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ABSTRACT: Patients with hereditary a1-proteinase inhibitor (a1-PI) deficiency are at
risk of developing lung emphysema. To prevent the development of this disease, a1-PI
replacement therapy via inhalation may be a more convenient and effective therapy than
the intravenous administration of the drug.
In order to optimise this treatment approach, lung deposition of inhaled radiolabelled
a1-PI (Prolastin1) was studied using four different commercial inhalation devices
(PARI-LC Star1, HaloLite1, and AKITA1 system in combination with LC Star1
and Sidestream1) in six patients with a1-PI deficiency and mild-to-severe chronic
obstructive pulmonary disease.
The time required to deposit 50 mg of the Prolastin1 (5% solution) in the lung
periphery was used as a measure for the efficiency of delivery. The time was calculated
from measurements of total and peripheral lung deposition of the radiolabelled a1-PI.
This time was shortest for the AKITA1 system (18–24 min) and significantly higher
for the PARI-LC Star1 (44 min) and the HaloLite1 (100 min).
The higher efficiency of drug delivery using the AKITA1 system is due to the fact
that this device controls breathing patterns, which are optimised for each patient
individually.
Eur Respir J 2003; 22: 263–267.

Patients with hereditary a1-proteinase inhibitor (a1-PI)
deficiency suffer from the lack of a substance that protects the
lung from neutrophil elastase, a powerful protease, which is
capable of cleaving most proteins in the extracellular matrix.
Due to a severely disturbed protease/antiprotease balance,
these patients are at risk of developing lung emphysema at a
young age, especially if they also smoke [1–3]. In order to prevent the development of lung emphysema or to slow down its
progression, smoking cessation is essential, and a1-PI replacement
therapy with weekly infusions has been shown to raise serum
concentrations and lung epithelium lining fluid a1-PI, thus
restoring the balance between elastase/antielastase activity in
the lung biochemically. Although the intravenous replacement
therapy showed promising clinical results delaying the progression of the disease, the therapy [1, 4, 5] has the disadvantage that only 2% of the administered drug reaches the
lungs [1]. This is a severe problem since the worldwide demand
cannot yet be satisfied by the pharmaceutical industry9s production capacities. In principle, the drug can also be applied
directly to the target region within the lungs by inhalation.
Nevertheless, a number of problems have to be solved in
order to guarantee efficient drug delivery: 1) a sufficient fraction of the drug needs to be deposited within the lungs; 2) the
drug needs to be deposited in peripheral lung regions in order
to achieve sufficient delivery of protein to the lung interstitium where a1-PI is supposed to act; 3) drug deposition in
the lungs needs to be reproducible and as independent from
airway obstruction as possible; and 4) inhalation time should
be short enough to be convenient for the patients.

*Clinical Research Group "Aerosols in Medicine" of the GSF-Institute for Inhalation
Biology and the Asklepios Clinic for Respiratory
Medicine, #Bayer Vital GmbH, Leverkusen
and }Inamed-Intelligent Aerosol Medicine
GmbH, Gauting, Germany.
Correspondence: P. Brand, GSF-Institute for
Inhalation Biology, Robert-Koch-Allee 29,
D-82131 Gauting, Germany.
Fax: 49 8989323711
E-mail: brand@inamed.de
Keywords: Inhalation
inhalation devices
a1-protease inhibitor
replacement therapy
Received: December 19 2002
Accepted after revision: March 14 2003
This study was supported by Bayer Corporation, Research Triangle Park, NC, USA.

The results of previous studies showed that the conditions
above may be fulfilled using an optimised, controlled breathing pattern [6, 7]. It has been shown that for a deep and slow
inhalation with sufficiently small particles and individually
controlled breathing patterns, peripheral deposition (Dp) as
high as 60% of the aerosolised drug can be achieved [8, 9].
Such high deposition values in clinical practice would considerably improve systemic and topic aerosol therapy and
would increase the efficiency of a1-PI replacement therapy.
In this study, in six patients with a1-PI deficiency and mildto-severe chronic obstructive pulmonary disease (COPD), lung
deposition of inhaled radiolabelled a1-PI (Prolastin1; Bayer
Vital., Leverkusen, Germany) was studied using four different
commercial inhalation devices. It was investigated whether controlled inhalations with carefully selected breathing patterns
provide a considerable improvement of the efficiency of drug
delivery compared with conventional spontaneous breathing
patterns.

Methods
Subjects
Six patients (four male, two female) with hereditary a1-PI
deficiency (Z-phenotype) and a mildly to severely reduced lung
function, aged between 43–73 yrs (median 59 yrs) participated in this study (table 1). Four patients were nonsmokers

264

P. BRAND ET AL.

Table 1. – Anthropometric and lung function parameters of the
study population
Mean¡SD (range)
Anthropometric data
Age yrs
Height cm
Weight kg
Lung function parameters
TLC L
TLC % pred
ITGV L
ITGV % pred
VC L
VC % pred
FEV1 L
FEV1 % pred
PEF L?s-1
PEF % pred
Specific airway resistance kPa?s-1

58¡12
170¡11
78¡25
7.7¡2.0
123¡20
5.3¡1.5
163¡36
3.7¡1.2
96¡20
1.6¡0.8 (0.3–3.1)
54¡22 (5–84)
5.1¡2.0
67¡18
1.6¡1.0

Data represent values from six patients. TLC: total lung capacity;
% pred: % predicited; ITGV: intrathoracic gas volume; IVC: inspiratory
vital capacity; VC: vital capacity; FEV1: forced expiratory volume in
one second; PEF: peak expiratory flow.

and two patients were exsmokers and had stopped smoking
o5 yrs before participating in the study. All patients obtained
a1-antitrypsin-deficiency replacement therapy by weekly i.v.
infusions of Prolastin1 and bronchodilators as required.
Written informed consent was obtained from each patient.
The study protocol was approved by the Ethics Committee of
the Medical School of the Ludwig-Maximilians-University
(Munich, Germany) and the responsible regulatory authorities.

Pulmonary function tests
Body plethysmographic and spirometric parameters of lung
function were determined by using a Jaeger-Masterlab (Erich
Jaeger GmbH, Würzburg, Germany). The following parameters were measured: total lung capacity (TLC), inspiratory
vital capacity, intrathoracic gas volume (ITGV), airway resistance, peak expiratory flow rate and forced expiratory volume
in one second. Measured lung function parameters were
normalised to the reference values proposed by the European
Community for Coal and Steel [10].

Nebuliser systems
In this study the following commercial inhalation systems
were applied for the inhalation of radiolabelled Prolastin1.
1) PARI-LC Star1 Jet nebuliser with "Turbo Boy" Compressor (Pari, Starnberg, Germany). The nebuliser is manually
activated at the start of inhalation. 2) HaloLite1 (Medic Aid,
West Sussex, UK). This computer-controlled device applies
the "adaptive aerosol delivery" technique. If the patients start
inhalation, during a certain number of breathing cycles the
breathing pattern of the patients is measured by the device.
Then an aerosol bolus is emitted for a certain period within
the first 50% of inhalation. To collect the exhaled particles, an
exhalation filter was adopted to the HaloLite1 using silicon
fittings. The proper performance of the device after this manipulation was tested by the manufacturer. 3) AKITA1 (Inamed,
Gemünden, Germany). This computer-controlled device allows
individualised, controlled inhalations in combination with
conventional nebulisers. Using an individual smart-card for
each patient the inhalation flow rate, inhaled volume and a

breath-holding period can be presicely predetermined. The
pressured air for the nebuliser is delivered by a compressor
integrated into the AKITA1. In this study, the AKITA1
was used in combination with either a "PARI-LC Star1"
nebuliser or a "Sidestream1" nebuliser (Medic Aid).
The order in which the subjects inhaled from the different
devices was randomised. The three different devices are similar
in size (PARI-LC Star1 15061656280 mm, HaloLite1 1406
1806290 mm, AKITA1 26061706270 mm), but the AKITA1
system had the highest weight (PARI-LC Star1 2.7 kg,
HaloLite1 2.7 kg, AKITA1 7.5 kg).
The particle size distribution of each nebuliser used in this
study was measured using an eight-stage cascade impactor
(Mark 2) using radiolabelled Prolastin1. The following values
for the mass median aerodynamic diameter (MMAD) and the
geometric standard deviation were found. PARI-LC Star1:
MMAD=4.4 mm, SD=2; HaloLite1: MMAD=3.7 mm, SD=2;
AKITA1 /LC Star1: MMAD=3.8 mm, SD=2; AKITA1/
Sidestream1: MMAD=3.9 mm, SD=2.1.

Breathing patterns
Each nebuliser was filled with 3 mL radiolabelled Prolastin1
containing 150 mg of Prolastin1 and the patients inhaled for
5 min.

PARI-LC Star1. Since all patients perform normal inhalations using jet nebulisers, they were asked to inhale normally
using the LC Star1 and to activate the nebuliser during
inhalation. Exhalation was performed into an exhalation filter.
HaloLite1. Patients were asked to inhale normally. Exhalation was performed into the device which had a filter included.
AKITA1. The breathing pattern used in the AKITA1 was
derived from in-vivo studies in which the optimum breathing
patterns for a high peripheral lung deposition were investigated
[8, 9, 11]. From this study, the flow rate was derived as
200 cm3?s-1 and the inhaled volume (TLC-ITGV) as 0.8,
individually calculated and stored on the smart card.
The subject was asked to start the inhalation. If a pressure
drop at the mouth is measured the AKITA1 activates the
inhalation by applying pressure to the nebuliser nozzle and a
constant, predefined amount of air is delivered to the
nebuliser9s auxiliary air inlet at a constant flow rate. The
last 200 mL of the inhalation were free of drug aerosol to
avoid useless drug deposition in the dead space of the lungs.
After the predefined inhalation volume is reached, the air
supply is turned off and the patient is instructed to perform a
2-s breath-holding period. The patient is instructed via the
display of the device.
The average inhalation volume calculated for the AKITA1
was (mean¡SD) 1.76¡0.29 L. For all other devices, nothing is
known about the actual breathing pattern used for inhalation.

Labelling
The prodedure to label Prolastin1 with 99mTc used in
this study was modified from the method published by LAFONT
et al. [12]; an isotonic NaCl solution containing 5% of
Prolastin1 was reconstituted in a closed vial. From this
solution, a stock solution of y1 mL was separated. To this
solution, 50 mL of a SnCl2 solution was added as a reducing
agent. 99mTc (185 megabequerel (MBq)) was then introduced
by adding a Na99mTcO4 solution. After gentle shaking the
solution was incubated for 30 min. The efficacy of the
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labelling procedure was verified by comparing the size distributions, the radioactivity and dry mass of Prolastin1 using an
Andersen Cascade Impactor (Typ Mark II; Copley Scientific
Ltd, Nottingham, UK). The radiolabelled Prolastin1 solution was then diluted, for each inhalation device, in order to
limit the radioactivity available for inhalation to 1.6 MBq.
The stability of the labelling was verified using thin-layer
chromatography as described by LAFONT et al. [12]. It was
verified that the size distribution of the particle mass was the
same as the distribution of radioactivity using a cascade
impactor.
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Each inhalation device was filled with 3 mL of radiolabelled a1-PI with the amount (A) of radioactivity. Each
subject then inhaled for y5 min using the breathing pattern
given above. The actual inhalation time (tinh) was recorded.
Exhalation was performed into an exhalation filter. Then the
amount of radioactivity remaining in the nebuliser (A9), in the
exhalation filter (Aexh) and the activity deposited within the
lungs (A0) was measured with a lung counter with four
sensitive NaI scintillation crystals. After 15 min, a gamma
camera image was recorded (Siemens Diacam; Siemens,
Erlangen, Germany). From this picture, the fraction of
activity deposited intrathoracicly (Dint) was calculated using
regions of interest:
Athor
ð1Þ
AtzAh
where At is the activity measured in the thorax regions of
interest and Ah is the activity measured in the head and
stomach area.
During the following 45 h the remaining lung activity was
measured up to eight times with a sensitive lung counter to
quantify a fast and slowly cleared fraction (Aslow). Therefore,
a double exponential function was fitted to the measured
decline in lung activity and the slow component of this
function was extrapolated to time zero (Aslow). This slowcleared fraction is assumed to be a measure of the amount of
particles being deposited in the lung periphery, while the fastcleared fraction is assumed to be due to particles cleared by
mucociliary clearance from central airways.
The total activity inhaled (Ainh) by the patient was
calculated using:
Dint~

Ainh~A{A’

ð2Þ

Total deposition (Dt) in the entire respiratory system of the
patient was given by:
Ainh{Aexh
ð3Þ
Ainh
As a measure of Dp the fraction of particles slowly cleared
from intrathoracic airways was used [13–15]:
D t~

Dp~Dt|Dint|ðAslow=A0Þ

ð4Þ

Deposition, in this study, was defined as the amount of particles deposited in comparison with the amount of particles
inhaled. This definition of deposition delivers higher values
than other definitions, which relate the deposited drug amount
to the amount filled into the nebuliser. However, the definition used in this study was more appropriate to assess the
inhalation time.
The time required to deposit 50 mg of a1-PI (t50) is given by:
50|tinh
Dp|M
where M is the a1-PI dose filled in the nebuliser.
t50 ~

ð5Þ
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Fig. 1. – Lung retention of inhaled radiolabelled Prolastin1 as a
function of time for six subjects inhaling with the AKITA1 LC
Star1 combination.

Statistics
Differences in deposition and treatment time among the
different devices were tested for statistical significance using a
paired t-test. Therefore, the differences for each subject and
each parameter obtained for the different devices were subtracted from each other. For each of the six differences, the
hypothesis that this difference is zero was tested using the
paired t-test. Correlations were calculated using Pearson
product-moment correlation analysis.

Results
Figure 1 shows, as an example, the decline in lung radioactivity over 45 h in all patients after inhalation with the
AKITA1 LC Star1 combination. After 45 h w50% of the
radioactivity was still found within the lungs, indicating
the stability of the drugs radiolabelling. Table 2 shows the
mean¡SD Dt and Dp of radiolabelled a1-PI inhaled with
different inhalation devices in per cent of nebulised a1-PI in
six patients with a1-PI deficiency and mild-to-severe emphysema. The mean value for Dt for the PARI-LC Star1 and for
the HaloLite1 is in the order of 50–60% (fig. 2) of nebulised
Prolastin1 and Dp in the order of 30–35% (fig. 3); both
AKITA1 combinations, AKITA1 Sidestream1 and AKITA1
LC Star1, reach 75–80% for Dt and 50–60% Dp. As can be
seen from table 3, these differences are statistically significant
(paired t-test) whereas there were no significant differences
between the results obtained for the HaloLite1 and the
PARI-LC Star1 nor between the AKITA1 Sidestream1
and the AKITA1 LC Star1 (only Dt). Due to the higher
deposition values the time required to deposit 50 mg of
Table 2. – Total deposition (Dt), peripheral deposition (Dp),
and time required to inhale 50 mg of a1-protease inhibitor
(T50) measured in six patients with a1-protease inhibitor
deficiency after inhalation with different devices
Device
HaloLite
LC Star1
AKITA1 Sidestream1
AKITA1 LC Star1

Dt %

Dp %

T50 min

59¡7 (12)
52¡17 (33)
75¡8 (11)
80¡7 (9)

33¡10 (30)
34¡19 (56)
53¡11 (21)
57¡9 (16)

99¡41 (41)
44¡25 (57)
24¡13 (54)
18¡6 (13)

Data are presented as mean¡SD (coefficient of variation=1006SD/
mean).
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Fig. 2. – Total deposition measured in six patients with a1-protease
inhibitor deficiency using different inhalation devices. Side.: sidestream.
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a1-PI in the lung periphery was significantly shorter for both
AKITA1 devices compared with HaloLite1 and LC Star1
(fig. 4 and table 2). The intersubject variability for each
parameter was highest for the LC Star1 device and lowest
for the AKITA1 LC Star1 combination (table 2).
Although there was a tendency that patients with the most
Table 3. – Levels of significance of the differences between
the parameters under consideration and different inhalation
devices calculated using a paired t-test
p-values

HaloLite1 versus LC Star1
HaloLite1 versus AKITA1
Sidestream1
HaloLite1 versus AKITA1
LC Star1
LC Star1 versus AKITA1
Sidestream1
LC Star1 versus AKITA1
LC Star1
AKITA1 Sidestream1 versus
AKITA1 LC Star1
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Fig. 4. – Time required to inhale 50 mg of a1-protease inhibitor
measured in six patients with a1-protease inhibitor deficiency using
different inhalation devices. Side.: sidestream.
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Fig. 3. – Peripheral deposition measured in six patients with a1protease inhibitor deficiency using different inhalation devices. Side.:
sidestream.
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50 mg of Prolastin1 in the lung periphery, this tendency
failed statistical significance, which may be due to the small
number of subjects.
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100
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0.82
0.041

0.94
0.001
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0.042

v0.001

0.003

0.007

0.01

0.034

0.005

0.008

0.031

0.074

0.031

0.036

Dt: total deposition; Dp: peripheral deposition; T50: time required to
inhale 50 mg of a1-protease inhibitor.

This study has shown that the highest Dt and Dp of inhaled
radiolabelled a1-PI and the shortest inhalation times can be
obtained using an optimised breathing pattern, which is
controlled by a device like the AKITA1. If a conventional
nebuliser is used without control of the breathing pattern,
deposition is quite heterogeneous. Some patients show high
Dp values similar to the controlled case, but in others, deposition
v20% is found. As a previous study has shown [6], these
heterogeneous deposition values can be explained by the
hetereogeneity of the breathing pattern. Basically, it was
found that deposition is highest if the patient is ordered to
inhale deeply o1.5 L [8, 9, 11]. In this case, most of the drug
is able to penetrate into the lung periphery and its residence
time is long enough for complete deposition by sedimentation. Such deep inhalations can be maintained using the
AKITA1 device which allows a programming of the inhaled
volume according to the individual lung function of the
patient. Using this individual approach, each patient inhales
the largest possible volume that is still convenient for them.
Additionally, the inhalation flow rate is fixed to values which
are slow enough (200 mL?s-1) to prevent deposition by
impaction in obstructed proximal airways [6]. The results
obtained with the AKITA1 device seems to be independent
of the nebuliser actually used. Although the AKITA1 LC
Star1 combination tended to show higher deposition and
lower inhalation times than the AKITA1 Sidestream1,
these small differences were not statistically significant.
In the HaloLite1 device, inhalation is also controlled.
However, this control is passive and maintained by an
adaptation of the nebulising process to the patients arbitrary
breathing pattern. An aerosol bolus is introduced into the
inhalation at the beginning of each breath. The patient is not
led through the inhalation under optimum conditions, but is
free to inhale slowly or fast, shallow or deep. However, the
main disadvantage of this device is the bolus application of
the drug aerosol. Due to this technique, only a small fraction
of the inhaled air contains aerosol and the drug amount
applied by each breath is limited. This is the reason for the
very long times necessary to deposit 50 mg of drug using this
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device. This time was on averagey5-times longer than the times
obtained with the AKITA1 combinations. The HaloLite1
may be an appropriate device for the dosing of low amounts
of a potent drug, but in situations where a large amount of
drug has to be applied, the bolus technique seems to have
significant disadvantages.
In this study, the time to deliver 50 mg of Prolastin1 was
calculated from the amount deposited in 5 min. This extrapolation may overestimate the real time, since in the course of time
the drug remaining in the nebuliser may be concentrated due
to water evaporation and therefore, the nebuliser output may
change. However, this extrapolation of time seems to be
reasonable if different devices are compared with each other.
In this study Dp was quantified by calculating the slow
cleared particle fraction Aslow. This parameter was chosen
instead of the usual 24-h retention value with regard to the
solubility of the used drug. Slow clearance can be attributed
to both particle clearance as well as drug translocation into
the blood circulation. If the slow particle clearance kinetics
are extrapolated to time zero to assess Aslow, this value
quantifies the initial amount of particles, which are not
subject to fast mucociliary clearance regardless of whether
slow clearance is due to particle clearance or absorption.
However, the assessment of alveolar deposition by the measurement of slow particle clearance is based on the assumption
that bronchially deposited particles are fast cleared by mucociliary clearance, whereas particles being deposited in the
alveolar space are cleared slowly by macrophages. However,
some studies indicate that there is considerable slow clearance
from presumably peripheral bronchi [15–19]. Therefore, it has
to be considered that some drug included in the fraction
present after 24 h may be deposited within this peripheral,
conducting airway. Whether this drug fraction is really "lost"
for a1-PI replacement therapy, however, is yet unclear. In
addition, it is possible that respiratory bronchioles may benefit
from a restoration of the protease/antiprotease balance.
In this study it has been shown that high peripheral deposition of radiolabelled a1-protease inhibitor can be obtained
using an optimised and controlled breathing pattern. Inhalation devices using this concept allow efficient drug deposition
in a considerably shorter time period than conventional
devices or devices with different optimisation concepts, and
guarantee a constant dosing with low interpatient variability.
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