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ABSTRACT: Chlorofluorocarbons (CFCs), used in metered dose inhalers (MDIs),
have been identified as being deleterious to the environment leading to a ban on their
production. Dry powder inhalers (DPIs) are a widely used alternative to MDIs. One
disadvantage of DPIs is that in vive lung deposition can be influenced by the patient’s
inspiratory flow rate. The ASTA Medica multi-dose dry powder inhaler (AM-MDPI)
has been designed to offer low resistance on inhalation, so that asthmatic patients can
achieve inhaled flow rates of ~90 L-min™'.

The aim of the study was to evaluate the ir vivo deposition of budesonide from the
AM-MDPI at different flow rates and to compare this with delivery from a
Turbuhaler DPI at a high flow rate. The study was a scintigraphic, randomized,
crossover study in which 13 healthy volunteers inhaled a single 200 pg dose of
radiolabelled budesonide on four separate occasions with a minimum 44-h washout
period between dosings.

At the lowest flow rate of 54 L~min'1, comparable to that for the Turbuhaler (58
L-min™"), a similar percentage of the metered dose was delivered to the lung (AM-
MDPI median 19.9%; Turbuhaler median 21.4%). At high flow rate (peak inspiratory
flow rate 99 L-min") the AM-MDPI delivered siigniﬁcantly more drug to the lung
(median 32.1% of metered dose) than at 65 L-min™ or 54 L-min' (median 25.0% and
19.9% of metered dose, respectively), thus demonstrating flow rate dependence. The
pattern of regional lung deposition from the AM-MDPI was similar for all three
inhalation manoeuvres.

It was concluded that the ASTA Medica multi-dose dry powder inhaler achieves at
least as much deposition of budesonide in the lungs as a Turbuhaler when used at
similar inspiratory flow rates.
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For many years, chlorofluorocarbon (CFC)-propelled
pressurized metered-dose inhalers (MDIs) have been used
to deliver therapeutic aerosols to the respiratory tract of
asthmatic patients. However, in recent years CFCs have
been identified as being deleterious to the environment
leading to a ban on their production throughout most of the
world. Alternative devices include dry powder inhalers
(DPIs), via which metered amounts of powder are en-
trained in a stream of air drawn through the inhaler by the
patients own inspiratory flow.

One of the benefits of DPIs is that breath actuation pre-
cludes the need for the patient to coordinate actuation with
inhalation; a problem associated with suboptimal drug de-
livery from MDIs. However, a significant disadvantage of
DPIs is that in vivo deposition can be influenced by the
patient’s inspiratory flow rate [1, 2]. A new DPI, the ASTA
Medica multi-dose dry powder inhaler (AM-MDPI; ASTA
Medica AG, Frankfurt-am-Main, Germany), has been de-
signed to offer low resistance on inhalation so that asth-
matic patients can achieve flow rates of ~90 L-min™,
through the device [3]. In clinical practice, however, the
device may be used by patients with severe asthma and its
performance at lower flow rates is therefore also of clinical

relevance. The present study aimed to evaluate the delivery
of budesonide from the AM-MDPI at different flow rates,
using a well validated gamma scintigraphic technique [4—
6] and to compare this with delivery from a Turbuhaler dry
powder inhaler (Astrazeneca, Lund, Sweden) used atahigh
flow rate.

Materials and methods
ASTA Medica multi-dose dry powder inhaler

The AM-MDPI (fig. 1) consists of an injection mould-
ed device containing a refillable cartridge [3]. A metered
dose is loaded into the inhalation channel (by volumetric
means) when a button on top of the device is depressed. A
window on the front of the inhaler changes from blue to
green to indicate that a dose is ready for inhalation.

Subjects

Fourteen healthy volunteers (seven male, seven female)
aged 18-60 yrs were studied. All subjects had normal
respiratory function with values for forced expiratory vol-
ume in one second (FEV1), peak expiratory flow rate



BUDESONIDE DEPOSITION FROM TWO INHALERS 179

Fig. 1. — Diagram of the ASTA Medica multi-dose dry powder inhaler.

(PEFR) and forced vital capacity (FVC) >80% of the
predicted value for their age, sex, height and race [7]. Prior
to enrolment, the nature of the study was fully explained
to each volunteer and written informed consent to part-
icipation obtained. The study was approved by the Quorn
Research Review Committee, Leicestershire, UK, and the
administration of radioactive aerosols approved by the
UK Department of Health. The study was performed in
accordance with the Declaration of Helsinki.

Study design

A single (200 png) dose of radiolabelled budesonide was
administered from either a Turbuhaler, at a targeted peak
inspiratory flow rate (PIFR) of 60 L-min™', or the AM-
MDPI at targeted PIFRs of 45, 60 or 90 L-min™, in a
randomized crossover fashion on four study days separ-
ated by a minimum of 44 h. Inhalation flow rates, inhaled
volumes and breathholding pauses (targeted value 10 s)
were monitored by a Vitalograph MDI-Compact Spiro-
meter (Vitalograph Ltd., Maids Moreton, Buckinghamshire,
UK), connected in series with the inhaler devices. Inhala-
tion flow rates of 60 L-min™' for Turbuhaler, and 90 L-min™!
for AM-MDPI, represented maximal inspiratory effort for
each device.

Radiolabelling of the powder formulations

Budesonide from the Turbuhaler was radiolabelled
using the method described by THORSSON et al. [8]. Briefly,
the radiolabel (*™Tc) was extracted from the aqueous
phase into methyl-ethyl-ketone which was subsequently
evaporated. The radiolabel was then redissolved in water
and mixed with the budesonide powder. After removing
the water by freeze drying the radiolabelled powder was
put into an empty Turbuhaler. The radiolabelling method
used for the AM-MDPI was broadly based upon methods
developed for other drug/lactose powder blends [9, 10].
Budesonide was labelled as described for the Turbuhaler,
an appropriate mass of lactose added, and a Turbula 2TC
mixer (Glencreston, Stanmore, UK) used to prepare a
homogenous powder blend. A cartridge was filled with
powder formulation and placed in an AM-MDPI device.
Each metered dose from the Turbuhaler and AM-MDPI
contained 200 pg of budesonide and =10 MBq of **™Tc.
The maximum radiation dose to each volunteer over the
four study days was estimated to be 0.61 mSv.

In vitro particle sizing experiments were conducted
using a five stage high precision multistage liquid im-
pinger, to demonstrate that the radiolabel was a valid

marker for the drug and that the radiolabelling process did
not adversely affect the size distribution of the drug [11].
The impinger was operated at a flow rate corresponding
to a pressure drop of 4 kPa; the flow rates used for the
Turbuhaler and AM-MDPI were 60 and 80 L-min™', res-
pectively. A fixed volume of air (4 L) was drawn through
the inhaler devices during each test. The fine particle
fraction (FPF), calculated as the percentage of the drug or
radiolabel recovered from stages 3, 4 and 5, and the fine
particle dose (FPD), i.e. the mass of drug recovered from
stages 3, 4 and 5, were determined.

Gamma scintigraphy

Immediately after administration of the radiolabelled
formulation, posterior and anterior views of the lungs and
stomach (100 s), and a right lateral view of the oropharynx
(30 s) were recorded using a gamma camera (General
Electric Maxicamera, Milwaukee, WI, USA) connected to
a Bartec Micas V computer system (Nodacrest Ltd, By-
fleet, UK). Scintigraphic images of the AM-MDPI device,
with cartridge removed, but including mouthpiece and in-
halation channel, the Turbuhaler mouthpiece and exhala-
tion filter were also recorded to allow for quantification of
deposition outside the body. On one study day a posterior
lung ventilation scan using the radioactive inert gas *'™Kr
was performed on each volunteer to define the edges of the
lung fields. Counts from each region were corrected for
background radioactivity, radioactive decay, and for tissue
attenuation of gamma rays [12]. The geometric means of
anterior and posterior lung and stomach counts were
calculated.

The counts in each region were expressed as percentages
of the sum of the total body counts and those deposited on
the AM-MDPI device or the Turbuhaler mouthpiece, and
on the exhalation filter. This enabled calculation of the
percentages of dose in the whole lung and oropharynx (in-
cluding the stomach and oesophagus), retained on the AM-
MDPI mouthpiece and Turbuhaler mouthpiece, and recov-
ered from the exhaled air. The lungs were subdivided into
central, intermediate and peripheral regions of interest as
previously described [13], thus enabling the percentage of
the dose in each lung zone to be determined and the peri-
pheral zone/central zone deposition ratio (P/C ratio) to be
calculated [13].

A Vitalograph Compact spirometer (Vitalograph Ltd.,
Maids Moreton, Buckinghamshire, UK) was used to re-
cord FEV1, PEFR and FVC prior to dosing and then 60
min later.

Differences in deposition patterns for the two devices
were analysed statistically by means of the Wilcoxon mat-
ched-pairs signed-ranks test; a p-value of =0.05 was con-
sidered significant. One subject missed dosing on one
occasion and hence the data for the remaining three dos-
ings administered to this subject were omitted from the
statistical analysis.

Results
Radiolabelling validation

The results of the radiolabelling validation experiments
are shown on table 1. Data for the mouthpiece, throat and
stage 1 were combined due to small mismatches observed
between the drug and radiolabel; this was not considered
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Table 1. — Radiolabelling validation data for the ASTA
Medica multi-dose dry powder inhaler (AM-MDPI; ASTA
Medica AG, Frankfurt-am-Main, Germany n=3) and for
Turbuhaler (n=5) showing distributions of drug before
labelling, drug after labelling and radiolabel in a multistage
liquid impinger

Drug before  Drug after  Radiolabel
radiolabelling radiolabelling
AM-MDPI
Throat, Mouth-
piece & Stage 1 60.6+0.4 62.243.1 60.9+2.1
Stage 2 3.9+1.1 4.3+0.8 3.4+04
Stage 3 7.542.5 10.5+1.7 9.4+2.1
Stage 4 14.542.3 12.9+1.7 13.2+1.2
Stage 5 13.6+0.9 10.1+2.1 13.0+1.6
Turbuhaler
Throat, Mouth-
piece & Stage 1 59.4+1.4 53.045.1 60.2+3.3
Stage 2 4.4+0.9 8.548.1 4.9+1.4
Stage 3 10.6+1.3 13.3+1.1 11.4+1.1
Stage 4 14.0+0.5 14.74£2.1 13.0+2.3
Stage 5 11.6+1.1 10.5+1.9 10.5+1.7

Data are expressed as meantsp percentage distributions of drug
and radiolabel within the impinger. The impinger collects
particles on a 90° inlet "throat" and on five stages representing
particle fractions of steadily decreasing size.

important as these combined stages represent particles
>11 um and so would be expected to deposit mainly in
the oropharynx. For the Turbuhaler, there was a very
good match between the size distributions of drug before
labelling, drug after labelling and the radiolabel on the
remaining stages, mean+sp FPFs were 36.2+1.0%, 38.5+
4.9% and 35.0+4.5%, respectively. There was a good
match between the mass of drug in the fine particle range
before and after labelling; meantsp FPDs were 76.6+
6.4 ng and 77.9+7.7 g, respectively. Equally good data
were obtained for the AM-MDPI; mean+sp FPFs were
35.5+0.7% 33.34£3.4% and 35.6+£2.2%, for drug before
labelling, drug after labelling and radiolabel, respectively.
Similarly, there was a good match between the mass of
drug in the fine particle range before and after labelling;
mean+sp FPDs were 68.3+1.3 ug and 67.9+4.2 ug, res-
pectively. On the basis of these data it was concluded that
the radiolabel would be a valid marker for the drug and
that the radiolabelling process had not changed the par-
ticle size distribution of the product.

Inhalation manoeuvres and lung function

Details of the inhalation manoeuvres are displayed in
table 2 The mean PIFRs for the AM MDPI were 99
L-min” (target 90 L-min™"); 65 L- m1n ! (target 60 L-min™")
and 54 L-min (target 45 L- mm ") and for the Turbu-
haler, 58 L-min™" (target 60 L-min™"). Mean breathholding
times and inhaled volumes were comparable for all four
dosing regimens. Respiratory function measurements be-
fore and 60 min postdosing showed no significant chan-
ges following any of the dosing regimens (table 2).

Deposition data

Scintigraphic images obtained using the AM-MDPI and
Turbuhaler are shown in figure 2. The median percentage
of metered dose delivered to the whole lung by the AM-

MDPI was dependent on PIFR, as shown in table 3, being
32.1%, 25.0% and 19.9% for targeted flow rates of 90, 60
and 45 L-min™' respectlvely (p=0.002). For the Turbu-
haler at 60 L- mln ! median percentage whole lung depo-
sition was 21.4%. The AM-MDPI at the two higher flow
rates delivered a significantly higher percentage of the
metered dose to the whole lung than the Turbuhaler (p=
0.02 and p=0.03 at targeted PIFRs of 90 and 60 L-min”',
respectively). Deposition from the AM-MDPI in each of
the central, intermediate and peripheral lung regions in-
creased with increasing PIFR. The Peripheral lung zone/
Central lung zone (P/C) ratio was similar for all dosing
regimens of the AM-MDPI, and for the Turbuhaler.

Oropharyngeal deposition was similar for all three AM-
MDPI flow rates, whereas the Turbuhaler deposited more
drug in the oropharynx (table 3). There was significantly
greater oropharyngeal deposition w1th the Turbuhaler
compared to the AM-MDPI at 60 L-min™" and 45 L-min™'
(p=0.01 and p=0.02, respectively). The median percentage
of dose retained on the AM-MDPI mouthplece ranged
from 9.5% at a targeted flow rate of 90 L-min™ to 17.3%
at a targeted flow rate of 45 L-min”' (table 3). For the
Turbuhaler, 11.6% of the dose (median) was deposited on
the mouthpiece. Relatively little drug was deposited on
the exhalation filter following any of the dosing regi-
mens.

Discussion

This scintigraphic study has shown that a novel multi-
dose dry powder inhaler (AM-MDPI) deposits at least as
much budesonide in the lungs as a Turbuhaler, when used
at similar peak inhaled flow rates.

The Montreal protocol banning the use of CFC pro-
pellants has been a major stimulus to the development of
novel inhaler technologies for asthma therapy, including
many new DPIs [14]. Each of these new devices is unique
in its drug delivery characteristics. These differences
between products, and especially drug delivery relative to
the devices which are currently most widely used, such as
the Turbuhaler, need to be documented. This reflects a
perceived need, best summed up in comments made by
KeeLey and REgs [15] in relation to the recent British
Thoracic Society guidelines on asthma therapy [16].
KEELEY and REEs [15] commented that, "As the range of
inhaler devices increases, the information on their lung
deposition and delivery does not seem to expand in
parallel" and that, "Devices cannot be changed on the
assumption that the same dose will be delivered to the
patient’s airways, and prescribers must be aware of the
delivery characteristics of any device they prescribe".
Lung deposition studies thus seek to provide key data
documenting drug delivery in vivo for novel and estab-
lished products.

The deposition of asthma drugs in the lungs is closely
linked to their subsequent clinical effects [17—19], since
inhaled asthma drugs must be deposited in sufficient
quantity if they are to be effective. Drugs are better
targeted to the required site of action using devices which
deposit a relatively high percentage of the dose in the
lungs, and this could result in an improved therapeutic
ratio for inhaled asthma drugs. These benefits are esp-
ecially important for inhaled corticosteroids, which can
lead to significant systemic side-effects when used in



BUDESONIDE DEPOSITION FROM TWO INHALERS 181

Table 2. — Details of the inhalation manoeuvre and pre- and 60 min postdosing forced expiratory volume in one second
(FEV1) measurements for studies with the ASTA Medica multi-dose dry powder inhaler (AM-MDPI; ASTA Medica AG,

Frankfurt-am-Main, Germany) and Turbuhaler

AM-MDPI AM-MDPI AM-MDPI Turbuhaler
Targeted PIFR L-min™' 90 60 45 60
Measured PIFR L-min™! 99+13 65+3 54+7 58+6
Inhaled volume L 3.13+1.01 2.96+0.83 2.77+£0.97 2.61+0.63
Breath hold s 9.7+0.5 10.54+2.8 10.0£1.0 10.1+0.8
Predose FEV1 L 3.314+0.58 3.30+£0.62 3.25+0.59 3.36+£0.63
Postdose FEV1 L 3.39+0.57 3.414+0.60 3.43+0.63 3.41+0.56

Data are expressed as mean+sp. PIFR: peak inspiratory flow rate.

sufficiently high doses [20]. The data generated in this
study which quantified the relative lung depositions from
AM-MDPI and Turbuhaler were used in order to confirm
the relative doses to be administered from each device in
a subsequent multi-centre phase III clinical trial compar-
ing the two devices in parallel groups of 150 subjects.
The AM-MDPI deposited at least as much budesonide
in the lungs of healthy volunteers as the Turbuhaler DPL

However, several previous deposition studies have been
performed using the Turbuhaler, using either gamma scin-
tigraphy or the charcoal block pharmacokinetic technique
[4] and mean deposition values ranging from 14% [21] to
32% [22] of the metered dose with optimal inhaler tech-
nique have been found. This variability in lung deposition
observed for the Turbuhaler does not appear to depend on
which method was used to assess deposition, or upon

Fig. 2. — Scintigraphic images obtained using the ASTA Medica multi-dose dry powder inhaler (AM-MDPI; ASTA Medica AG, Frankfurt-am-Main,
Germany) at targeted inhaled flow rates of: a) 90 L-min™’; b) 60 L-min™"; ¢) 45 L-min"'; and d) the Turbuhaler at a targeted inhaled flow rate of 60 L-min™".
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Table 3. — Deposition data for the ASTA Medica multi-dose dry powder inhaler (AM-MDPI; ASTA Medica AG, Frankfurt-
am-Main, Germany) and Turbuhaler. Deposition on the device mouthpiece, and exhalation filter and in the oropharynx and

lungs are expressed as percentages of the metered dose

AM-MDPI AM-MDPI AM-MDPI Turbuhaler
Targeted PIFR L-min™' 90 60 45 60
Measured PIFR L-min™ 99 65 54 58
Mouthpiece 9.5 (5.5-23.2) 15.6 (1.2-20.0) 17.3 (11.8-43.0) 11.6 (5.3-22.0)
Exhalation filter 0.8 (0.2-1.8) 0.6 (0.2-3.0) 0.2 (0-0.9) 0.2 (0-0.7)
Oropharynx 57.0 (45.1-81.7) 61.6 (42.2-77.6) 60.9 (49.5-68.3) 71.9 (54.8-80.0)
Lungs 32.1 (9.4-41.0) 25.0 (12.1-37.4) 19.9 (8.8-26.6) 21.4 (4.7-29.2)

Central lung

Intermediate lung
Peripheral lung
Peripheral/central zone ratio

10.6 (3.0-13.4)
10.9 (3.8-15.9)
8.5 (2.5-13.4)
0.9 (0.6-1.3)

7.8 (3.7-11.8) 6.3 (2.3-8.4) 5.9 (1.7-10.0)
8.9 (4.6-12.2) 6.7 (3.2-9.9) 7.3 (3.2-11.0)
7.8 (3.7-13.4) 6.5 (3.4-8.8) 4.8 (2.5-9.1)
1.0 (0.8-1.3) 1.0 (0.7-1.5) 0.9 (0.5-1.6)

Data are expressed as percentages (unless otherwise indicated) in medians with ranges in parentheses. PIFR: peak inspiratory flow rate.

whether healthy volunteers or patients with asthma were
studied. Mean lung deposition from the Turbuhaler was
similar for budesonide (mean 27.7%) and for terbutaline
sulphate (mean 27.0%) [22]. Using the charcoal block
technique, BORGSTROM et al. [23] reported mean lung
deposition values of 19% and 22% for two different doses
of terbutaline sulphate in asthmatic patients, values
broadly comparable to those found in the present study.
In common with the AM-MDPI, drug delivery to the
lungs from the Turbuhaler is also flow rate dependent;
BORGSTROM et al. [22] showed a reduction in lung dep-
osition from 27.7% to 14.2% when the PIFR was reduced
from 58 to 36 L-min"'. These data suggest that the lung
deposition depends upon inhaled flow rate in a broadly
similar manner for AM-MDPI and for Turbuhaler. Mean
lung deposition for other DPIs used with optimal inhal-
ation technique has ranged in scintigraphic studies from
11% [25] to 35% [26] of the metered dose.

Although whole lung deposition from the AM-MDPI
varied significantly with inhaled flow rate, there was no
corresponding change in regional lung deposition, as
quantified by the P/C ratio. The reason for this observation
probably lies in the balance between the two opposing
effects of increasing inspiratory flow, i.e. an increasing
likelihood of particle impaction in large central airways per
se, but at the same time the generation of smaller particles
which are more able to penetrate to the lung periphery.
While the P/C ratio detects expected changes in regional
lung deposition brought about by changes in particle size
for two aerosols inhaled under the identical conditions [27]
the situation in the present study is compounded by the
inhalation flow rate and particle size changing simultane-
ously. Previous scintigraphic studies involving other DPIs
have also shown no change in P/C ratio with a change in
flow rate, despite a change in whole lung deposition [9,
10].

It is concluded that gamma scintigraphy has shown
proof of concept in vivo for a novel dry powder inhaler, the
ASTA Medica multi-dose dry powder inhaler, and has
shown it to have one the highest lung deposition values ob-
served for dry powder devices. The flow rate dependence
of lung deposition was comparable to that for other
"breath-actuated” dry powder inhalers. The pattern of
regional lung deposition in the lungs was independent of
flow rate, with good penetration to the lung periphery at all
flow rates tested. Compared with the "gold standard" of the

Turbuhaler, the ASTA Medica multi-dose dry powder
inhaler gave significantly greater lung deposition, when
both devices were used optimally with maximal inspiratory
effort, possibly because the lower resistance of the ASTA
Medica multi-dose dry powder inhaler allowed higher
inhaled flow rates to be achieved. This study was per-
formed in healthy volunteers rather than asthmatic patients,
but evidence suggests that whole lung deposition values
from inhaler devices in patients are broadly similar to those
in healthy subjects [25]. However, penetration of aerosol
to the lung periphery is reduced in asthmatic patients,
owing to the preferential deposition in central airways of
the lungs [25]. The results presented in this study sug-
gest that the ASTA Medica multi-dose dry powder in-
haler should prove a valuable addition to the range of
inhaler devices available for the maintenance therapy of
asthma.
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