,g salbutamol (all dosages are 
expressed as / ,g delivered to the mouth). The 
inhalation manoeuvre consisted of inhalation of 
the slow vital capacity with a flow of 40-60 l /rain,  
followed by a breath-holding period of 10 s and a 
slow exhalation. The inhalation flow and volume 
were measured by a hot wire anemometer  placed 
close to the mouth of the patient. The amount of 
aerosol deposited in the anemometer  was negligi- 
ble. Before aerosol inhalation, the patients were 
taught to inhale and had the opportunity to cor- 
rect the inhalation flow by watching an indicator 



2.4. L u n g  f u n c t i o n  a s s e s s m e n t  connec t ed  to the a n e m o m e t e r .  A d m i n i s t r a t i o n  of  
the aerosols  was ca r r i ed  out  in a r a n d o m i z e d  
s ingle-bl ind  m a n n e r  ( the au thor  P.Z. o p e r a t e d  
the sp inning  top generator ' ) .  On the first day, a 
p l acebo  aeroso l  was a d m i n i s t e r e d  in o r d e r  to 
faci l i ta te  ear ly de tec t ion  of  any adverse  reac t ions  
of the pa t i en t  to e q u i p m e n t  or  solvents.  In addi -  
t ion, the  p l acebo  m e a s u r e m e n t  served to de te r -  
mine  the  s p o n t a n e o u s  var iabi l i ty  in airway ob- 
s t ruct ion  dur ing  the measur ing  per iod .  

20 

The lung funct ion was assessed 15 and 30 min 
af ter  inha la t ion  of  the aerosol .  The  lung funct ion 
ass is tant  was not  in formed  about  the type of  
aerosol  admin i s t e red .  The  R~,,t was m e a s u r e d  
with a body p le thysmograph ,  the  F E V  1, FVC, and 
VC by means  of  sp i romet ry ,  and  the P E F  and 

MEF75/50/25 were  der ived  from maximal  expira-  
tory f low-volume curves.  
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Fig. 1. (a d) Graphs  showing the dose-response curves for Rt,,p PEFR, FEV I and MEFs0. Dosages (/.tg) are depicted as cumulative 
numbers: the response is the change as percentage of the predicted value. ( • )  Placebo, (+)  1.5 #m aerosols, ( . )  2.8 #m aerosols 
and (o) 5/*m aerosols. 



214 1 ~. Zam'n et al. / International Journal ¢{f Pharmaceutic.s 107 (1994) 211 217 

2.5. Statistics 

The change in lung function was expressed as 
a percentage of the predicted value. Four dose- 
response curves were generated, one for each 
type of aerosol. These dose-response curves were 
analyzed for effects related to the type of aerosol 
(aerosol-size effect), effects of increasing dosages 
(dosc effect), and interaction between size and 
dosage using repeated measurements ANOVA 
(Girdcn, 1992). Any differences betwcen the 
measurements at t = + 15 min and t - +3(t min 
were evaluated with thc paired t-test. 

Thc mean lung function improvement over all 
four dosages will be higher for the most potent 
aerosol as compared to the less potent aerosols. 
in order to determine whether a less potent 
aerosol deviatcs significantly from the most po- 
tent aerosol, it was calculated how large the devi- 
ation between these means should be before it 
would be appropriate to speak of significance. In 
this respect, the method of Schuirmann (1t)87) 
was applied, which is comparable to the LSD 
test. In all calculations an {t-value of 0.05 was 
considered to be significant. 

3. Results 

All eight patients completed the four sessions. 
None of the values of the lung function parame- 
ters, measured 30 rain after administration of the 
aerosol, differed significantly from those mea- 
sured 15 rain after administration. Therefore, only 
an evaluation is given of the measurements con- 
ducted 15 rain after aerosol administration. 

in Fig. l a - d  the dose-response curves for R,, t, 
PEF, FEVI and MEF~0 are presented. In none of 
the parameters was any change was measured 
during the inhalation of placebo. The evaluation 
of the dose effects demonstrated that for all lung 
function parameters statistically significant differ- 
ences existed between dosages, with the higher 
dosages causing a stronger bronchodilation (p  < 
0.05). The interaction between the dose and the 
effects of the three types of salbutamol aerosols 
was non-significant for all lung function parame- 

ters (p > 0.1), which indicates that the dose-re- 
sponse curves run parallel. 

In evaluating the aerosol-size effect, the analy- 
sis of variance demonstrated significant differ- 
ences with reference to placebo for FEV~ (p < 
0.01), PEF ( p < 0 . 0 1 ) ,  FVC ( p < 0 . 0 1 ) ,  MEFT, 
( p < 0 . 0 1 ) ,  MEFs~ ~ ( p < 0 . 0 1 )  and MEF25 (p<.  
0.01). This implies that all the dose-response 
curves of the salbutamol aerosols are located 
higher than the placebo curves. For Rt~,t (p 
I).116) and VC (p = 0.068) no significant differ- 
cnces duc to thc different aerosol sizes wcrc 
demonstrable. The reason for this is to be found 
in the strong spontaneous variability of R,,,, 
a n d / o r  the minor improvement of VC. 

A significant difference with rcferencc to the 
2.8 #m aerosol will occur for FEV L if the dcvia- 
tion between the means exceeds 2.9%: for PEF 
this deviation should be at lcast 5.9<~, for 
MEF>.5~j,25 at least 5.4, 4.3 and 4.9%:, respec- 
tively, and, finally, for FVC at least 9.4Ci. In the 
case of FEV I and MEFv~5 ~,> a statistically signif- 
icant difference occurred betwccn the 5 and 2.8 
/,tin aerosols. For PEF a significant difference 
was found between the 1.5 and 2.8 gm aerosols. 
For FV(" the diffcrences wcrc too small to be 
significant. 

Table 2 also lists thc mean improvements as ' i  
prcdicted with 95%: confidencc interw|ls after ad- 
ministration of 40 /.tg salbutamol for all [ t l l l g  

function parametcrs. Despite the low dosage, a 

Tab le  1 

M e a n  (SD)  i m p r o v e m e n t  in lung  func t ion  (( ;  p r e d i c t e d )  m ' c r  

all fou r  d o s a g e s  listed per  type of  ae roso l  

L u n g  Par t ic le  size of  the  ae roso l  S igni f icanl  

fun c- d i Ife r c n t 
1 . 5 # m  2.S # m  5 # m  

IiOll ale I't)NO]~, 

pa ra l l~ -  

c l e f  

F E V  t 12.8 (4.3) 14 .6(6 .5)  10.1 (41 2.N vs 5 

F V ( '  8.9 (5.6) 9.6 (qL3) 7.tJ (6.~) NS 

MEF25 12.1 (6,6) 14.9 (9.5) ~.2 (7.t~ 2.S vs > 

ME[:,t ,  15.2 (6.7) 18.5 (9.4) 12. I (1~.21 2.,"; vs :, 

MEF~,  17 (4.4) 21 .4 (9 )  14.~ (5.f)) 2.,S v~ 5 

P E F  0 (7.1) 15 (7) 13.1 (7.9) 2 .Svs  1.5 

R~,,t  - 2 7 . 6 ( 9 3 )  8 4 . 3 ( 9 2 )  52 .7 (62 .1 )  NS 
V ( '  7 (7.8) 8.1 (9.4) 6 (8.9) NS 
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significant improvement  of the lung function can 
be observed. The improvement  in the VC was not 
significant. 

None of the patients reported any adverse 
effects as a result of the experiment.  

4. Discussion 

The increase in FEV 1 and M E F v s / 5 o / : s  after 
the 5 /~m aerosol differed significantly from that 
of the 2.8/~m aerosol, while there were no signif- 
icant differences between the 1.5 and 2.8 # m  
aerosols. The increase in PEF was greatest after 
the 2.8 ~ m  aerosol, not being significantly differ- 
ent from the 5 ~ m  aerosol. No size effect was 
present in the case of VC, FVC and Rtot. We 
were able to show these differences in a relatively 
small group of volunteers. This is due to a low 
intrasubject variability and the use of repeated 
measurement  ANOVA,  which eliminates the in- 
terindividual variability. Patel et al. (1990) also 
demonstrated comparable differences in a small 
group of volunteers. 

The lung has the capacity to intercept a large 
portion of the inhaled particles rapidly and effec- 
tively by several mechanisms that cause particles 
to deposit on the mucous membrane.  Two impor- 
tant processes in this context are impaction and 
sedimentation (Lippmann et al., 1980). Impaction 
means that particles are not able to follow changes 
in the direction of the air stream and deposit. 
This mechanism is of particular relevance for 
large or heavy particles. Sedimentation is a time- 
dependent  process related to the velocity at which 
particles fall under the influence of gravitalion. 
The speed of fall becomes constant at the mo- 
ment  the resistance of the air is equal to gravita- 
tion. These two mechanisms cause large particles 
to deposit in the upper  airways, whereas smaller 
particles escape from impaction and penetrate  
the airways more deeply. Therefore,  a deposition 
pattern in the airways is evident. Targeting the 
deposition towards a segment of the airways can 
be achieved by selecting the appropriate  particle 
size of the aerosol or by adjustment of the breath- 
ing technique (Byron, 1987). 

It is possible that, in the efficacy of/32-mimetic 

agents, a significant role is played by the fact that 
the /32-receptors are not uniformly distributed in 
the airways. In a number of publications, an 
increase in the number of receptors has been 
reported in association with distances further into 
the periphery of the lung (Barnes ct al., 1982, 
1983). Assuming that a greater  effect is obtained 
when the concentration at the receptor is higher, 
there is a ratio for matching the deposition pat- 
tern of/~2-mimetics to the /3-adrenoceptor distri- 
bution. 

In the present study, we have based ourselves 
on the assumption that a more peripheral  deposi- 
tion was desirable. One way to achieve this is by 
the slow and deep inhalation of the aerosols. In 
addition, the particles were reduced in size. Re- 
duction in size, however, cannot be continued 
without impunity. Excessively small particles are 
known to have a terminal velocity that is so low 
that they hardly deposit. This implies that there is 
an ideal particle size: not too large and not too 
small. The optimal particle size will depend on a 
number  of factors, i.e., the preferred deposition 
pattern, the condition of the airways - in this 
context their diameter  - and the inhalation tech- 
nique. We decided on an upper  limit of 5 /~m, 
since various studies have demonstrated that par- 
t ides  with an MMAD above 5 # m  only reach the 
airways to a limited extent (Svartengren et al., 
1991). The lower limit of 1.5 /,tm was chosen on 
technical grounds (since both the spinning top 
generator  and the aerodynamic particle sizer are 
characterized by a functional lower limit of 0.5-1 
p,m), and it has been documented that particles 
with an MMAD below 0.5 p,m scarcely deposit in 
the airways (Lippmann et al., 1980). 

In asthmatics Clay et al. (1986) found that a 
1.8 /~m terbutaline aerosol induces a stronger 
bronchodilatation than a 4.6 or a 10.3 # m  aerosol, 
whereas Patel et al. (1990) observed that a 2.5 
/_~m isoproterenol aerosol is more potent than a 5 
/zm aerosol. Johnson et al. (1989) observed a 
significant difference between a 3.3 and a 7.7 # m  
salbutamol aerosol, as did Ruffin et al. (1986) 
between a 1.5 and a 3.2 ~ m  isoproterenol aerosol: 
the outcome of both studies was in faw)ur of the 
smaller aerosol. However, from all these data, it 
is not feasible to derive an optimal aerosol diam- 



216 P. Zanen el al. / International  .lournal o f  Pharmaceut ics  107 (1994) 2 l 1 217 

eter. Moreover, the matter is complicated by the 
negative findings of Hultquist et al. (1992) and 
Mitchell et al. (1987): neither group of investiga- 
tors found any differences in potency between 1.5 
and 4.8/xm aerosols and 1.4 and 5.5 #m aerosols, 
respectively. 

The results of our study demonstrate that in 
asthma patients with a mild airway obstruction an 
aerosol with an MMAD of around 2.8 #m is to 
be preferred. The results of our study confirm the 
conclusion drawn by Patel et al. (1990) that a 2.5 
/,tin aerosol is more potent than a 5 /xm aerosol, 
but additionally demonstrate that smaller aerosols 
are of no benefit. At the same time, an explana- 
tion has been found for the negative findings of 
Mitchell et al. (1987) and Hultquist et al. (1992). 
Both groups of investigators selected aerosol di- 
ameters that led to minor differences in potency. 
The discrepancy betwccn these and other investi- 
gators thus is merely an apparent one, at- 
tributable to the choice of particle sizes. The 
results obtained by Clay et al. (1986) are not easy 
to explain: however, in that study the aerosols 
werc administered by means of various nebulis- 
ers. It is possible that these nebulisers released 
divergent dosages, which might be interprctcd as 
differences in potency. 

The results of our study can be explained as 
follows: particles of 5 ttm will be deposited ex- 
trathoracically to a greater extent than smaller 
particles, which are able to penetrate the airways 
deeply (in the case of the 1.5 /xm aerosol the 
smallest amount can bc expected extrathoraci- 
cally). Hence, small particles arc to bc preferred 
for deep penetration. However, such particles 
deposit in minute quantities, so deep penetration 
is at the expense of a lower mass deposited 
(Lippmann et al., 1980). As for PEF, it is striking 
that the 5/xm particles perform better than those 
of 1.5 /xm: the bulk of thc 1.5 #m particles pass 
the central and extrathoracic compartments. 
Here, we see a contrast with the more peripher- 
ally oriented lung function parameters: the 5 #m 
aerosol is inferior to the other two. The 5 /xm 
aerosol reaches the pcripheral compartment to a 
lower degree. The lower potency of the 1.5 /xm 
aerosol can be ascribed to its limited tendency to 
deposit. The fact that in all cases 2.8 #m particles 

induce a better effect than 5 #m particles can be 
attributed to the difference in extrathoracic depo- 
sition (Gonda, 1981). We did not measure thc 
deposition patterns of these aerosols within thc 
lung. Therefore, we are not certain whether the 
differences in potency can be ascribed to a better 
matching between the /3e-rcceptor distribution 
and deposition. However, it can be stated that 
the results of this investigation arc in line with 
theoretical predictions of deposition patterns 
(Gonda, 1981 ). The deposition of particles is nevcr 
confined to a small segment of the airways: one 
always encounters wide patterns. The calculations 
of Gerrity et al. (1979) show that in many scg- 
ments of the airways comparable number of par- 
ticles will deposit, while the changes in the pat- 
terns duc to differences in particle size arc not 
overwhehning. In asthmatics the same conchl- 
sions were drawn by Kim et al. (1983). We there- 
fore fccl that thc considerable cxtrathoracical 
deposition of large particles and the low extent uf 
deposition for smaller particles, combined with 
an inhcrently low degree of deposition for w'ry 
small particles offer a good explanation for uur 
rcsults, without taking the receptor distribution 
into account. 

In agreement with Patel cl al. (lt,~gtl) and 
Mitchell et al. (1987), we conclude that il is 
possible to induce adequate bronchodilation with 
very, small dosages. In Table 2 we have includcd 
the data on the improvement of l u n g  function 
after 40 /xg salbutamol. This dosagc is only onc- 
fifth of frequently used MD1 dosages and onc- 

Table 2 
Mean improvement in lung function (~} prcdictcd) Ii~llo~ing 
4{) /xg salbutamol administered as a 2.8 #m aerosol 

Lung Improve- 95(/ confidcncc 
function mcnt in c; intcr,~a] 
parameter prcdiclcd 

FEV~ 20.7 13.5 28.0 
FV(' 12.6 2.4 22.7 
M[:.|:2~ 20.9 20.6 3h. °, 

MEF,.  2(i.7 IS.5 34.8 
MEF:, 28.8 I h.4 37.n 
R,,~ 102.2 - 2t).O 175.(I 
PEF IU.S 12.4 27. I 
V(" 9.3 ~1.11 IN.7 
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tenth of the dosages usually administered by dry- 
powder inhalation (DPI). These low dosages lead 
to such a distinct bronchodilation because they 
are monodisperse, in contrast to the aerosols 
administered by metered-dose or dry-powder in- 
halers. In the usual polydisperse aerosols only a 
minor fraction (depending on the formulation) of 
the mass will consist of particles < 2.8 p.m. The 
larger particles are less active, so that the effec- 
tive dosage is low. As mentioned before these 
large particles deposit in the upper airways. How- 
ever, the side effects, due to this upper airway 
deposition, will be acceptable. If the same reduc- 
tion in dose is possible with corticosteroids the 
advantages are evident. 

We conclude that in mild asthmatics the mean 
particle diameter of a /32-mimetic aerosol should 
be around 2.8 # m  for optimal improvement of 
the lung function. The dosage of salbutamol can 
be reduced for such aerosols. 

Acknowledgments 

We thank Mrs H.M.J. Monrooij-van der Molen 
for help in measuring lung function, Mrs A. Vonk 
for assistance with this article and Mr A. Plomp 
for help in mastering the spinning top generator. 

References 

Barnes, P.J., Basbaum, C.B. and Nadel, J.A., Autoradio~ 
graphic localization of autonomic receptors in ai~vay 
smooth muscle. Am. Rev. Respir. Dis'.. 127 (19831 758-762. 

Barnes, P.J., Basbaum, C.B., Nadel, J.A. and Roberts, J.M., 
Localization of B-receptors in mammal ian  lung by light 
microscopic auto-radiography. Nature. 299 (1982) 444-447. 

Byron, P.R., Pulmonary targeting with aerosols, Pharm. Teeh- 
nol.. 11 (i9871 42-56. 

Cheah, P.K.P. and Davies, C.N., The spinning top aerosol 
generator-improving the performance.  J. Aerosol Sci., 15 
(1984) 741-751. 

Clarke, S.W., Aerosols as a way of treating patients. Eur. J. 
Respir. Dis'., 69 (Suppl. 14(31 (19861 525-533. 

Clay, M.M., Pavia, D. and Clarke. S.W., Effect of aerosol 
particle size on bronchodilation with nebulised terbutaline 
in asthmatic patients. Thorax, 41 (1986) 364-368. 

Gerrity, T.R., Lee, P.S., Hass, F.J., Marinelli. A., Werner,  P. 
and Lourenco, R.V., Calculated deposition of inhaled 
particles in the airway generations of normal subjects. .I .  
Appl. Physiol., 47 (1979) 867 873. 

Girden, E.R., ANOVA: Repeated Measures, Sage, Newbury 
Park, 1992. 

Gonda,  I., A semi-empirical model of aerosol deposition in 
the human respiratory tract for mouth inhalation. J. Pharm. 
Phar, lacoL, 33 ( 1981 ) 692-696. 

Hultquist, C., Wollmer. P., Eklundh, G. and Jonson, B., 
Effect of inhaled terbutaline sulphate in relation to its 
deposition in the hmgs. Puhn. t'harm.. 5 (19921 127-132. 

Johnson, M.A., Newman, S.P., Bloom, R., Talec, N. and 
Clarke, S.W., Delivery of albuzerol and ipratropiumbro- 
mide from two nebulizer systems in chronic stable asthma. 
(7tes't, 96 (I989) 6-10. 

Kim, C.S., Brown, L.K., Lewars, G.G. and Sackner, A.A., 
Deposition of aerosol particles and flow resistance in 
mathematical  models and experimental airway models. J. 
AppL t~hysiol., 55 (19831 154-163. 

Lippmann, M,  Yeates, D.B. and Albert, R.E., Deposition, 
retention and clearance of inhaled particles. Br. J. Ind. 
Med., 37 (198(I) 337-362. 

Mitchell, D.M., Solomon, M.A., Tolfree, S.E.J. and Spiro, 
S.G., Efl;cct of particle size of bronchodilator aerosols on 
lung distribution and pulmonary function in patients with 
chronic asthma. Thorax, 42 (1987) 457-461. 

Patel, P., Mukai, D. and Wilson, A.F., Dose-response effects 
of two sizes of monodisperse isoproterenol in mild asthma. 
Am. Ret'. Re.v~ir. Dis.. 141 (19901 357-360. 

Rees, P.J. and Clark, T.J.H., The importance of particle size 
in response to inhaled bronchodilators. Eur. J. Respir. Dis'., 
63 (Suppl. 119)(19821 73-7{"{. 

Ruffin, R.E., Dolovich, M.B., Oldenburg,  F.A. and New- 
house, M.T., The preferential deposition of inhaled iso- 
proterenol and propanolol in asthmatic patients. (Ttest, 80 
(1986) 904 9//7. 

Schuirmann, D.J., A comparison of the two one-sided tests 
procedure and the power approach for assessing the 
equivalence of average bioavailability. J. Pharmacokinet. 
Biophatvn., 15 (1987) 657-680. 

Svartengren, M., Anderson,  M,, Bylin, G., Philipson, K. and 
Camner,  P., Mouth and throat deposition of 3 .6/zm radio- 
labelled particles in asthmatics. J. Aerosol. Meal., 4 (1991) 
313 321. 


