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ABSTRACT

Introduction: Personalized therapy for patients
with COPD requires appropriate choice of drug
and delivery device. Inhalers and nebulizers
vary in their drug delivery characteristics, par-
ticularly the need for passive or active patient
inhalation for appropriate drug dispersal and
delivery. In this in vitro analysis, we assessed
the aerosol performance and drug delivery of
two long-acting muscarinic antagonists, gly-
copyrrolate (GLY; 25 lg solution; 1 ml) and
tiotropium (TIO; 18 lg powder) through their
respective delivery systems: the eFlow� Closed
System (CS) vibrating membrane nebulizer and
the HandiHaler� dry-powder inhaler (DPI).
Methods: The aerosol performances of the
eFlow� CS nebulizer and the HandiHaler� were
determined using the Next Generation cascade
Impactor. The delivered dose of GLY and TIO
was determined using different breathing pat-
terns, which varied in tidal volume and peak
inspiratory flow rate, respectively, to simulate

breathing conditions ranging from normal to
severe obstruction.
Results: Aerodynamic particle analysis showed
generally similar mass median aerodynamic
diameter (MMAD, range, 3.6–4.6 lm) and fine
particle fraction (FPF, range, 48.2%–63.7%) with
GLY delivered using the eFlow� CS nebulizer
under all breathing patterns tested. TIO, deliv-
ered via the HandiHaler�, showed variations in
MMAD (range, 3.8–5.8 lm) and FPF (range,
16.1%–32.4%) under different inspiratory flow
rates. The majority of GLY was deposited in
stages 2–5 of the impactor, which corresponds
with particle sizes in the respirable range
(\5 lm), whereas a large proportion of TIO was
deposited in the throat/mouthpiece pre-separa-
tor, irrespective of test conditions. The median
residual dose of GLY with eFlow� CS was
notably lower compared to that of TIO with
HandiHaler� (2.4%–4.4% vs. 40%–67%,
respectively).
Conclusions: These simulation results high-
light the different deposition patterns generated
by a DPI device and a vibrating membrane
nebulizer, which may help inform device
selection and treatment decision in COPD
management.
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Key Summary Points

Recent treatment strategies have strongly
suggested the need for personalized
selection of a drug-delivery device based
on individual patient characteristics, as
well as appropriate patient training, to
ensure optimal management of COPD.

In this in vitro study, we assess the
differences between the HandiHaler� dry-
powder inhaler and the eFlow� closed
system vibrating membrane nebulizer
delivering tiotropium and glycopyrrolate,
respectively, using different breathing
simulations designed to resemble
variations in patient breathing patterns.

Delivery of glycopyrrolate using the
eFlow� closed system nebulizer resulted
in consistent drug particle mass within
the respirable range (MMAD\ 5 lm),
high rate of particle delivery, and majority
deposition of drug particles within the
later stages of the Next Generation
cascade Impactor (NGI) under all tidal
breathing patterns tested.

Delivery of tiotropium using the
HandiHaler� dry-powder inhaler showed
variability of drug particle mass, lower rate
of particle delivery, and high proportion
of drug deposition within the USP throat
section of the NGI under different peak
inspiratory flow rates.

This analysis highlights differences
between the eFlow� closed system
nebulizer and the HandiHaler� dry
powder inhaler in the in vitro delivery of
drugs under different, patient-dependent
breathing variables, which may help
inform clinicians on appropriate device
selection for their COPD patients.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD)
is one of the most common pulmonary diseases
in the United States and globally [1–3]. COPD is
most commonly treated by inhalation of bron-
chodilators, with or without corticosteroids [1].
Inhalation is the preferred route of drug delivery
in COPD, reducing the likelihood of adverse
events due to lower systemic exposure to the
active agents. Therapeutic agents may be deliv-
ered by a variety of inhalation devices/systems,
including pressurized metered-dose inhalers
(pMDI), dry powder inhalers (DPI), soft mist
inhalers (SMI), or nebulizer systems [4, 5]. Recent
treatment strategies have strongly suggested the
need for personalized selection of drug-delivery
devices based on individual patient characteris-
tics, as well as appropriate patient training, to
ensure optimal management of COPD [1, 4–7].
Despite numerous advances in inhaler tech-
nologies, user error rates have remainedhigh and
unchanged over decades [8]. Incorrect use of
inhaler devices can lead to errors that prevent
effective drug delivery to the lungs, which is
associated with non-adherence, poor disease
management [9], and increased healthcare uti-
lization cost [10]. Multiple factors have been
identified that lead to errors in device use, some
related to the device and some related to the
patient [9, 11]. Further, patients are often not
adequately trained by their healthcare providers
in the correct use of their inhalation devices. In
an online survey of 205 pulmonologists, only a
small fraction were very knowledgeable in
teaching patients how to use (43%) or clean and
maintain (22%) inhaler devices [12].

Commonly used inhaler devices (pMDIs,
SMIs, DPIs, and nebulizers) vary in their mecha-
nisms of drug delivery and administration tech-
nique [4, 5]. DPIs require active, patient-
dependent airflow generation to draw the pow-
der out of the device and create a disaggregated,
breathable aerosol plume that will enter the
lungs rather than impact in the mouth and
throat [4]. In contrast, drug delivery with a neb-
ulizer is a relatively passive process from the
patient’s perspective, as the energy required for
aerosol generation comes from external sources
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such as compressed air or a vibrating membrane;
it is important to note that nebulization still
requires the patient to actively inhale, and thus
the process can be considered somewhat active,
dependingon thenebulizer device and resistance
[4, 13]. For effective DPI use, patients need to
generate sufficient peak inspiratory flow (PIF) to
overcome the unique internal resistance of the
device in order to disaggregate and disperse the
drug [14, 15]. Drug particle characteristics with a
DPI are highly dependent on flow rate through
the device, and even devices with low internal
resistance, such as the Breezhaler� (Novartis,
East Hanover, New Jersey), produce a reduced
fine particle fraction (FPF) with low flow rates
[16]. Many factors, including inability to breath
hold for several seconds, physical or cognitive
impairments and suboptimal PIF, may lead to
reduced drug delivery and impaired treatment
efficacy; all of which may be more common
among elderly patients [4, 15, 17]. In such
patients, SMIs, pMDI with spacers, and nebuliz-
ers are viable options; however, SMIs require
some coordination between actuation and
inhalation [4–6] and error rates with pMDI
actuation can reduce drug deposition despite the
use of spacers [18]. Nebulizers are a good alter-
native in these patients as they produce a fine
mist and use tidal breathing to deliver the med-
ication, thereby circumventing PIF constraints
[19].

Patient characteristics, such as tidal volume,
PIF, anatomy of the lungs and inhalation pattern
may affect drug deposition in the lower respira-
tory tract versus the upper airway and oropha-
ryngeal cavity, which impacts treatment efficacy
and safety [4–6, 13]. In addition, aerosol proper-
ties such as particle size (assessed bymassmedian
aerodynamic diameter [MMAD]: the diameter at
which 50% of the particles bymass are larger and
50% are smaller) affect deposition. Aerosol par-
ticles\ 5 lm have the greatest deposition in the
lungs; particles[ 5 lmaremore likely to deposit
in the oropharynx and are swallowed. Deposi-
tion is also a function of dispersion of particle
diameter (assessed by geometric standard devia-
tion [GSD]: the measure of the spread of the
aerodynamic particle size distribution) and fine
particle levels (assessed by fine particle dose
[FPD]: themass of particles\5 lm in size within

the total delivered dose; FPF: the FPD, expressed
as a percentage of the delivered dose).
AGSD C 1.22 is ideal for delivery throughout the
lungs; most therapeutic aerosols have a GSD
between 2 and 3 [13, 20].

In light of the increase in handling errors
with age and disease severity in patients using
various devices [18, 21–23], it is important to
study the drug delivery properties of different
devices under varying breathing conditions.
Long-acting muscarinic antagonists (LAMAs)
are bronchodilators that are widely used alone
or in combination with long-acting b2-agonists,
with or without inhaled corticosteroids. In this
study, we compared the in vitro aerosol and
drug-delivery properties of two LAMAs, deliv-
ered using different devices: tiotropium (TIO)
delivered using the HandiHaler� DPI (18 lg
powder in single-use capsules; SPIRIVA� Han-
diHaler�, Boehringer Ingelheim Pharmaceuti-
cals, Ridgefield, CT, USA), one of the most
commonly prescribed DPIs, [24] and glycopy-
rrolate (GLY, 25 lg/ml in 1-ml single-use vials;
LONHALA�, Sunovion Pharmaceuticals, Inc.,
Marlborough, MA, USA) delivered using the
eFlow� Closed System (CS) (MAGNAIR�; PARI
Pharma GmbH; Starnberg, Germany), a vibrat-
ing membrane nebulizer [25, 26]. It is to be
noted that the HandiHaler� is a high-resistance
device and may not be suited for patients who
cannot generate high PIF (e.g., in cases of
COPD); [14] GLY delivered by the eFlow� CS
may be an alternative for patients with low PIF
who prefer a LAMA-based inhalation therapy.

Prior comparisons of inhaler devices have
been performed and showed differences between
inhalers [27–31], but comparisons of the aerosol
performance and drug deposition with nebuliz-
ers are limited. In addition, the previous analysis
of the aerosol performance and drug deposition
of GLY delivered using the eFlow� CS nebulizer
assessed characteristics at constant flow or a sin-
gle tidal volume, consistentwithnormal patients
[32]. The current in vitro study was designed to
assess the differences between a DPI and a
vibrating membrane nebulizer system, deliver-
ing two LAMAs, using different breathing pat-
terns in a Next Generation cascade Impactor
(NGI) system. The in vitro conditions tested in
this study were designed to resemble breathing
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patterns or PIF variations frequently observed in
patients with COPD. In addition, these analyses
aimed to extend the observations on aerosol
properties of GLY delivered using the eFlow� CS
nebulizer, under simulated condition to mimic
the range of breathing patterns observed among
COPD patients.

METHODS

Aerosol Performance Characterization

For each device type, three unique devices were
used (three eFlow� CS nebulizers and three
HandiHaler� DPIs) and three replicate mea-
surements were made for each breathing pat-
tern or flow rate in each device (a total of nine
replicates per breathing pattern or flow rate
across the three devices). All analyses were per-
formed between January and May 2019 at PPD�
Laboratories (Middleton, WI, USA).

The aerosol performance of the eFlow� CS
nebulizer was determined by particle size dis-
tribution via NGI and delivered dose using a
breathing simulator with three different
breathing patterns (Table 1). The aerosol per-
formance of the HandiHaler� was determined
by particle size distribution via NGI and

delivered dose analysis at three different con-
stant flow rates.

This study is based on in vitro data and does
not contain any studies with humanparticipants
or animals performed by any of the authors.

Aerodynamic Size Distribution by NGI
eFlow� CS Nebulizer The aerodynamic parti-
cle size distribution was determined using an
NGI, USP induction port, NGI collection cups,
breathing simulator (Copley BRS 2100), mixing
inlet, and compressed air inlet manifold (all
from Copley Scientific Ltd, Colwick, Notting-
ham, United Kingdom). The USP induction port
model was used for the in vitro testing because
it was used throughout the development of
Lonhala� Magnair� and is the USP standard for
aerosol testing (USP\601[). For the GLY
delivery test, the large, solid NGI collection cup
under the micro-orifice collector stage of the
NGI was replaced with an internal filter holder
cup (Copley Scientific Ltd) fitted with a glass
microfiber filter (GE Healthcare Bio-Sciences,
Marlborough, MA, USA). To minimize errors in
determination of particle size due to evapora-
tion of aerosols as a result of heat-transfer from
the NGI, the NGI and components were all
chilled at 5�C for a minimum of 90 min prior to
collection [33]. All collections were initiated
within 5 min of removal from 5�C. The
breathing simulator was used to generate three
different breathing profiles which varied tidal
volume, breath frequency, PIF, and inspira-
tory:expiratory ratios (Table 1). The breathing
pattern 3 (tidal volume, 500 ml; 15 breaths/
min; inhalation: exhalation ratio of 1:1) is
standardized adult breathing pattern described
in the USP\ 1601[. This was also the same
breathing pattern used in a prior publication
where the aerosol performance characteristics of
the Lonhala� Magnair� device was described
[32]. Two tidal volumes (200 and 350 ml) below
the normal volume of 500 ml were chosen as
they are representative of patients with
obstructive lung diseases such as COPD.

Using the mixing inlet and compressed air
inlet manifold, a 30 l/min vacuum flow through
the impactor was balanced with a compressed
air flow rate allowing for the breathing patterns
to be replicated at the induction port. Prior to

Table 1 Parameters for breathing profiles used in eFlow�
CS nebulizer assessments

Parameter Pattern
1

Pattern
2

Pattern
3

PIF, l/min 14.4 15.6 23.4

Tidal volume, ml 200 350 500

Frequency, breaths/min 10 12 15

Total time per breath, s 6 5 4

Inspiratory phase 1.3 2.1 2.0

Expiratory phase 4.7 2.9 2.0

Inspiratory:expiratory

ratio

1:3.6 1:1.4 1:1

CS closed system, PIF peak inspiratory flow rate
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initiation of each collection, the flow rate at the
NGI outlet was set to 30 l/min and the flow rate
at the induction port was verified as 0 l/min. A
constant flow of 30 l/min was utilized to
accommodate the upper range of PIF under test,
ensuring that the applied breathing pattern
withdrew flow only from the compressed air
line during the inspiratory phase of the applied
breathing pattern. Aerosol was collected until at
least 10 s after the nebulizer automatically shut
off, indicated by an audio indicator (i.e., beep).
The eFlow� CS nebulizer and NGI components
were recovered and analyzed by high-perfor-
mance liquid chromatography (HPLC) per pre-
viously verified procedures [32].

HandiHaler� DPI

The aerodynamic particle size distribution of
TIO using the HandiHaler� DPI was determined
at three different PIF (20, 30, and 60 l/min)
using an NGI, USP induction port, NGI presep-
arator, NGI collection cups, and critical flow
controller (all Copley Scientific Ltd, Colwick,
Nottingham, United Kingdom) in accordance
with USP\601[. NGI collection cups were
coated with 1% polysorbate 20 in methanol.
Testing was performed in a controlled environ-
ment of 23 ± 2�C and 50% ± 5% relative
humidity. Collections were performed at con-
stant flow rates of 20, 30, and 60 l/min, which
had previously been shown to result in similar
delivery of TIO using a HandiHaler� [34]. Col-
lection times were adjusted such that 4 l of air
passed through the device during collection.
The NGI components and capsule were recov-
ered and TIO levels analyzed by HPLC.

Individual component results for each repli-
cate of each device type were entered into vali-
dated Copley Inhaler Testing Data Analysis
Software (Copley Scientific Ltd) to calculate the
GSD, FPD, and FPF.

Delivered Dose Analysis

The simulated delivered dose of GLY using the
eFlow� CS nebulizer was determined at all three
different breathing patterns (Table 1). Aerosol

was collected until the nebulizer automatically
shut off; the nebulizer handset, filter pad, and
holder were recovered and analyzed by HPLC.
The simulated delivered dose of TIO using the
HandiHaler� DPI was determined using a USP
dose unit sampling apparatus (DUSA) and crit-
ical flow control (both Copley BRS 2100, Copley
Scientific Ltd). The DUSA was prepared by
placing a 47-mm metal mesh screen support
and a 47-mm GF/A glass fiber filter (GE
Healthcare Bio-Sciences, Marlborough, MA,
USA) on the filter holder of the DUSA. Testing
was performed in a controlled environment of
23 ± 2 �C and 50 %± 5% relative humidity.
Collections were performed at constant flow
rates of 20, 30, and 60 l/min with collection
times adjusted such that 2 l of air passed
through the device during collection. The cap-
sule and DUSA were recovered and analyzed by
HPLC.

RESULTS

Aerosol Performance—Drug Particle Mass

The mean MMAD of GLY delivered using the
eFlow� CS nebulizer was relatively similar
under all simulated breathing patterns tested,
and was in the respirable range. The mean
(range) MMAD for GLY was 4.1 (3.6–4.6), 4.2
(4.0–4.3) and 3.9 (3.7–4.1) lm under breathing
patterns 1, 2, and 3 (corresponding tidal vol-
umes are 200 ml, 350 ml, and 500 ml), respec-
tively (Fig. 1a). The mean MMAD of TIO using
the HandiHaler� DPI changed with the inspi-
ratory flow rates, and exceeded the respirable
range cutoff (5 lm) at 20 l/min inspiratory flow
rate. The mean (range) MMAD for TIO was 5.3
(4.9–5.8), 4.7 (4.5–5.0) and 3.9 (3.8–4.0) lm at
20, 30, and 60 l/min inspiratory flow rates,
respectively (Fig. 1b). The GSD of GLY deliv-
ered using the eFlow� CS nebulizer was in the
optimal range for pulmonary drug delivery
(2.0–2.4 across the three breathing patterns
tested), while that of TIO using the Handi-
Haler� DPI was lower (* 1.8 across the three
flow rates).
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Aerosol Performance—FPF and FPD

The mean (range) FPF of GLY using the eFlow�
CS nebulizer was 52.0% (48.2%–56.6%), 57.2%
(54.2%–59.7%), and 61.6% (58.7%–63.7%) with
breathing patterns 1, 2, and 3, respectively
(Fig. 2a). The mean (range) FPF of TIO using the
HandiHaler� DPI was 19.9% (16.1%–23.2%),
24.2% (20.6%–27.7%), and 29.2%
(26.4%–32.4%) with 20 l/min, 30 l/min, and
60 l/min inspiratory flow rates, respectively
(Fig. 2b).

The mean (range) FPD of GLY using the
eFlow� CS nebulizer was 3.6 (2.3–4.2), 7.1
(6.4–8.1), and 8.7 (7.9–9.0) lg with breathing
patterns 1, 2, and 3, respectively. The mean
(range) FPD of TIO using the HandiHaler� DPI
was 1.1 (0.2–1.4), 2.2 (1.7–2.8), and 2.9 (2.2–3.8)
lg with 20 l/min, 30 l/min, and 60 l/min inspi-
ratory flow rates, respectively (Table 2).

In Vitro Delivered Dose

NGI stage-by-stage deposition profiles of GLY,
under different tidal volumes, and TIO, using

different inspiratory flow rates, are shown in
Fig. 3. The deposition profiles show greater drug
deposition in the later stages of the NGI repre-
sentative of the respirable range with GLY
delivered using the eFlow� CS nebulizer [35].
However, consistent with the more variable
MMAD observed with breathing pattern 1 (tidal
volume of 200 ml), the deposition of GLY in the
later stages of the NGI was lower in breathing
pattern 1 compared with breathing patterns 2
and 3, which may be due to the low tidal vol-
ume. In contrast, the greatest proportion of TIO
deposition using the HandiHaler� DPI is within
the USP throat under all three inspiratory flow
rates tested (Fig. 3). The mean delivered dose of
GLY using the eFlow� CS nebulizer was greater
within later NGI compartments with breathing
patterns 2 and 3 compared with breathing pat-
tern 1; however, all 3 breathing patterns showed
similar aerosol deposition, with the greatest
proportion being in the stages with lower cutoff
sizes (Fig. 3a). Similarly, the deposition profile
of aerosols generated with the HandiHaler�
showed greater mean delivered dose with
higher inspiratory flow rates (30 l/min and 60 l/
min), but the overall deposition pattern was

Fig. 1 Comparison of the mean MMAD with a nebulized
GLY 25 lg using the eFlow� CS and b TIO 18 lg using
the HandiHaler� assessed using the NGI and under
different breathing patterns. The dotted line represents the
respirable range cut-off of 5 lm [13, 20]. CS closed system,

GLY glycopyrrolate, MMAD mass median aerodynamic
diameter, NGI Next Generation cascade Impactor, TIO
tiotropium
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similar to all inspiratory flow rates assessed
(Fig. 3b).

Nebulization Time

The nebulization time of GLY using all three
eFlow� CS nebulizers was similar across all
breathing patterns tested, with median time to
nebulization of 118 or 119 s (Table 3).

Residual Dose

The median residual dose of GLY in the ampule
following nebulization was low across all
breathing patterns tested, ranging from 2.4% to
4.4% (Table 4). The residual dose of TIO using
the HandiHaler� DPI was markedly greater
than that of GLY with the eFlow� CS nebulizer,
with median residual dose of 67, 42 and 40% at
flow rates of 20, 30, and 60 l/min, respectively.

Table 2 Comparison of the mean (range) FPD with nebulized GLY 25 lg using the eFlow� CS and TIO 18 lg with the
HandiHaler�, assessed using the NGI under different breathing patterns

GLY/eFlow CS� Breathing pattern

Pattern 1 Pattern 2 Pattern 3

FPD, mean (range) lg 3.6 (2.3–4.2) 7.1 (6.4–8.1) 8.7 (7.9–9.0)

TIO/HandiHaler� PIF

20 l/min 30 l/min 60 l/min

FPD, mean (range) lg 1.1 (0.2–1.4) 2.2 (1.7–2.8) 2.9 (2.2–3.8)

CS closed system, FPD fine particle dose, GLY glycopyrrolate, NGI Next Generation cascade Impactor, TIO tiotropium

Fig. 2 Comparison of the FPF (%) with a nebulized GLY
25 lg using the eFlow� CS and b TIO 18 lg with the
HandiHaler�, assessed using the NGI under different
breathing patterns. CS closed system, FPF fine particle

fraction, GLY glycopyrrolate, NGI Next Generation
cascade Impactor, TIO tiotropium
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DISCUSSION

Recent guidelines for the treatment of COPD
recommend the personalization of therapeutic
agent and delivery device, with the goal of
optimal management of the disease. In this
analysis, we assessed the impact of varying
breathing patterns and inspiratory flow rates on
drug delivery and pulmonary deposition with a
vibrating membrane nebulizer and a DPI. The
results show the majority of MMAD\5 lm,
high FPF, and, importantly, the majority of drug
was within the respirable range, using the
eFlow� CS nebulizer under all breathing pat-
terns tested. We observed some variability in
the MMAD of GLY under breathing pattern 1, in
which the tidal volume was low (200 ml); this
breathing pattern is representative of patients
with severe COPD [36]. In contrast, the Handi-
Haler� DPI showed variations in the MMAD
and FPF with different PIF, and a majority of
drug deposition within the USP throat under all
flow rates tested. These in vitro results support
the use of the eFlow� CS nebulizer in patients
with COPD with breathing patterns ranging
from ‘normal’ to ‘severe’, although it must be
noted that patients with very low tidal volumes
(e.g., 200 ml) may experience reduced nebulizer

Fig. 3 NGI stage-by-stage deposition profile of a GLY
25 lg using the eFlow� CS nebulizer and b TIO 18 lg
using the HandiHaler� aerosols with effective size cutoff.
CS closed system, GLY glycopyrrolate, IP/MA induction

port/mouthpiece adaptor, MOC micro-orifice collector,
NGI Next Generation cascade Impactor, TIO tiotropium

Table 3 Nebulization time (s) of GLY 25 lg by tidal
volume (ml) from nine replicates at each breathing pattern

Breathing
pattern

Tidal volume,
ml

Nebulization time,
s

Median Min–Max

1 200 119 103–138

2 350 118 103–138

3 500 118 117–138

GLY glycopyrrolate

Table 4 Residual dose (%) of GLY 25 lg by tidal volume
(ml) from nine replicates at each breathing pattern

Breathing
pattern

Tidal volume,
ml

Residual dose, %

Median Min–Max

1 200 4.4 1.6–8.6

2 350 2.4 0.9–4.8

3 500 2.7 0.8–5.8

GLY glycopyrrolate

Pulm Ther



performance, in terms of aerosol properties,
which suggests that these patients require
careful consideration regarding their treatment
choice and attention to treatment outcomes.
These results highlight the importance of device
selection based on patient characteristics and
needs. However, it is important to note that the
testing of the eFlow� CS nebulizer and the
HandiHaler� were performed under different
conditions, with varying breathing patterns
(including tidal volumes and PIF) for the neb-
ulizer and varying PIF alone for the Handi-
Haler�. This is reflective of the variation in the
drug deposition using these devices, whereby
the nebulizer creates a mist that can be inhaled
during normal tidal breathing whereas the
HandiHaler� requires a sharp intake of breath
representative of the PIF. Thus, while our results
do not represent an exact comparison of the
two devices, the data provide insight into the
aerosol properties of both devices under condi-
tions characteristic of COPD patients.

A previous analysis of the aerosol properties
of GLY using the eFlow� CS nebulizer was per-
formed with a generally accepted adult normal
breathing pattern with 500 ml tidal volume
[32]. The current analysis extends the available
data and shows drug particle size distribution
similar to the previously published data under
breathing conditions consistent with COPD
patients [32]. Whereas a previous study had
shown that MMAD with an ultrasonic nebulizer
was within the respirable range using tidal vol-
umes between 300 and 500 ml but not at tidal
volumes between 150 and 250 ml [36], our data
show consistent MMAD within the respiratory
range using the eFlow� CS vibrating membrane
nebulizer across tidal volumes between 200 and
500 ml. The minimum PIF required for the
HandiHaler� DPI is 20 l/min [34], whereas
optimal PIF for other DPIs are between 30 and
60 l/min [37]. We tested the HandiHaler� at
both the minimal and optimal PIF for DPIs, and
observed PIF-dependent changes in MMAD,
which was above or just at the respirable frac-
tion size. These in vitro data suggest that drug
deposition in the lungs may be compromised in
patients who use DPIs and cannot generate and
sustain the optimal PIF during the inspiratory
maneuver.

In this study, use of the HandiHaler� DPI
resulted in drug deposition in the USP throat,
independent of inspiratory flow rate, whereas
use of the eFlow� CS nebulizer led to drug
deposition mostly in the later stages of the NGI,
under all breathing patterns tested. The high
in vitro deposition of GLY within the respirable
range using the eFlow� CS nebulizer is consis-
tent with previous analyses [32], and highlights
the potential for efficient drug delivery to the
lungs with this device. The in vitro deposition
of TIO within the USP throat using the Handi-
Haler� DPI is consistent with a previous anal-
ysis, which showed that the HandiHaler�
resulted in lower pulmonary drug deposition
compared to other inhalers [27, 38]. These
results provide support for benefits of nebu-
lization in a wider set of patients who may show
variable tidal volumes and breathing patterns,
whereas DPIs may be more beneficial among
patients who are capable of generating the
required, device-specific PIF consistently. It is
important to note that TIO is also available for
delivery using an SMI, which may provide
greater advantages for patients having similar
breathing patterns to those tested in this study,
as SMIs have been shown to have a higher
in vitro deposition compared to other inhalers
[29, 39, 40]. The timing of this study in the
summer of 2019 coincided with a period in
which the HandiHaler� was predominantly
used for delivery of TIO, and as such led to the
use of the HandiHaler� as a comparator device
in the current analysis. However, clinical out-
comes were similar with TIO delivered using the
HandiHaler� and the Respimat� (5 lg dose),
suggesting that patient-dependent factors are
the key consideration for selection between the
two devices [30]. While there are no direct
comparisons of drug delivery by SMIs, DPIs, and
nebulizers, drug aerosol properties and delivery
tend to be improved with nebulizers and SMIs
compared with DPIs [41].

The results of this analysis confirm the neb-
ulization times of approximately 2 min using
the eFlow� CS nebulizer, independent of
breathing patterns assessed, and consistent with
previous studies [13, 25, 32, 42]. In addition, the
median residual dose of GLY in the nebulizer
was markedly lower than that of TIO using the
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HandiHaler� DPI. These in vitro data further
support the high efficiency of drug delivery
with a vibrating membrane nebulizer, and
highlight the dependence of drug delivery by
DPI on patient PIF.

Proper and personalized device selection for
patients with COPD is essential, as it is associ-
ated with optimal efficacy and importantly
adherence to treatment [1]. Errors (being either
patient- or device-related) associated with
bronchodilators lead to poor disease control
and clinical outcomes [17] and nonadherence
to long-term therapy [4, 43, 44]. To date, there
have been no head-to-head comparisons
between DPIs and nebulizers with respect to
patient adherence. Future studies in COPD are
needed to assess patient adherence to DPI versus
nebulizer therapy.

CONCLUSIONS

Personalization of therapy for patients with
COPD can have a major impact on the success
of treatment. However, there is limited guid-
ance on prescribing devices [20], with selection
largely driven by prescriber familiarity, rather
than patient demographic and disease charac-
teristics. Our analysis highlights potential dif-
ferences in the two delivery systems tested,
which may help inform clinicians on appropri-
ate device selection for their COPD patients.
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