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ABSTRACT: The output and size distribution of aerosols from dry powder inhalers
are dependent on the flow rate through the device. Therefore, in an in vivo study,
we examined the flow-dependency of the effect of formoterol when delivered from
a dry powder inhaler, the Aerolizer®, in a flow range relevant to schoolchildren.

In a preliminary study comprising 126 asthmatic children aged 3-10 yrs, the
relationship between age and peak inspiratory flow (PIF) rate through the Aerolizer®
was determined. Mean PIF was 104 L-min-! and all children aged >5 yrs performed
a PIF >60 L-min-!. Sixteen children aged 8-15 yrs with exercise-induced asthma
(EIA) took part in the main trial comparing the protective effect of 12 pg for-
moterol inhaled at 60 and 120 L-min-l. The effect from high and low inspiratory
flow was judged from the protective effect against EIA 12 h after drug adminis-
tration.

The decrease in forced expiratory volume in one second (FEV1) after exercise
was 34% on the placebo day, but only 15% when formoterol was inhaled at the
high flow rate. This difference was statistically significant. The decrease in FEV1
was 23% after treatment with formoterol inhaled at the low flow rate, that was
not significantly different from placebo or from high-flow formoterol treatment.
These clinical findings correspond with the in vitro findings of flow-dependent fine
particle mass from the Aerolizer®, and corroborate the relationship between fine
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particle mass of aerosol and clinical effect.

The results indicate a flow-dependent effect of formoterol dry powder inhaled
from the Aerolizer®, within the range of inspiratory flow rate obtainable by school-
children. This questions its applicability in children with asthma.

Eur Respir J 1997; 10: 2105-2109.

Formoterol is a highly potent, selective 3,-agonist pro-
ducing bronchodilatation of rapid onset [1] and long
duration [2-5]. Inhalation of formoterol (12 ug), both
from pressurized aerosol and from dry powder, has been
shown to provide children with clinically significant pro-
tection against methacholine induced bronchoconstric-
tion [4] and exercise-induced asthma (EIA) [6, 7] for at
least 12 h.

The major advantage of dry powder inhalers (DPIs)
is the avoidance of propellants and lubricants, and the
fact that they are actuated when the child is inhaling
through the device [8, 9], thereby overcoming the prob-
lem of co-ordination. Formoterol dry powder is deliv-
ered from a single-dose dry powder capsule inhaler, the
Aerolizer® [10], previously known as the ISF device
(ITALSEBER Farmaceutici Italy). The powder com-
prises micronized active substance and lactose, which
serves as a bulking agent. The major disadvantage of
DPIs is that the size distribution of the aerosol is depen-
dent on the flow rate through the device, which depends
on the internal resistance of the device and the effort of
the child. Such effort dependency varies between the
DPIs available [11].

The objective of this trial was to perform an in vivo
study of flow-dependency of the effect of formoterol

when delivered from the Aerolizer® in a flow range rel-
evant to schoolchildren. The flow-dependency was judged
indirectly from the protective effect against EIA 12 h
after inhalation of formoterol at two different flow rates:
60 and 120 L-min-!.

Materials and methods

The Aerolizer® is a DPI operated by placing a cap-
sule containing the medication in the capsule chamber
in the base of the device. Two buttons on each side of
the capsule chamber are then depressed, which results
in the piercing of each end of the capsule by a set of
four pins. On inhalation by the patient, the capsule is
lifted out of the capsule chamber, into the inhalation
chamber where it rotates, releasing powder into the
airstream. A coarse grid in the mouthpiece serves to
allow only powder to escape from the device. The spe-
cific airflow resistance of the Aerolizer® is 0.055 cmH,0
12.L-L-min-! [12].

The study was performed in two parts. In a prelimi-
nary study, the relationship between age and peak ins-
piratory flow (PIF) rate through the Aerolizer® was
assessed. The results were then used in the main study
of flow-dependency.
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Preliminary study: age and PIF relationship

One hundred and twenty six asthmatic, asymptomatic
children, aged 3—10 yrs, were instructed to inhale through
the empty device connected to a pneumotachograph run
from a Master Screen unit (E. Jieger & Co., Wiirzburg,
Germany). The highest PIF following three attempts was
read from the flow-volume curve.

Main study: investigation of flow-dependency

Sixteen children, 12 boys and 4 girls aged 8-15 yrs
(mean 12 yrs), with bronchial asthma as defined in the
International Consensus Report on the Diagnosis and
Treatment of Asthma [13] were included. All children
were treated with a ,-agonist on an as-needed basis,
and all except two were treated with inhaled steroids,
budesonide or beclomethasone dipropionate in doses
ranging 400-1,200 ug-day-!. All patients had been clin-
ically stable for at least 1 month prior to the start of the
trial, and the dosage of inhaled corticosteroids was con-
stant 1 month prior to and throughout the study period.
On all examination days, the following periods of absti-
nence from bronchodilating drugs were adhered to: long-
acting f3,-agonist 48 h; and inhaled short-acting 3,-agonist
6 h. None of the patients used any other antiasthma
drugs.

The exercise challenge consisted of 6 min of contin-
uous treadmill running, with a constant workload adjust-
ed to induce a cardiac frequency of approximately 180
beats-min-! measured by radiotelemetry. The inclination
of the treadmill was 10%. The children wore a noseclip
during exercise. The relative humidity and room tem-
perature were registered. In case of severe EIA the patient
was allowed to use short-acting [3,-agonist.

On inclusion day (day 1), forced expiratory volume
in one second (FEV1) ranged 60—-109% of predicted nor-
mal value for height [14], and the median percentage
decrease in FEV1 after exercise test was 27% (17-70%).
On each of the following study days (days 2-5) the
baseline FEV1 value was within £15% of the value
recorded prior to exercise on the inclusion day. Intervals
between study days were at least 2 days and not more
than 49 days, although the majority (90%) of intervals
were no longer than 30 days.

Design

The trial was of a double-blind, placebo-controlled,
cross-over design. On examination days 2-5, the treat-
ment sequences (the order of formoterol and placebo
administration) and inspiratory flow rate sequences (the
order of low and high inhalation rates) were allocated
at random using a Latin-Greek square design. To secure
the blinding in this trial design, two placebo days were
necessary.

All treatments were administered between 08.00 and
09.00 h. Prior to the inhalation of the study medication,
the vital capacity was measured. An empty Aerolizer®
device and an Aerolizer® device loaded with dry pow-
der study medication (formoterol or placebo) were placed
in parallel connected by a valve system, which enabled

an instantaneous shift of the airflow from the empty
device to the device containing study medication. The
connection between the device containing the trial med-
ication and the mouth of the child had no bends, and
was 10 mL in volume. The devices were in serial con-
nection with a pneumotachograph run from the Master
Screen unit (E. Jieger & Co., Wiirzburg, Germany).

Initially, the patient inhaled through the empty device
and was trained to reach the desired inspiratory flow
rate. The inspiratory flow was visualized simultaneously
on a computer screen. When the patient was fully trained,
the valve was activated, switching the airflow from the
empty device to the Aerolizer® containing the study
medication. The switch was computer controlled via the
pneumotachograph and occurred when 250 mL of air
had been inhaled, assuring instantaneous activation of
the dry powder by the target flow, i.e. avoiding any ini-
tial slow rise in flow, which would be deleterious to
optimal dispersion of the dry powder [15].

The inspiratory flow rate during inhalation of the study
medication was calculated from the hard copy screen
printout of the flow-volume curve as the average in-
spiratory flow rate during inhalation of the first 500 mL
through the Aerolizer® containing the study medica-
tion. It was intended that the flow rate should be with-
in £25% of the target flow rate. In addition, at least
75% of the vital capacity should be inhaled during the
manoeuvre. After completing the inhalation, the patient
held his/her breath, so that the overall inhalation pro-
cedure took 10 s. After the patient had inhaled the study
medication, the device was opened to inspect whether
the capsule had been emptied.

Two exercise tests were performed on each of the
examination days (days 2-5), 3 h and 12 h after inhala-
tion of the study medication.

FEV1 was measured by a dry spirometer (Vitalograph
Ltd, Buckingham, UK) as the best of three forced ex-
piratory manoeuvres just before administration of study
medication, 1, 2, 3, 4, 6, 8§ and 12 h after study med-
ication, and 1, 3, 5, 10, 15 and 30 min after the end of
each exercise test. Cardiac frequency and blood pres-
sure measurements were performed at all of the time-
points mentioned above, with the exceptions of 3 and
10 min after each exercise test. At each study day, all
patients were staying at the out-patient clinic and super-
vised by the investigators for 12.5 h.

The trial was performed in accordance with the lat-
est amendment of the Declaration of Helsinki, approved
by the Local Ethics Committee (KF 02054/93), and con-
ducted according to the guidelines for Good Clinical
Practice. All children and their parents gave written
informed consent.

Statistical analysis

The main outcome measure was the bronchial response
to exercise 12 h after treatment administration in terms
of maximum percentage decrease in lung function (FEV1)
from the value immediately before exercise (Ex):

% decrease = (preEx - lowest postEx) / preEx x 100

The Wilcoxon-Pratt test for matched pairs was used
to compare the maximum percentage decrease in FEV1
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after different treatments. The central tendency was
depicted by the median value.

An exploratory analysis of FEV1 at every time-point
was also performed. Log-transformation of FEV1 was
performed to secure normal distribution and analysed
by ordinary least squares, taking treatment, patient,
period and log-baseline value into account. Analysis of
covariance (ANCOVA) was carried out using the fol-
lowing model:

log(x)=patient+period+treatment+log (baseline value)

where x is the value of FEV1 at a particular time-point.
The contrasts of treatment differences were tested. Both
intention-to-treat population and secondary population
(those patients who did not take rescue medication and
who completed the whole observation period of 12.5 h
after trial medication) were analysed. A p-value of less
than 0.05 was considered significant.

Results

Age and PIF relationship in children using the Aerolizer®

The PIF rates of the 126 children are presented in fig-
ure 1. The mean achievable PIF through the Aerolizer®
was 104 L-min-!. All children aged >5 yrs, except one,
performed a PIF of >60 L-min’!, and children aged 8 yrs
performed a mean PIF of 120 L-min-!. Therefore, 60 and
120 L-min’! were chosen for the subsequent main trial.

Main study: investigation of flow-dependency

The mean flow rate (+sp) on the days when inhala-
tion of formoterol was aimed at 60 L-min-! (form, )
and on the days when it was aimed at 120 L-min"!
(formy,gy) were 64+9.5 and 125+16.8 L-min-!, respec-
tively. In no case was dry powder left in the capsule
after inhalation.

Two of the 16 patients were not able to inhale with-
in the desired high flow rate range on one occasion each:
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Fig. 1. — Relationship between peak inspiratory flow (PIF) through
the Aerolizer® and age in 126 asymptomatic, asthmatic children aged
3-10 yrs.

one inhaled formoterol at a rate of 82 L-min'! and another
inhaled placebo at a rate of 86 L-min-!; however, they
both emptied the capsules. One patient inhaled formoterol
at a rate of 93 L-min-! when he was scheduled to inhale
at low flow. According to the intention-to-treat princi-
ple, the data from these three patients were included in
the analyses.

The maximum percentage decrease in FEV1 after the
exercise tests 3 and 12 h after inhalation of study med-
ication are illustrated in figure 2a and b, respectively.
Results after placebo are presented as mean values from
low and high inhalation flow, respectively. Three hours
after dosing, the maximum percentage decrease in FEV1
following exercise challenge was without significant
difference between formoterol inhaled at 60 and 120
L-min-!, whereas both formoterol treatments were sig-
nificantly superior to placebo (fig. 2a). Twelve hours
(fig. 2b) after placebo, the median maximum percent-
age decrease in FEV1 (range) was 34 (11-55) %; after
form, oy, 23 (0-58) % (low flow vs placebo: p=0.14);
and after formyg,, 15 (2-67) % (high flow vs placebo:
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Fig. 2. — Maximum percentage decrease in forced expiratory vol-

ume in one second (AFEV1) after exercise in 16 children: a) 3 h; and
b) 12 h after inhalation of placebo, formoterol inhaled at low flow
rate (form,,,) and formoterol inhaled at high flow rate (formyg,).
Medians are indicated by horizontal lines.
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p<0.05). The difference between form,,q, and form, 4,
was not statistically significant.

Seven of the 16 patients experienced a drop in FEV1
of more than 30% at the 12 h exercise test after formyqy.
Four of these were consistently very poorly protected
throughout the study. The remaining three patients were
significantly better protected at the 3 h exercise test.
Seven patients used rescue medication after the first
and/or second exercise challenge on the investigators
discretion on one or more occasions on study days 2-5.
Rescue medication was used by six patients after the
first exercise test when treated with placebo. Two of
these also used rescue when treated with formoterol
inhaled at low flow, and two also when treated with for-
moterol inhaled at high flow rate. Five of the seven
patients also used rescue after the exercise test at 12 h
postinhalation: four used rescue after placebo; two used
rescue after form, o, and formy,gy,; and one used rescue
after formygy,.

The exploratory analysis of FEV1 at every time-point
for the intention-to-treat population showed no differ-
ence at any time-point between form, ., or formyy,.
When comparing formy,g, and placebo, formoterol was
statistically significantly superior to placebo at all time-
points. A similar comparison of form, ., and placebo
showed that formoterol was superior at the first exer-
cise challenge at 3 h and up to and including the 4 h
time-point, but after that point there was no longer a
consistent significant difference. These results were mir-
rored when analysing the secondary population, i.e. those
patients who did not take rescue medication and who
completed the whole observation period of 12.5 h after
trial medication. The time course of FEV1 for the sec-
ondary population is shown in figure 3.

Headache occurred in one patient during placebo treat-
ment. No other adverse events occurred and no partic-
ular patterns concerning pulse rate and blood pressure
were observed.

3.0 1

Time h

Fig. 3. — Time course of mean forced expiratory volume in one sec-
ond (FEV1) values for treatment for the secondary population, i.e.
omitting the patients who took rescue medication after the exercise

test at 3 h. Immediate postexercise values are not shown. —&— :
formy 5y, i.e. formoterol inhaled at 60 L-min'; —O—— : formygy,
i.e. formoterol inhaled at 120 L-min-!; —A : placebo.

Discussion

From our previous study, we know that 12 pug of for-
moterol dry powder inhaled by a vigorous inhalation
through the Aerolizer® affords good protection against
EIA 12 h postinhalation [7]. The present study was des-
igned to reveal any flow-dependency of the formoterol
DPI within the flow range obtainable by schoolchild-
ren. The flow range for this particular device was out-
lined in the preliminary study, and we found a significant
linear age-related PIF performance through the device
in the age interval 3-10 yrs, ranging 35-184 L-min!
with a mean of 104 L-min'!. These flows were deter-
mined as the best of three attempts, which is likely to
overestimate the actual flow performance in clinical
practice. In 6 yr old children the lower -2 sp flow rate
was 54 L-minl.

In the subsequent study of the effect of formoterol
inhaled from the Aerolizer®, we showed that effect is
dependent on the inspiratory flow rate performed through
the Aerolizer®, within the PIF range 60-120 L-min-l,
which is the flow rate relevant to schoolchildren. The
bronchodilating effect from form,,, was not signifi-
cantly different from the placebo effect from 5 h post-
inhalation. In contrast, the effect of formy,,, was significant
for at least 12 h. The effect of formyg, and form, o, did
not differ significantly, although obviously a type 2 error
cannot be excluded.

Such a reduced clinical effect of formoterol at 12 h
postinhalation indicates a suboptimal dispersion of the
dry-powder when inhaled at a low flow rate. This is in
agreement with in vitro measurements showing a reduc-
ed fraction of fine particles when the Aerolizer® is acti-
vated by 40 L-min’! as compared to 80 L-min’!; the mass
median aerodynamic diameter (MMAD) of the aerosol
from the Aerolizer® at the chosen flow rates was marked-
ly different (7.2 and 5.3 pum, respectively) [10]. This cor-
relation between in vitro measurements of fine particle
mass and clinical outcome attests to the usefulness of in
vitro particle measurements for evaluation of clinical
outcome.

Our findings are in contrast to the same study [10]
investigating the influence of two different inspiratory
flow rates through the Aerolizer® on the time-course of
bronchodilatation afforded by salbutamol dry powder
(400 pg) in 16 asthmatic adults. The investigators found
no differences between the time-courses of FEV1 when
salbutamol was inhaled at flows as low as 40 and 80
L-min-! despite differences in MMAD in the in vitro part
of the study. However, a dose of 400 pug salbutamol is
at the plateau of the dose-response relationship, question-
ing the sensitivity of such a study to reveal any flow-
dependency in vivo. In addition these patients were not
challenged with a bronchoconstrictor stimulus, which
reduces the sensitivity to detect differences in treatment
effects. Finally, the flow rates tested in this adult group
of patients tend to be below the flow rates relevant to
children. By adding a bronchoconstrictor challenge at
the end of the expected time-course of action, the flow-
dependency of the Aerolizer® was revealed. The 12 h
time-point was chosen as the end-point, because any dif-
ference in effect is most likely to be revealed when the
effect is marginal.

The set-up was developed to enable studies of the influ-
ence of maximal flow on the clinical effect. A prolonged
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time to reach maximal flow reduces the efficiency of
the aerosolizing property of DPIs [15]. This rise time
varies considerably from one child to another, and could
have confounded the present evaluation of flow-depen-
dency. We therefore shunted the initial rising flow out-
side the device, to ensure that the scheduled inspiratory
flow was studied under optimal conditions. This proce-
dure ensures that the flow under study rises as a step-
function and, therefore, affords optimal circumstances
to the device. Without this precaution, the performance
of the Aerolizer® would be expected to be less effi-
cient. In our previous study [7], the inhalation proce-
dure was more vigorous and without shunting of the
rising part of the flow performance. Despite the differ-
ence in inhalation procedures, the effect against EIA
with respect to formy,gy; was comparable and not sig-
nificantly different at the 12 h time-point in the two
studies.

The results indicate that the highest possible inspira-
tory flow rate should be recommended for inhalation of
formoterol dry powder capsules through the Aerolizer®.
The actual flow performances measured indicate that
such high flow rates may not be consistently achievable
by schoolchildren.

The Aerolizer® is a single-dose, dry powder capsule
inhaler. From our clinical experience, at times: the cap-
sule fails to rotate in the inhalation chamber despite vig-
orous inhalation; the needles get stuck in the capsule,
the capsule gets stuck in the capsule chamber during
inhalation; and the capsule is inadequately pierced or
completely crushed by the needles, all of which lead to
imperfect release of the medication. Other investigators
have also reported on occasional malfunctioning of the
ISF device [16]. It is, therefore, important that patients
always check to see if the capsule is empty, and if not
inhale again to empty completely.

In conclusion, the results of this trial indicate a flow-
dependent effect of formoterol dry powder inhaled from
the Aerolizer®, within the range of inspiratory flow rate
obtainable in schoolchildren, which questions its applic-
ability in children.
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