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ABSTRACT Purpose: To study the influence of
inspiratory flow rate on the fine particle mass and the
particle size distribution for metered dose inhaler
(MDI) and dry powder inhaler (DPI) glucocorticoid
products, in vitro. To compare the performance of MDI
and DPI inhalers containing the same drug and
strength at an impaction flow rate of 60 L/min. Meth-
ods: The Marple Miller cascade impactor model 150
and 160 were used to characterise several glucocorti-
coid MDI and DPI products at different simulated
inspiratory flow rates (30 L/min, 60 L/min and 90 L/
min). Following the actuation of one single inhaler
puff the amount of drug deposited in each stage of the
impactor was quantified using high performance liquid
chromatography with UV detection at 242 nm. The
size distribution of the primary particles of DPI prod-
ucts was measured by laser diffraction. Results: DPIs
were significantly more dependent on impaction flow
rate than MDIs. Except for Pulmicort®, the fine parti-
cle mass FPM delivered from the MDI products was
significantly higher than that delivered from the DPI
aerosols. Conclusions: Although the metered dose
inhaler is the older technology it exhibits greater respi-
rable dose in vitro than newer dry powder inhaler
devices. Care should be taken when shifting from one
inhaler dosage form to another because this may affect
the actual dose delivered to the lung. Further in vivo
studies may be warranted in light of these findings.

INTRODUCTION

Inhalation of aerosols as a route of pulmonary drug
delivery has been used for many years to deliver xeno-
biotics to the lung for both systemic and local effects.
The ability to deliver active substances directly to the
site of action enables lower doses compared to other
routes of administration with an equivalent therapeutic
response and a lower systemic exposure. Pulmonary

inhalation is also becoming an attractive route of
administration for medications which are difficult to
formulate orally such as proteins and peptides (1).

Inhalation aerosols for treatment of lung diseases are
delivered largely using either pressurised MDIs or
DPIs. Although MDIs are one of the main respiratory
delivery systems many problems are still associated
with their use. There is often poor synchronisation
between actuation and inhalation “hand to lung coordi-
nation” especially in elderly and pediatric patients (2-
5), leading to a failure to continue inhaling when the
propellant spray hits the back of the throat (6, 7). In
addition the high velocity of the inhaled particles leads
to high oropharyngeal deposition which induces local
and systemic side effects (8-10). The respiratory spacer
devices eliminates the need for coordination of actua-
tion and inspiration and reduces the primary droplet
size by providing extra time for complete evaporation
of propellant and reduces the velocity of the aerosol
particles passing through the device (11, 12). Conse-
quently, large particles will sediment or impact on the
holding chamber walls. Hence, deposition of these
large particles in the oropharyngeal cavity should be
reduced. There are also concerns about the adverse
effects of chloroflurocarbon (CFC) on the ozone layer
and the environment resulting in restrictions on the
continued production of CFC aerosol formulations
throughout the world (13, 14). Due to these factors,
several new devices and approaches for aerosol inhala-
tion are being developed. DPIs were introduced to
overcome problems associated with the use of MDIs,
however, the DPIs are breath activated so that drug
particles delivered to the lung from the device depend
on the inspiratory efforts of the patient. This effort will
determine the degree of emitted dose and the respirable
fraction and hence no breathing coordination with
actuation is needed with these formulations. In addi-
tion, DPIs are devoid of CFC and it has been suggested
that they may be more effective for pediatric patients
(15).
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The inhalation flow rate, the particle size distribution
and the aerosol device employed are important parame-
ters in drug delivery to the respiratory tract, because
they influence the actual dose delivered to the lung.
The vast majority of DPIs consist of either micronised
drug particles mixed with a carrier substance, normally
lactose (i.e. Accuhaler Rotahaler) or as pure drug
(i.e. Turbuhaler). An effort while inhaling is required
from the patient to deaggregate and to aerosolize the
drug particles from the carrier surface and to facilitate
their deposition in the respiratory tract. Inspiratory
flow often varies between individuals and between
doses and is influenced by the device employed (16-18).
The resistance of the inhalation device controls the
flow inside the device and hence the amount of effort
required to generate the aerosol particles (19). As a con-
sequence differential flow in each device occurs
between individual patients and within individual
patients during the course of their disease. Thus it is
important for physicians before prescribing inhalation
aerosols to know in detail the peak flow rate of the
patient, and the lowest inspiratory flow at which a spe-
cific inhaler will work most effectively (20).

Inhalation of glucocorticoids for treatment of asthma
has increased in the last decade with clinical evidence
that early treatment of asthma with inhaled steroids
has resulted in greater lung function improvement in
adults and children (21, 22). These glucocorticoids are
marketed both as MDIs and as DPIs which are
assumed to provide therapeutic equivalence when the
same drug with an equivalent daily dose recommended
by the manufacturers. Particles intended to be deliv-
ered to the lung by inhalation should have aerody-

namic diameter smaller than 5 µm to increase the
probability of penetrating deep into the lung and to
facilitate the therapeutic activity of the drug. There
have been no previous in vitro studies investigating the
influence of inspiratory flow rate of glucocorticoid
MDIs and DPIs at 30L/min, 60L/min and 90 L/min
using a single actuated aerosol puff. In addition, many
of the previous in vivo studies evaluating glucocorti-
coids DPI vs. MDI have shown contradictory
results.(23-27) In this study the influence of three simu-
lated inspiratory flow rates 30 L/min, 60 L/min and 90
L/min on several glucocorticoid DPI and MDI prod-
ucts was evaluated. The aerosol performance of MDI
and DPI products of fluticasone propionate, budes-
onide and beclomethasone dipropionate was also evalu-
ated at 60L/min simulated inspiratory flow rates.

MATERIALS AND METHODS

Materials

Beclomethasone dipropionate and dexamethasone 21-
acetate (analytical standards) were purchased from
Sigma Chemicals Co., (St. Louise, MO, USA). Budes-
onide was obtained by emptying a commercial Pulmi-
cort Turbuhaler Astra Pharmaceutical’s (North
Ryde, NSW, Australia). Fluticasone propionate was
kindly donated by Glaxo Wellcome Group research
(UK). Methanol and acetonitrile HPLC grade were
purchased from Biolab scientific, (Clayton, South VIC,
Australia). Analytical grade acetic acid was purchased
from Rhone-Poulenc Chemicals (Clayton, South VIC,
Australia). Glucocorticoid products used in this study
are indicated in Table 1.

Table 1: Commercial Glucocorticoid Products Utilized in this Study

Brand Name & Abbreviation Generic Name Manufacturer 
Flixotide Inhaler 250 µg (FLI) Fluticasone propionate Allen and Hanburys / Glaxo Wellcome, 

NSW, Australia 
Flixotide Accuhaler 250 µg (FLA) Fluticasone propionate Allen and Hanburys / Glaxo Wellcome, 

NSW, Australia 
Pulmicort Aerosol 200 µg (PLA) Budesonide Astra Pharmaceutical’s, North Ryde, 

NSW, Australia 
Pulmicort Turbuhaler 200 µg (PLT) Budesonide Astra Pharmaceutical’s, North Ryde, 

NSW, Australia 
Becotide Inhaler 100 µg (BCI) Beclomethasone dipropionate Allen and Hanburys / Glaxo Wellcome, 

NSW, Australia 
Becotide Rotacaps 100µg (BCR) Beclomethasone dipropionate Allen and Hanburys / Glaxo Wellcome, 

NSW, Australia 
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Table 2: Particle size cut-off point for each impactor stage at different flow rates

Devices used in this study were Accuhaler (Diskus), it
is a multi-dose dry powder inhaler which contains 60
doses of fluticasone propionate mixed with lactose as a
carrier sealed in a foil strip. The dose is available for
inhalation by sliding the lever until it clicks. Turbu-
haler  is a multi-dose DPI, containing 200 doses of
pure budesonide kept in a small reservoir on the bot-
tom of the inhaler. The metered dose is prepared by
twisting the turning grip at the bottom of the inhaler,
and by inhaling the drug particles are dispersed into the
air stream, through the spiral path mouthpiece of the
Turbuhaler. Rotahaler is a single dose DPI, the drug
particles (beclomethasone dipropionate) along with the
carrier lactose is kept in a gelatin capsule. The capsule
is inserted at the end of the inhaler, as the one end is
turned, the capsule is broken into two halves, the drug
particles are dispersed into the air stream as the patient
inhales through the device.

Methods
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The Marple-Miller cascade impactors (MSP Corp. Min-
neapolis, MN, USA) Model 150 which were designed
for operation at 30L/min and the 160 model for opera-
tion at 60 L/min and 90 L/min were used. Upon
impaction the aerosol is divided into five size categories
according to its aerodynamic diameter. The cutoff for
the two impactors at different flow rates is shown in
Table 2.

To simulate the inspiratory flow rate, the impactor was
connected to a vacuum pump (Erweka GmbH serial
no 70018 Heusenstamm, Germany). The flow rate was
measured by a mass flow meter (Model 822S-H-4-OV1-
V1, Sierra Instruments Monterey, CA, USA) con-
nected to the impactor through a stainless steel 90-

degree induction port. A fiberglass filter (Gelman Sci-
ences, Ann Arbor, MI, USA) was used. The respirable
fraction was expressed in terms of FPM smaller than “5
µm (which is defined as the total mass collected on cas-
cade impactor stages 3, 4, 5 and the filter).” The Mass
Median Aerodynamic Diameter (MMAD) is the parti-
cle diameter below which 50% of the particles enter
the impactor reside (particle < 10 µm) (28).
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The five stages, and the induction port of the Marple
Miller cascade impactor were coated with propylene
glycol : methanol (50 : 50), to control particle bounce
when testing dry powder inhalers.

The MDI and the DPI products were tested at three
different simulated inspiratory flow rates 30 L/min, 60
L/min and 90 L/min. Each MDI device was shaken for
15 seconds and actuated to waste three times before it
was introduced to the impactor through the induction
port. One single puff was introduced into the impactor
at each nominated flow rate. Flow was allowed to con-
tinue for a further 20 seconds before the pump was
switched off for both MDI and DPI products. The tem-
perature during the study was maintained at 22°C ±
1°C and the relative humidity at 49% ± 2%.
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The cascade impactor was dismantled, followed by
washing separately each of the five stages and the filter
with methanol to collect the deposited drug. In addi-
tion, the inhaler mouthpiece of the MDIs and the
induction port for both the MDI and the DPI was
washed with methanol and each fraction was collected
for individual analysis. An aliquot of the methanolic
internal standard dexamethasone 21-acetate was added

 Nominal cut-off pointa (µm) 
Stage no 30-L/min 60-L/min 90-L/min 

1 > 10.0  > 10.0 > 8.1 
2 5.0 - 10.0 5.0 - 10.0 4.0 – 8.1 
3 2.5 - 5.0 2.5 - 5.0 2.0 – 4.0 
4 1.25 - 2.5 1.25 - 2.5 1.0 – 2.0 
5 0.625 - 1.25 0.625 - 1.25 0.5 – 1.0 

Filter < 0.625 < 0.625 < 0.5 
 

aBased on standard atmospheric temperature and pressure 
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to each sample, and dried at 35οC under nitrogen.
Except those from the mouthpiece and the throat
piece, all the dried residues were reconstituted in the
mobile phase, and injected directly into the HPLC
chromatograph. The mouth piece and induction port
samples of the DPI products were centrifuged at 15000
RPM before being injected into to the chromatograph
using Beckman Microfuge E (Beckman Instruments,
CA, USA) to remove the lactose carrier. High perfor-
mance liquid chromatography was performed on a
Beckman System Gold HPLC apparatus (Beckman
Instruments, Fullerton, CA, USA) with an ultraviolet
detection at 242nm. HPLC column Altima C18 (250 x
4.6 mm i.d) from Alltech was used for determination of
the amount of drug in each stage of the impactor. The
mobile phase consisted of methanol: acetonitrile:
water: acetic acid (60:10:28.3:1.7) at a flow rate of 1.7
ml/min, injection volume 100µl and quantification
was by peak area ratio, using a standard curve in the
range of 1.0µg/ml-100µg/ml in methanol.
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Particle size distribution of the original powders was
determined using laser diffraction (Mastersizer, Malv-
ern, UK) (29). One single dose from each of the dry
powder inhalers was suspended in a 5ml of distilled
water. The suspension was sonicated for 30 seconds
before being loaded into a stirred sample cell contain-
ing water. The concentration of the suspension was
adjusted to obtain optimal obscuration. Measurement
was repeated five times, each of one minute apart, to
ensure that no dissolution or agglomeration of the par-
ticles occurred. The size distribution was expressed in
terms of the volume median diameter (VMD), which is
the value of the particle size that divides the popula-
tion into two equal halves. The VMD is directly related
to the mass median diameter (MMD) by the density of
the particles. Hence, the MMD of the powders could
be calculated from the product of MMD and the square
root of particle density. The particle size distribution
of the power was determined using a density value of
1.26 g/ml. The true density of the glucocorticoid pow-
ders was determined by buoyancy method (30). Pow-
der samples (1-2 mg) were placed in a density gradient
liquid and centrifuged (Jouan CT422, Saint Herblain
Cedex, and France) at 3500 rpm and 5°C for 30 min.
The particle density was equal to the liquid density

when the particles remained stationary in the liquid
after centrifugation.
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Statistical evaluation of the results was performed using
analysis of variance (JMP Statistics Software, V3.1 SAS
Institute Inc., Cary, NC, USA). Significant differences
between products were further analysed using unpaired
t test and p values of < 0.05 were considered to be sig-
nificant.

RESULTS AND DISCUSSION

Examining the influence of inspiratory flow rate on
the FPM and the MMAD for the DPI products
revealed that by increasing the inspiratory flow rate
from 30 L/min to 60 L/min to 90 L/min, FPM signifi-
cantly increased by 17% and 75% for FLA and by 1.2
and 2.2 fold for PLT and by 43% and 129% for BCR
respectively (Fig. 1).

Figure 1: Influence of inspiratory flow rate 30 L/min, 60
L/min and 90 L/min on the Fine Particle Mass (FPM) for
FLA 250µg, PLT 200µg and BCR 100µg (*Significant
difference p < 0.05), Mean ± SD for five replicates.

Furthermore, a significant decrease in the MMAD was
observed on the aerosolized particles calculated from
the particles entering the impactor (28) by increasing
the flow rate from 60 L/min to 90 L/min for all the
DPI products tested (Table 3).
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Table 3: Fine Particle Fraction (FPF)❖ from the labeled dose and the Mass Median Aerodynamic Diameter of Flixotide

Accuhaler® (FLA), Pulmicort Turbuhaler® (PLT) and Becotide Rotahaler® (BCR) at different flow rates.

The results are in good agreement with a previous in
vivo study on lung deposition of PLT, which showed
that the lung deposition was increased from 14.8% to
27.7% when the inspiratory flow rate was increased
from 36 L/min to 58 L/min.(31) However, an in vitro
study by Ross and Schultz showed an apparent increase
in the FPM of BCR and PLT by increasing the flow
rate from 30 L/min to 60 L/min.(32) The results could
be explained by the fact that the DPIs products consist
of micronised drug particles blended with lactose as a
carrier (FLA and BCR) or as a pure drug (PLT), and
the efficiency of the micro-particles deaggregation is
directly related to the impaction flow rate. Higher flow
rates produce more particles in the respirable fraction
of the drug excipient mixture.(33,34) The particle size
distribution of the original powders of the DPI prod-
ucts was measured by Laser diffraction. The results
showed that there is no significant difference in the
MMD of the original powders which is approximately
2 µm. (Fig 2) 

Figure 2: Comparison of the particle size distribution of
the primary particles of BCR 100µg (1), FLA 250µg (2),
and PLT 200µg (3) measured by laser diffraction and by
impaction at 60 L/min using Marple Miller Cascade
Impactor Model 160, Mean for five replicates.

However, the aerodynamic particle size distribution of
the dispersed powders (measured by impaction tech-
nique) showed that the MMAD of the powders was
significantly different among the products and consid-
erably higher than that of the original powders. The
large MMADs observed in the generated particles from
the different devices indicate that all the devices were
not efficient enough to deaggregate and to aerosolize
the original particles. However, the percentage of the
FPM collected from the different products at 60 L/min
showed that Turbuhaler® device was more efficient in
the generation of the FPM than the other devices
(Table 3). These differences in FPM could be due to a
further disintegration of the powder agglomerates
through the spiral mouthpiece of the Turbuhaler®. The
influence of inspiratory flow rate on the FPM and the
MMAD for the MDI products was also evaluated (Fig
3) and Table 4.

Figure 3: Influence of inspiratory flow rate 30 L/min, 60
L/min and 90 L/min on the fine particle mass (FPM) for
FLI 250µg, PLA 200µg and BCI 100µg (*Significant
difference p < 0.05), Mean ± SD for five replicates.

FLA PLT BCR Flow rate 
L/min FPF ± SD    MMAD ± SD FPF ± SD    MMAD ± SD FPF ± SD   MMAD ± SD 

30 19.16 ± 2.6       3.2 ± 0.1 12.43 ± 2.8         3.2 ± 0.3 10.6 ± 1.2       4.1 ± 0.76 
60 22.44 ± 1.4       3.1 ± 0.4 28.43 ± 2.3        2.9 ± 0.2 15.2 ± 1.0        3.7 ± 0.6 
90† 36.87 ± 3.4     1.95 ± 0.2 40.74 ± 5.5      1.8 ± 0.15 24.3 ± 2.3     2.3 ± 0.23 

❖

Mean ± SD for five replicates. 
†The fine particle mass is mass less than 4.0 µm. 
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Table 4: Fine Particle Fraction (FPF)❖ from the labeled dose and the Mass Median Aerodynamic Diameter of Flixotide

Inhaler® (FLI), Pulmicort Aerosol® (PLA) and Becotide Inhaler® (BCI).

Increasing the flow rate from 30 L/min to 60 L/min
was found to increase the FPM significantly by 53% for
FLI and 42% for PLA and BCI. However there is no
significant increase in the FPM when the flow rate
increased from 60 L/min to 90 L/min. The increase in
the FPM with a decrease in the MMAD found in the
MDI products could be due to less turbulent deposition
in the induction port at higher flow rate due to less
mismatch between the velocity of the MDI plume and
the surrounding sheath air. Our results are consistent
with a previous in vitro study on β-agonists which
demonstrated a 40% increase in the FPM of salbutamol
sulphate when the flow rate was increased from 30 L/
min to 55 L/min (35). Furthermore, the MMAD of the
aerosolized particles was affected by the flow rate
(Table 4), while the MMAD of FLI and the BCI
decreased significantly when the flow rate increased
from 30 L/min to 60 L/min, a significant decrease in
the MMAD of PLA was demonstrated when the flow
rate increased from 60 L/min to 90 L/min.

The aerosol performance of the MDI vs. DPI for the
same drug and strength was evaluated at a simulated
inspiratory flow rate of 60 L/min, which has been sug-
gested as an optimum flow rate for DPIs (36). In addi-
tion the mean peak inspiratory flow rate (PIFR) in
healthy humans was found to be 333 L/min in males
and 214 L/min in females (18). While in asthmatic
patients this PIFR is reduced to 59 (51-93) and 60 (26-
103) as reported by Engle et al and Brown et al.(17,37).
The FPM delivered from FPI and BCI were 1.2 and 1.4
fold greater respectively than corresponding DPIs,
while no significant difference was demonstrated
between the two dosage forms of budesonide (Fig 4).

The MMAD generated from the MDIs was smaller
than those generated from the DPIs except for budes-
onide (Fig 5). 

Figure 4: Comparison of the fine particle mass (FPM)
delivered from dry powder inhalers (DPI) with that
delivered from metered dose inhalers (MDI) (*Significant
difference p < 0.05), Mean ± SD for five replicates.

Figure 5: Comparison of the mass median aerodynamic
diameter (MMAD) delivered from FLA 250µg (3), PLT
200µg (4) and BCR 100µg (2) as DPI products with FLI
250µg (6), PLA 200µg (1) and BCI 100µg (5) as MDI
products, Mean (SD) for five replicates.

FLI PLA BCI Flow rate 
L/min FPF ± SD    MMAD ± SD FPF ± SD    MMAD ± SD FPF ± SD   MMAD ± SD 

30 32.67 ± 2.1        1.9 ± 0.02 17.74 ± 2.1        3.6 ± 0.92 26.8 ± 6.8         2.4 ± 0.45 
60 50.1 ± 6.3          1.7 ± 0.05 25.23 ± 4.1        3.8 ± 0.4 37.1 ± 4.7         1.9 ± 0.26 
90† 44.45 ± 1.9        1.7 ± 0.14 28.76 ± 2.2        3.0 ± 0.08 32.81± 3.6      1.65 ± 0.21 

❖

Mean ± SD for five replicates. 
†The fine particle mass is mass less than 4.0 µm . 
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Budesonide results are in agreement with previous in
vitro studies which reported no significant difference
between the FPM delivered from the PLT and PLA.
For beclomethasone dipropionate there is no signifi-
cant difference between BCR and BCI demonstrated at
60L/min (32). The results in the deposition of beclom-
ethasone dipropionate products are at variance with a
previous study and could by due to the difference in
the methodology between studies.

CONCLUSIONS

Although the metered dose inhaler is the older tech-
nology it exhibits greater respirable dose in vitro and
less variability in dose delivered than newer dry pow-
der inhaler devices except for Turbuhaler®.

Care should be taken when shifting from one inhaler
dosage form to another because this may affect the
actual dose delivered to the lung. Further in vivo stud-
ies may be warranted in light of these findings.
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