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Abstract: Background: Pseudomonas aeruginosa (Pa) is the predominant pulmonary
pathogen in persons with Cystic Fibrosis (CF). Nebulization with tobramycin or colistin is
mostly applied but has a significant treatment burden. Dry powder (DP) inhalation may
offer an attractive alternative. The aim of this study was to assess local tolerability and
the systemic pharmacokinetic parameters of increasing doses of dry powder tobramycin.
Methods: This was a local tolerability and pharmacokinetic evaluation pilot study DP
tobramycin of three different doses inhaled through the Cyclops (30, 60, 120 mg) in ten per-
sons with CF, aged 6-18 years, compared to nebulization of tobramycin solution. Results:
Both nebulization of tobramycin in solution and inhalation of dry powder tobramycin were
well tolerated. None of the participants showed a significant drop in FEV; after inhalation.
The only two adverse events were cough and bad taste in, respectively, 20% and 13% of
all inhalations, compared to 10% cough and 60% bad taste with nebulization. Systemic
tobramycin levels were not detected after 30 mg, detected only in 10% after 60 mg and in
30% after 120 mg, compared to 80% after nebulization. Conclusions: Inhalation of dry
powder tobramycin using the Cyclops is well tolerated, with no significant drop in FEV1,
and only mild adverse events of cough and bad taste. We found only a few detectable
systemic tobramycin levels after inhalation of dry powder tobramycin. We recommend that
future studies should focus on the relation between dose and inhaler resistance in different
pediatric age groups.
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1. Introduction

Cystic Fibrosis (CF) is a chronic progressive disorder and the most common life-
shortening autosomal recessive disease among Caucasian populations [1]. Pseudomonas
aeruginosa (Pa) is associated with an increased number of exacerbations and accelerated
loss of lung function, leading to increased morbidity and mortality [2-5]. The prevalence of
Pa increases with age: around 35% of persons with CF (PwCF) have a chronic Pa infection
by their early twenties [6,7]. Preventing, limiting and treating (chronic) infection with Pa is
therefore crucial in the management of CF, because this is likely to improve survival and
quality of life.

Since the introduction of CFTR modulator therapies, the bacterial burden of typical
CF pathogens may change in time. However, ivacaftor therapy in PwCF and G551D-CFTR
mutations resulted in a reduction in sputum Pa, but none of the subjects eradicated their Pa
and, after the first year, Pa densities rebounded [8]. Moreover, for individuals with rarer CF
mutations, CFTR modulator therapies are not available to date and some patients may not
tolerate or respond to CFTR modulator therapy [9]. Thus, monitoring of microbiology and
optimization of antimicrobial therapy remains important in the treatment of CF.

Current treatment guidelines for PwWCF with a Pa infection recommend antibiotic
inhalation therapy with tobramycin, colistin, levofloxacin or aztreonam, regularly combined
with oral macrolides [10,11]. All of these inhaled antibiotics are equally effective for
treatment of chronic Pa infection in PwCF [12], with a recent Cochrane review concluding
that the best evidence available is for tobramycin [13]. Inhaled tobramycin has been shown
to be effective in eradication of early Pa infection in children with CF. Inhaled tobramycin
improves lung function, reduces hospitalization rates and improves quality of life in
patients with CF with chronic Pa infection [14-18]. Pulmonary administered antibiotics
have the advantage of facilitating high drug concentrations at the target site in the lung,
while minimizing systemic exposure and toxicity [19].

The most frequently investigated and applied method of pulmonary administration
of antibiotics is nebulization [19-23]. Although effective, this nebulization technique
for inhalation of antibiotics in solution is a complex and time-consuming burden to pa-
tients [19,23]. Administration time per dose is approximately 10-15 min, with additional
time for cleaning and sterilization [19,24]. In addition, nebulizers require space and an
external power source, which can be problematic during traveling. This may negatively
influence adherence, thereby limiting treatment efficacy in real life settings [25]. Further-
more, nebulization brings the risk of auto-re-infection of the patient (contamination of
nebulization fluid and/or device) [26-28]. Inhalation of antibiotics as dry powder can be
an interesting alternative, as it has several advantages over nebulization, such as shorter
administration time, higher stability than solutions needed for nebulization, in general,
and the lack of requirement of a power source, making it simple and more easy to carry
on [29,30].

A relatively new dry powder inhaler is the Cyclops, which is a high-dose disposable
dry powder inhaler (DPI) and its combination with colistin has currently an orphan drug
status according to the EMA and FDA [31-33]. Dry powder tobramycin inhalation via
the Cyclops was well tolerated in adults with non-CF bronchiectasis [33]. Moreover, the
predecessor of the Cyclops, the Twincer, was preferred above nebulization among a group
of adult PwCF with an average adherence of 92.5% [29]. DPIs can also be used in children
with CF from the age of 5 years and older [34]. Dosages in adults are probably not applicable
to children, since there are age-dependent variations in the anatomy of the airways [35,36],
which may affect pulmonary deposition. Also, the inhalation pattern differs between adults
and children. The peak inspiratory flow rate and the inhalation volume of children is lower
than in adults, and inhalation time is shorter [36,37].
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Therefore, the aim of this study was to assess local tolerability and the systemic
pharmacokinetic parameters of increasing doses of dry powder tobramycin administered
using the Cyclops in children between 6 and 18 years in comparison to nebulization of
tobramycin solution.

2. Materials and Methods
2.1. Study Design and Participants

This study was a multicenter, single ascending study with ten PwCF, aged between
6 and 18. The study was initiated at the CF Center of the University Medical Center
Groningen (UMCG). Study participants were recruited via the CF outpatient clinics of the
UMCG and the Radboud University Medical Center in Nijmegen. Participants nebulized
tobramycin solution in a dose of 300 mg and tobramycin dry powder per inhalation using
the Cyclops in single doses starting with 30 mg and ascending to 60 mg and 120 mg
with a wash-out period between doses of at least 7 days. In and exclusion criteria are
listed in Table 1. Participants already on treatment with tobramycin inhalations had their
study visits in the month when they were off tobramycin with at least 72 h after the last
tobramycin inhalation. The study protocol was approved by the Dutch Central Committee
on Research involving Human Subjects (CCMO) under protocol number NL60250.000.17.
Children of 12 years and older and all parents provided written informed consent. The
study was registered at www.clinicaltrials.gov (NCT03485456).

Table 1. Inclusion and exclusion criteria.

- Clinical diagnosis of CF and a
positive sweat test or two CF-causing
mutations

- Age6-18 years

- Ability to breathe through a

Inclusion criteria mouthpiece and use the Cyclops

- Ability to perform pulmonary
function tests reliably and
reproducibly

- Written informed consent (child
and/or parents)

- Acute exacerbation of pulmonary
infection

- FEV; < 60%

- Subjects with known or suspected
renal, auditory, vestibular of
neuromuscular dysfunction, or with
severe, active hemoptysis

Exclusion criteria - History of adverse events on
previous tobramycin or other
aminoglycoside use

- No concurrent use of cisplatin,
cyclosporine, amphotericin B,
cephalosporins, polymyxins,
vancomycin and NSAID’s

2.2. Study Drugs

For nebulization, tobramycin solution for inhalation (Tobramycin Steri-Neb, 300 mg/5 mL,

Brocacef BV, Maarssen, The Netherlands) was used at a dose of 300 mg, which is the li-
censed dose in children with CF. The nebulized tobramycin was administered via the
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PARI LC Plus nebulizer with a PortaNeb compressor. For the dry powder formulation of
tobramycin, tobramycin base was obtained from Spruyt Hillen BV (IJsselstein, The Nether-
lands) and spray dried at the Martini Hospital Pharmacy (Groningen, The Netherlands),
following previously described procedures [33]. Each prototype Cyclops contained a blister
with a nominal dose of 30 mg tobramycin; the 60 and 120 mg doses were administered
as, respectively, 2 and 4 successive inhalations with 30 mg of tobramycin. The doses were
chosen based on a theoretical deposition efficiency of the Cyclops (in vitro study results)
and the number of doses (1-2-4) that could be inhaled without becoming too much of a
burden for the child. The formulation and inhaler are extensively described elsewhere,
including its dispersion performance [33]. In summary, the dose compartment of Cyclops
was hand-filled with 30 mg of pure spray dried tobramycin base to which 20 mg of a coarse
lactose sieve fraction was added to enhance dose emission. The prototype Cyclops has a
resistance to airflow of 0.06 kPa’>-min-Ln~!, which corresponds to an inhalation flow rate
of around 36 L/min at a pressure drop of 4 kPa. At this flow rate, the inhalable fine particle
fraction < 5 um of the emitted aerosol measured by laser diffraction technique is around
85-90% [33].

2.3. Inhalation Instruction

The study participants received both instructions on how to nebulize and how to
handle the Cyclops for an optimal inhalation maneuver [33,38]. Nebulization was con-
tinued until the nebulizer began to sputter. When a participant started to cough during
nebulization, the machine was turned off briefly and restarted after the coughing stopped.
Instruction and training were conducted using an empty prototype Cyclops connected
to a laptop, with in-house developed software application (labVIEW, National Instru-
ments, Groningen, The Netherlands) for recording and processing of flow curves generated
through the device. A Cyclops containing tobramycin was handed to the participant, only
when consistent flow curves meeting the criteria for optimal inhaler performance was
obtained. Inspiratory flow parameters were recorded during each drug administration.

2.4. Local Tolerability

The primary objective was to assess local tolerability of dry powder tobramycin
inhaled by the Cyclops, compared to nebulization of tobramycin. Local tolerability was
assessed by spirometry, combined with active questioning and passive monitoring of
adverse events. The Microlab MK8 spirometer (CareFusion, Hoechberg, Germany) was
used. Spirometry was performed before inhalation (T0) and 15 (T1), 30 (T2) and 90 (T3)
minutes after inhalation. A drop in FEV; of 10% or more compared to baseline FEV;
was considered clinically relevant. Active questioning for adverse events was performed
directly after tobramycin inhalation and every time a blood sample was drawn. Possible
adverse events asked for were cough, bad taste, hoarseness, expectoration, throat pain,
dyspnea, nausea, tinnitus or other symptoms.

2.5. Systemic Exposure

The secondary objectives were to assess the systemic exposure of tobramycin and
measurement of inspiratory flow parameters. To determine the pharmacokinetic analysis,
blood samples were collected after nebulization and inhalation with a finger prick for
dried blood spot (DBS). Samples were collected using Whatman 903® filter paper and BD
microtainer® automated lancets for finger prick sampling as described earlier [39]. Careful
instruction was given to clean the hands before blood was taken to avoid contamination
with tobramycin. Samples were taken 1, 2, 4, 6 and 8-12 h after inhalation (between 8 and 12
h depending on the participant’s bedtime). The DBS were dried for approximately 24-48 h
in open air and afterwards stored at —25 degrees Celsius until analysis. Tobramycin was
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measured in the DBS using a validated liquid chromatography-tandem mass spectrometry
method, performed in the laboratory of the hospital pharmacy of the University Medical
Center Utrecht. The lower limit of quantitation (LLOQ) of tobramycin in the DBS was
0.1 ug/mL. If applicable, the first tobramycin concentration below the LLOQ preceding
(absorption phase) or following (elimination phase) a value above the LLOQ was considered
to be 50% of this LLOQ for pharmacokinetic calculations. Any earlier time points with
results below the LLOQ in the absorption phase or later time points below the LLOQ in
the elimination phase were treated as missing values. The area under the concentration
time curve from t = 0 to t = 8-12 h (AUC_g,12) was calculated by the log-linear trapezoidal
rule using the KinFIT function in the pharmacokinetic software package MW /Pharm
(Mediware, Groningen, The Netherlands). The maximum serum concentration (Cpax) was
read from the measured tobramycin concentrations.

2.6. Delivered Dose

The delivered dose with nebulization was calculated from the loading dose of 300 mg
of tobramycin in the nebulizer minus the residue of tobramycin in the nebulizer after
nebulization. The delivered dose with inhalation was computed from the weighed dose
of the blisters and the inhaler residue determined by chemical analysis. We used a 2,4,6-
Trinitrobenzene Sulfonic Acid (TNBSA) assay to chemically quantify the amount of to-
bramycin retained in the Cyclops DPlIs.

2.7. Pressure Drop of the Cyclops

A differential pressure gauge (Sitrans P250, Siemens, Miinchen, Germany) was used to
measure the pressure drops generated across the inhaler, after prior pressure drop versus
flow rate calibration with a thermal mass flow meter (Brooks Smart Mass Flow Meter
58635, Hatfield, PA, USA). Inhaler instrumentation was performed without changing the
inhaler resistance or interfering with the aerosol delivery. During drug administration,
the inspiratory flow rate was recorded to ascertain that the participants generated a 4 kPa
pressure drop—corresponding with the target flow rate of 34 L/min. When it seemed that
inhalation would be below the required flow rate, participants were encouraged to inhale
more forcefully.

3. Results

Between 2018 and 2020, a total of 38 PwCF were approached to participate in the study,
of whom 11 persons consented to participate (Figure 1). One of the enrolled persons was
later excluded due to an ongoing CF exacerbation. Reasons for the other 27 PwCF not to
participate included ‘too time-intensive study’ (17 times), ‘needle phobia’ (6 times) and ‘no
unnecessary antibiotic use’ (4 times).

Baseline clinical characteristics of the ten participants who completed the study are
displayed in Table 2. The mean age (range) was 11.5 (7.4-17.6) years old. One of the
participants had used inhaled dry powder tobramycin (Podhaler) prior to the start of the
study, and eight had used nebulization of tobramycin in solution. Training of performing a
correct inhalation maneuver was successful in all participants.
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Approached: 38 patients

Enrolled: 11 patients

Participated: 10 patients

Figure 1. Study flowchart.

Table 2. Patient characteristics.

Declined: 27 patients
- Too time-intensive study (17)
- Needle phobia (6)

- No unnecessary antibiotic use (4)

Excluded: 1 patient
(CF exacerbation, followed by too low
lung function)

Sex, n (%)
Male
Female

6 (60.0)
4(40.0)

Age in years, mean (range)

11.5 (7.4-17.6)

BMI, mean (range)

18.0 (13.8-24.3)

CFTR mutation, n (%)

Homozygote_Phe508del 6 (60.0)
Heterozygote_Phe508del 4 (40.0)
Other -
Comorbidities, n (%)

Cystic fibrosis-related diabetes (CFRD) 2 (20.0)
Cystic fibrosis-related liver disease (CFLD) 3 (30.0)
Pancreas insufficiency 7 (70.0)
Osteoporosis 1(10.0)

Forced Expiratory Volume in one second

Percentage of predicted, mean

(range, +SD)

94.0 (78.0-121.0, £15.3)

Absolute (litres), mean (range, +SD) 2.1 (1.3-3.0, +0.6)

Coinfection with pathogens, 1 (%)

Pseudomonas aeruginosa

Chronic

Intermittent

Free

Never
Staphylococcus Aureus
Haemophilus Influenza
Streptococcus Pneumoniae
Aspergillus
Acinetobacter

Stenotrophomonas Maltophilia

Burkhholderia

Non-tuberculosis Mycobacteria

1(10.0)
0
3 (30.0)
6 (60.0)
7 (70.0)
1(10.0)
0
2 (20.0)
1(10.0)
1(10.0)
0
0
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3.1. Tolerability

Both nebulization of tobramycin in solution and inhalation of dry powder tobramycin
were well tolerated (Table 3). None of the participants showed a significant drop in FEV;
of 10% or more compared to baseline FEV, neither for nebulization nor for all doses of the
DPI (Figure 2). After nebulization, the maximal drop in FEV; was 9% in one participant
after 90 min. The maximal measured FEV; drop after inhalation (120 mg tobramycin dry
powder) was 8% in one patient, also 90 min after inhalation.

Table 3. Local tolerability.

Nebulization
300 mg DPI 30 mg DPI 60 mg DPI 120 mg
Maximal drop in o o o o
FEV in %pred 9% 7% 6% 8%
Median drop in FEV;
in %pred (range) 0(0to —9) —2(0to —7) —1.5(0to —6) —0.5(0to —8)
Mean delta FEV; in
%pred(range) 05(—9to+7) —1.8 (=7 to +6) —0.9 (—6 to +5) 0.2(—8to+7)
Cough 1/10 2/10 2/10 2/10
Bad taste 6/10 1/10 1/10 2/10
Inhalation
@ Nebulization
+10.0 © DPI30mg
© DPI 60 mg
@ DPI 120 mg

+5.0 4

Delta FEV,

-5.0

L]

-10.0

Figure 2. Delta FEV1 per time point on the different study days.

Bad taste and cough were the only two reported adverse events. Evaluating all three
different doses of dry powder tobramycin, three out of ten participants reported cough, one
participant reported cough after all three doses of dry powder, one participant complained
of cough after the dry powder doses of 60 mg and 120 mg and one participant reported
cough only after the first dose of 30 mg but did not mention cough after inhalation of the
higher dosages. Thus, cough was reported in 20% of inhalations. All cough events were
transient and reported to be mild in intensity. Bad taste after inhalation was reported by
two participants four times in total (13%), with one participant having a bad taste after
all three dosages and one only after the highest dose (120 mg). After nebulization, one
participant reported cough and six of the ten participants (60%) complained of bad taste.
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3.2. Pharmacokinetic Analysis

The pharmacokinetic parameters investigated are summarized in Table 4. For to-
bramycin nebulization of 300 mg, an average Cmax of 0.42 mg/L was found, with an AUCg_g
of 1.30 mg-h/L. After inhalation of 30 mg tobramycin, concentrations of tobramycin were
below the lower limit of quantitation in all participants. Inhalation of 60 mg tobramycin
resulted in one patient with measurable tobramycin levels, whereas inhalation of 120 mg
tobramycin resulted in three patients with measurable tobramycin levels. See Figure 3 for
the PK profile curves per inhalation.

Table 4. Delivered dose and pharmacokinetic parameters.

Nebulization 300 mg DPI 30 mg DPI 60 mg DPI 120 mg
Mean delivered dose, in 134.8 161 301 795
mg
Delivered dose min-max, 63.6-170.9 11.1-25.8 12.8-49.1 54.0-83.9
m mg
Delivered dose 25-75th 77.8-151.9 13.5-18.3 213-352 57.4-839
percentile
045 1.00 + 0.62
AUCp_g (hmg/L) 1.30 + 1.34 Not detectable (1/10 patients) (3/10 patients)
0.19 045 + 0.37
Chax (mg/L), £SD 0.42 +£0.33 Not detectable (1/10 patients) (3/10 patients)

300 mg nebulisation

12 4 ==@==patient 1

=@=patient 2
patient 3
patient 4

«=@==patient 5

=@ patient 6

concentration (mg/L)

e=@==atient 7

==@=patient 8

«—@==patient 9

Time after start =@==patient 10
nebulisation (h)

()
30 mg DPI

=—@—patient 1
—— i

08 patient 2

patient 3

0.6 patient 4
il i

04 patient 5

==@—patient 6

concentration (mg/L)

0.2 ==@u=patient 7

== patient 8

0 ® g ® ® ®

0 2 4 6 8 @ patient 9

Time after inhalation (h) === patient 10

(b)

Figure 3. Cont.
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60 mg DPI

—@— patient 1

—&— patient 2

=]
0

patient 3

o
)

patient 4

—8— patient 5

o
IS

—&— patient 6

—@— patient 7

Concentration (mg/L)

=]
(]

—&— patient 8

0 rS s * @ ® —®—patient9
0 2 4 6 8

—@— patient 10
Time after inhalation (h)

(c)
120 mg DPI

=—@=—=patient 1

o
)

==@==patient 2

patient 3

o
o

patient 4

e
>

==@==patient 5

=—@==patient 6

Concentration (mg/L)

o
)

—@==patient 7

==@u=patient 8

o
<
L

a4 6 8 ==@==patient9

o
~

Time after inhalation (h) —@=—patient 10

(d)
Figure 3. (a—d) PK profile curves per inhalation. (a) PK profile curves per participant with 300 mg
nebulization of tobramycin. (b) PK profile curves per participant with 30 mg inhalation of dry powder

tobramycin. (c) PK profile curves per participant with 60 mg inhalation of dry powder tobramycin.
(d) PK profile curves per participant with 120 mg inhalation of dry powder tobramycin.

Large inter-individual differences of the measured delivered dose were observed (see
Table 4). For nebulization, the mean delivered fraction of the dose was 40.0% (median
delivered dose 134.8 mg; range 63.6-170.9 mg). The mean emitted fraction of the different
doses of dry powder tobramycin was 57%.

3.3. Recording of Inspiratory Flow

Table 5 shows the characteristics measured through the recording of the inspiratory
flow curves. Nine out of ten patients generated a pressure drop of >4 kPa, corresponding
with the target flow rate of 34 L/min. Recorded flow curves on the fourth visit (DPI 120 mg)
gave a mean pressure drop of all patients of 4.73 kPa. Only one patient did not achieve the
targeted pressure drop, with a mean pressure drop over all inhalations of 3.3 kPa.

Table 5. Recording of inspiratory flow curves.

Inhalation Dry Powder Tobramycin 120 mg

Inhaled total volume, in liters, median (min-max) 0.65 (0.49-1.64)
Pressure drop, in kPa, mean (SD) 4.73 (£0.71)
Total inspiration time, in seconds, median (min-max) 1.79 (+1.48-4.28)

4. Discussion

The aim of this study was to investigate the local tolerability and pharmacokinetic
evaluation of increasing doses of dry powder tobramycin using the prototype Cyclops in
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children with CF and compare these to nebulized tobramycin in solution. Inhalation of
dry powder tobramycin was well tolerated. None of the participants showed a significant
drop in FEV; > 10% and the prevalence of adverse events using dry powder inhalation of
tobramycin was low. Systemic tobramycin levels were not detected in participants after
30 mg; they were detected in only 10% of the participants after 60 mg and in 30% after 120
mg, compared to 80% after nebulization.

The fact that none of the participants showed a drop of FEV; > 10% compared to
baseline FEV after inhalation is remarkable. Geller reported an incidence of 11% of patients
with a drop in FEV; > 10% after inhalation with TOBI® Podhaler® [40]. In the EAGER
trial, a drop in FEV; > 20% compared to baseline was found in 5.2% of patients in the
Podhaler group [24]. Also, after nebulization, no significant FEV; drop was found in our
study, whereas other studies showed incidences of 5.3% and 10% [24,40]. After inhalation
of dry powder tobramycin, the percentage of cough was 20% in this study, which is similar
to the percentage of cough found in the study of Geller (20%, 13/66). In the EAGER trial,
48.4% of the participants reported cough after inhalation of dry powder tobramycin [24].
The experience of bad taste among participants in our study was lower after inhalation
(13%). In the study of Geller, 17% of the participants complained of bad taste after dry
powder inhalation [40].

In our study, systemic tobramycin levels were detected in only 1 participant out of
10 after inhalation of 60 mg dry powder tobramycin and in 3 participants after 120 mg,
compared to in 8 participants after nebulization. Another study applying dry powder
inhalation of tobramycin (both in children and adults; 7-50 years of age) showed nearly
identical Cpax and AUC for 300 mg tobramycin nebulization compared to 4 x 28 mg
tobramycin dry powder inhalation [40]. They even found measurable tobramycin con-
centrations at their lowest dose of 2 x 14 mg of dry powder tobramycin (with an LLOQ
of serum tobramycin of 0.05 mg/L, instead of the 0.1 mg/L we used). In addition, in an
adult population with non-CF bronchiectasis, tobramycin powder inhaled via the Cyclops
showed serum tobramycin concentrations that were above the limit of detection with doses
of 30 mg (mean serum tobramycin concentration of 0.105 mg/L) [33]. However, also in that
study, the Cax values of dry powder tobramycin were lower compared to studies with the
Podhaler in CF patients and healthy volunteers.

The limited systemic availability of tobramycin after inhalation in this study is difficult
to explain due to lack of data on deposition of the inhaled tobramycin. For higher emitted
doses, an optimal inspiratory flow rate, the inhaled volume and the inspiration time are
important [31]. Furthermore, extrathoracic deposition tends to be higher in children com-
pared to adults [41]. Deposition in the oropharynx probably does not lead to contributing
absorption into the systemic circulation, as tobramycin will be swallowed and hardly
any absorption takes place from the gastrointestinal tract into the blood [42,43]. A study
investigating the requirements for a pediatric dry powder inhaler showed high incidence of
obstructions in the oral cavity during inhalation (up to 90%) observed with a sinuscope [44].
In our study, we observed a relatively large retention of tobramycin after inhalation. Also,
the computed inhaled volumes in this study are relatively low, ranging from 0.42 to 1.71 L
(measured with DPI 120 mg), which was on average 33% of the FVC. However, the one
patient who did not reach the targeted pressure drop of >4 kPa, with also a rather short
inspiration time (1.8 s) and low inhaled volume (0.49 L) (all leading to possible poor lung
deposition) had the highest measurable Cp,x and AUC of all patients after inhalation of
120 mg dry powder tobramycin. Another possible reason for the pharmacokinetic findings
could lie in the storage and analysis of the DBS. However, a stability analysis to assess the
degradation of tobramycin on DBS at room temperature was performed. This showed a
degradation of 11% at a mean storage of 36 h at room temperature and thus is not expected
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to contribute to significant differences. Furthermore, the storage of the DBS in the freezer
was not expected to yield any negative effect, since stored tobramycin in DBS is very stable
in the freezer [45].

Our study is one of the very few pharmacokinetic evaluation studies of dry powder
inhalation in children and has strengths and limitations. The number of participants was
limited to only ten, but previous studies with this number of subjects demonstrated that
this sample size is adequate to address our research question [33,38,40,46,47]. Next to
that, the age range for participants from 6 to 18 years is very broad. Due to differences in
anatomy, it is probably better to choose for a smaller range, though this study still provides
valuable information. Moreover, we did not collect data on extrathoracic and intrathoracic
deposition, which would be of high interest to include in future studies.

Finally, our study also raised an important issue: how to investigate drug concen-
trations at the site of infection in the lung. We may have to reconsider the necessity to
measure the systemic pharmacokinetic parameters for inhaled antibiotics or even use it
for bioequivalence as systemic exposure is not predictive of clinical efficacy. Furthermore,
sputum concentrations, which have been used frequently in the past, are highly variable
and therefore not sufficiently reliable for pharmacokinetic investigations [48]. Thus, studies
with clinical endpoints rather than pharmacokinetic proxy measures should be considered,
yet costly to perform in an academic setting.

5. Conclusions

This study demonstrates that inhalation of dry powder tobramycin using the prototype
Cyclops is well tolerated, with no significant drop in FEVy, and only mild adverse events
of cough and bad taste. We observed only a few detectable systemic tobramycin levels after
inhalation of dry powder tobramycin. We recommend that future studies should focus on
the relation between dose and inhaler resistance in different pediatric age groups.
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