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ABSTRACT
Purpose Deposition characteristics of MDI andDPI aerosols were
compared throughout the conducting airways for the first time using
a combination of in vitro experiments and a newly developed
stochastic individual path (SIP) model for different inhalation profiles.
Methods In vitro experiments were used to determine initial
particle distribution profiles and to validate computational fluid
dynamics (CFD) model results for a MDI and DPI delivering the
same dose of drug in a geometry of the mouth-throat and
tracheobronchial airways. The validated CFD model was then
used to predict the transport and deposition of the drug using
correct and incorrect inhalation profiles for each inhaler.
Results The MDI delivered approximately two times more
drug to the tracheobronchial region compared with the DPI
for both correct and incorrect inhalation profiles. Errors in
inhalation reduced the deposited tracheobronchial dose by
approximately 30% for both inhalers. The DPI delivered the
largest dose to the mouth-throat (~70%) and the MDI delivered
the largest dose to the alveolar airways (~50%).
Conclusions The developed in silico model provides new
insights into the lung delivery of pharmaceutical aerosols and can
be applied in future studies in combination with pharmacokinetic
analysis to establish bioequivalence between devices.
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ABBREVIATIONS
B# bifurcation number (1 is trachea plus main bronchi)
C/P central to peripheral lung deposition ratio
CFC chlorofluorocarbon
CFD computational fluid dynamics
COPD chronic obstructive pulmonary disease
CT computed tomography
DE deposition efficiency
DF deposition fraction
DPI dry powder inhaler
ECG enhanced condensational growth
exp experiment
FR fraction remaining
HFA hydrofluoroalkane
HPLC high-performance liquid chromatography
LRN low Reynolds number
MDI metered dose inhaler
MMAD mass median aerodynamic diameter
MT mouth-throat
NGI next generation impactor
PF penetration fraction
QD quick and deep inhalation waveform
SD slow and deep inhalation waveform
SIP stochastic individual path
Ta-mean time of mean accelerating flow
TB tracheobronchial
USP United States Pharmacopeial
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INTRODUCTION

The two most common devices for respiratory drug delivery
are currently metered dose inhalers (MDIs) and dry powder
inhalers (DPIs). As reviewed by numerous other studies,
each of these devices has inherent strengths and weaknesses
(1–4). For example, MDIs require coordination between
inhalation and activation that is difficult to achieve by many
users (5,6). In contrast, most DPIs rely on a subject’s inspi-
ratory effort to aerosolize a powder and deliver the drug (4).
As a result, the dose delivered by DPIs is reported to be
more dependent on inhalation flow rate than with MDIs
(7,8). Accurate comparisons of lung delivery and deposition
for MDI and DPI devices have previously required
radionuclide imaging or pharmacokinetic analysis in human
subjects (4,9). Furthermore, previous studies have not com-
pared the lung deposition of MDI and DPI aerosols for
different inhalation flow conditions. Predictions of delivered
dose and regional deposition characteristics for MDIs and
DPIs are needed for a range of typical inhalation flow con-
ditions in order to better compare the performance of these
commonly used inhalers.

Radionuclide imaging and pharmacokinetic studies of
MDI and DPI aerosol delivery in humans report a variety
of outcomes. Pharmacokinetic studies have previously been
used to establish the bioequivalence of newer DPIs with
existing MDIs (10). Gamma scintigraphy studies have indi-
cated improved lung delivery of typical DPIs compared to
CFC-based MDIs (11), which is consistent with observations
of improved clinical effects at lower doses (12,13). However,
newer HFA-based MDIs often provide equivalent or im-
proved lung delivery, especially when used with spacer
devices, compared with DPIs (4,14). Imaging studies of
MDI and DPI delivery also typically report high central
lung deposition of the aerosol, expressed as a central to
peripheral deposition ratio (C/P) above 1 (9). However,
definitions of regional boundaries in the airways are often
difficult to determine and differ among imaging studies (9).

Current radionuclide and pharmacokinetic studies that
determine the dose and distribution of pharmaceutical aero-
sols in the lungs have a number of limitations. Both
approaches require the use of human subjects and include
either some radiation exposure (with imaging) or the collec-
tion of biological fluids (with pharmacokinetic analysis).
Further limitations of imaging studies include the require-
ment to label the aerosols with a radionuclide and the need
for attenuation correction factors (9). Significant efforts are
required to label the MDI and DPI formulations without
modifying the aerodynamic properties and to ensure there
are no differences between the particle size distributions of
the labeled and unlabeled aerosols. In contrast, pharmaco-
kinetic studies do not require the use of radioactive labels
such that the commercially available or clinical form of the

aerosol and inhaler can be tested. However, this approach
only provides an estimate of total lung deposition without
information on where the aerosol deposits, i.e., C/P depo-
sition ratios are not available. Recent studies have combined
3-D radionuclide imaging with CT scanning of the same
subject to better interpret the deposition locations of aero-
sols in the respiratory anatomy (15). However, the reported
CT resolution of these studies (~ 4.4 mm) is likely only
capable of resolving the first few bronchi in the lungs. A
numerical model capable of predicting delivery to the
tracheobronchial (TB) airways or regions of these airways for
pharmaceutical aerosols would clearly provide many
benefits in comparison with existing imaging and phar-
macokinetic methods.

Numerical models of aerosol transport and deposition in
large regions of the lungs (e.g., the TB airways) typically
consider monodisperse particles and often exclude the
effects of the inhaler device (16). One-dimensional whole-
lung deposition models implement algebraic correlations to
account for deposition by various mechanisms and can
effectively predict deposition down to the branch-averaged
level (17–19). However, these models often neglect factors
relevant to the delivery of pharmaceutical aerosols. Com-
putational fluid dynamics (CFD) models of aerosol transport
starting with the mouth have extended through the upper
TB airways (20–23) and even lower TB airways (24,25).
However, these models often neglect the effects of the inhaler
and typically assume stable monodisperse particles and steady
state flow fields (16). A number of studies have indicated that
ambient monodisperse aerosols and pharmaceutical aerosols
from spray devices and DPIs deposit very differently in the
upper airways, which affects downstream transport and deliv-
ery (26,27). Factors affecting the deposition of pharmaceutical
aerosols include turbulence from the inhaler (28,29), spray
momentum (27,30), and inlet jet effects (31). DeHaan and
Finlay (26) proposed correlations to account for the mouth
deposition of aerosols from DPIs with small diameter inlets,
and Finlay and Martin (32) showed that these correlations
agreed well with experimental data for DPIs. Similar correla-
tions do not currently exist for spray devices, such as MDIs
and softmist inhalers.

Longest and colleagues recently reported a CFD-based
stochastic individual path (SIP) modeling approach to pre-
dict the delivery of pharmaceutical aerosols throughout the
TB airways (33,34). In this approach, aerosol transport and
deposition are modeled from the inhaler through the
mouth-throat and to the third respiratory bifurcation (B3)
of an asymmetrical model. Thereafter, individual pathways
are stochastically generated in which one branch of each
bifurcation is continued and one is not. As a result, three
dimensional stochastic paths are built to characterize deposi-
tion throughout the TB airways in a highly efficient manner.
Tian et al. (33) used this modeling approach to characterize the
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growth of pharmaceutical aerosols delivered with a newly
proposed enhanced condensational growth (ECG) method
(35). For a DPI, Tian et al. (34) showed that deposition in the
upper airways through approximately B3 was affected by the
use of a realistic transient inhalation waveform compared with
a steady state approximation. In the SIP models starting with
the fourth bifurcation, steady state approximations were high-
ly accurate and one SIP geometry was found to sufficiently
represent the deposition in an individual lobe of the lung.
However, Tian et al. (34) only considered DPI delivery to a
single lobe using the SIP approach.

Inhalation flow conditions are expected to affect the
delivery and deposition of pharmaceutical aerosols. Consid-
ering aerosol size distributions, MDIs typically produce a
consistent aerosol size across a range of inhalation flow rates
(7). In contrast, the size distributions of aerosols from DPIs
are known to be dependent on inhalation flow rates (4,7),
with some inhalers showing more sensitivity than others
(8,36). Studies reporting MT deposition of MDI aerosols
have shown that deposition decreases with increasing flow
rate in the range of 30 to 90 L/min (37,38). For DPIs, Finlay
and Gehmlich (39) reported aerosol size was not signif-
icantly different when considering transient inhalation
waveforms vs. square waveforms commonly used for in

vitro testing with constant time-averaged flow rates for
two devices. Considering a device with an intermediate resis-
tance (Novolizer), in vitro MT and upper TB deposition were
reported to be primarily a function of flow rate, as well as the
flow waveform (40,41). From in vivo studies, inhalation flow
rates and waveforms with current MDI and DPI devices are
known to be highly variable (41,42). However, the effect
of this variability on the relative performance of MDIs
and DPIs in terms of lung delivery and TB deposition is
currently not known.

The objective of this study is to compare MDI and DPI
aerosol deposition in the entire conducting airway region
using a combination of in vitro experiments and a newly
proposed SIP model for correct and incorrect inhalation
flow conditions. Waveforms representing correct and incor-
rect usage of the MDI and DPI are developed from the
literature. Concurrent in vitro experiments are used to deter-
mine the size distributions of the MDI and DPI aerosols.
The numerical model begins at the site of aerosol formation
and extends through the 15th bifurcation of each lung lobe,
which represents the terminal bronchioles. Validation stud-
ies are presented comparing predicted deposition in the MT
and upper TB region with concurrent in vitro results for an
identical geometry. In comparison, the previous study of
Tian et al. (34) only considered a characteristic DPI with
SIP transport into one lung lobe for a single inhalation
profile with a focus on the model development aspects of
steady state vs. transient flow and sampling the airways. The
MDI and DPI devices considered in the current study

deliver the drug (fluticasone propionate) at an identical
nominal dose (250 μg). Considering the correct inhalation
waveform for each inhaler, CFD results may indicate which
device is more efficient at delivering the drug to the TB
airways, i.e., the site of action. Consideration of incorrect
waveforms may show which device is most sensitive to this
form of patient error. Furthermore, regional deposition
predictions by CFD may indicate preferences in the devices
for treating asthma manifesting at different levels of the TB
airways on a patient-specific basis or for delivering aerosols
to different portions of the lungs.

MATERIALS AND METHODS

Inhalers and Airway Model

The Flovent HFA MDI and Flovent Diskus DPI (both
GlaxoSmithKline, Raleigh, NC) were selected as commonly
prescribed inhalers delivering fluticasone propionate at a
dose of 250 μg. The Flovent MDI is a suspension formula-
tion and has a metered dose of 250 μg and an emitted dose
of 220 μg, indicating an approximate 12% drug loss in the
device. Micronized fluticasone propionate, which is non-
hygroscopic, is suspended in HFA 134a with no other
excipients and has a total metered mass of 75 mg per
actuation. The Diskus DPI delivers 250 μg as a single dose of
micronized fluticasone propionate in a powder blend with
12.5 mg of lactose.

Models of the Flovent MDI and DPI connected to char-
acteristic geometries of the MT, upper TB region through
the third bifurcation (B3), and lower TB pathways extending
to the terminal bronchioles (B15) are displayed in Fig. 1.
The numerical model of the MDI includes the actuator with
air entering around the canister, mixing with HFA spray
from the nozzle, and exiting the actuator mouthpiece. The
inner diameter of the spray nozzle was determined to be
0.5 mm, based on measurements. The numerical model of
the DPI consists of a 5 mm orifice through which the
powder is aerosolized and delivered to the patient, the
inhaler mouthpiece, and two small 0.5 mm air jets, which
appear to be designed to reduce mouthpiece deposition.
Including the flow pathways and mouthpieces for both
inhalers was considered important in order to accurately
capture deposition within these devices and to generate
accurate inlet conditions for the airway model.

The inhalers are connected to a characteristic MT
geometry based on the elliptical model originally proposed
by Xi and Longest (43). This MT model was developed
from the oral airway cast reported by Cheng et al. (44) and
in-house CT data of the pharynx and larynx. The original
inlet diameter of the MT model was 22 mm, which was
considered similar to the MDI mouthpiece height of 16 mm.
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As a result, the MT geometry was smoothly connected to
the inhaler assuming an insertion depth of 0.5 cm. For the
DPI considered in this study, the mouthpiece has a leading
edge height of 12 mm. To account for this more closed
mouth position, the top and bottom profiles of the oral
cavity were both moved inward 5 mm. The inhaler was
then connected to this reduced volume oral cavity. The
pharyngeal and laryngeal regions of the MT model were
not altered. The resulting MT volumes for the MDI and
DPI geometries were 57.7 and 55.0 cm3, respectively.

The upper TB airways are represented with a character-
istic model extending through the third bifurcation. This
asymmetrical model was based on the anatomical cast
dimensions reported by Yeh and Schum (45) and scaled to
a functional residual capacity (FRC) of 3.5 L, which is
consistent with an adult male (46). The individual bifurca-
tion units were generated using the physiologically realistic
bifurcation (PRB) parameters reported by Heistracher and
Hofmann (47). However, modifications to the equations
reported by Heistracher and Hofmann (47) were required
to generate smooth asymmetrical bifurcations. Surface
properties of the bifurcations such as carinal ridge and
branch radii of curvatures were taken from the measure-
ment studies of Horsfield et al. (48) and Hammersley and
Olson (49). These bifurcation units were rotated out of
plane to approximate the gravity angles specified by Yeh
and Schum (45). The upper TB model was extended to the
third bifurcation (B3 with the trachea and main bronchi
representing B1) to generate a conservative number of
branches along each flow path. The resulting upper TB
model then includes one bifurcation in each of the five lung
lobes, except for the right middle and lower lobes, which
contain one branch each. Cartilaginous rings were included

in the trachea of the TB model and a D-shaped tracheal
cross section was implemented. Dimensions of these geo-
metric features were based on in-house medical scans and
the cadaver measurements of Russo et al. (50), as described
by Tian et al. (34).

Beyond the third bifurcation, stochastic individual path
(SIP) models were considered extending into each of the five
lung lobes. Bifurcations within the SIP models were con-
structed as PRB units with the airway dimensions reported
by Yeh and Schum (45), again scaled to a FRC of 3.5 L. An
advantage of the Yeh and Schum (45) data is that average
dimensions are provided for each lung lobe. Use of the
individual path model based on PRB units allows for the
application of a hexahedral mesh, which improves solution
accuracy and requires fewer cells to adequately resolve the
flow domain (51). Based on available data, the bifurcations
in the individual path model section (B4-B15) were symmet-
ric and included a symmetric outflow assumption at each
bifurcation level. Continuation of the left or right branch of
each bifurcation was considered to be consistent with the
flow distribution, resulting in an equal probability for the
symmetric outflow assumption. However, if the selection led
out of the general region of the initial lung lobe, the other
branch was selected. Consecutive branches were rotated at
90o to approximate physiological conditions (52). Bifurca-
tion 15 was assumed to end with the terminal bronchioles in
each lobe, based on existing anatomical data (45). The study
of Tian et al. (34) indicated that one SIP model could resolve
the regional and bifurcation averaged deposition efficiency
in a lung lobe to within a relative error of approximately 5%
for symmetric bifurcations. As a result, one SIP model was
considered sufficient to characterize deposition within each
of the five lung lobes.

Fig. 1 Surface models of the
mouth throat (MT), upper
tracheobronchial (TB) airways
through the third bifurcation
(B3), and stochastic individual
paths (SIPs) extending into
each of the five lung lobes
connected to the Flovent (a)
metered dose inhaler (MDI)
and (b) dry powder inhaler
(DPI).
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Inhalation Waveforms

The package inserts for the MDI and DPI instruct the user
to inhale “slowly and deeply” and “quickly and deeply”,
respectively. Characteristic inhalation waveforms to repre-
sent slow and deep (SD) and quick and deep (QD) breathing
with these inhalers are needed. Parameters describing tran-
sient inhalation waveforms are defined in Table I. Inhalation
waveforms during inhaler use have recently been recorded
and reported by Byron et al. (40), Delvadia et al. (41), and
Olsson et al. (53). Common characteristics among the reported
waveforms are a nearly linear acceleration to peak flow
followed by a sinusoidal pattern during deceleration.
Furthermore, the peak inspiratory flow rate (PIFR) typically
occurs during the first 1/6 to 1/4 of the inhalation period.
Equations describing this waveform pattern are

Q ðtÞ ¼ PIFR

TPIFR

t 0 � t � TPIFR ð1Þ

Q ðtÞ ¼ PIFR cos
2pðt � TPIFRÞ

4 1� TFPIFRð ÞT
� �

TPIFR < t � T

ð2Þ

Q ¼ 1
T

ðT

0

Q ðtÞdt ð3Þ

where all parameters are defined in Table I. To describe the
SD and QD waveforms, 3 parameters are required. The
remaining parameters are then derived from the waveform
shape. In this study, deep inhalation is represented by a 3 L
inhaled volume. This value is consistent with the study of
Broeders et al. (42), who report an approximate 3 L inhala-
tion volume with the use of both a DPI (Diskus) and MDI
for stable asthmatic and mild to moderate COPD patients.
The mean inhalation flow rate was also a defined parameter
to allow for comparisons between steady state and transient

deposition results. A mean inhalation flow rate of 75 L/min
was selected for the QD profile, as a typical value for DPI
steady state testing. A mean inhalation flow rate of 37 L/min
(which is approximately one half theQD value) was selected to
represent SD inspiration. Based on observations from
reported waveforms as described above, the time fractions to
peak inspiratory flow rate (TFPIFR) for the SD and QD wave-
forms were 1/4 and 1/6, respectively. Equations to find the
remaining inhalation parameters are shown below.

V L½ � ¼ PIFR L=min½ � � TPIFR

2� 60

þ
ðT

TPIFR

PIFR

60
cos

2pðt � TPIFRÞ
4 1� TFPIFRð ÞT

� �
dt ð4Þ

T s½ � ¼ 60V L½ �
Q L=min½ � ð5Þ

Results from solving these equations for the SD and QD
parameters are reported in Table II. The resulting PIFRs
for the QD and SD profiles are 122.2 L/min and 61.4 L/min,
respectively. For the Diskus DPI, Broeders et al. (42) observed
a characteristic PIFR of approximately 120 L/min after
training among 42 patients with stable asthma and mild
to moderate COPD. Van der Palen (54) observed an
average PIFR of 118 L/min for Diskus among 50 patients that
received medication for asthma and COPD. Byron et al.
(2010) reported a PIFR of approximately 120 L/min for a
single healthy subject with a Novolizer DPI, which has a
similar resistance compared with the Diskus. As a result, the
PIFR of the Diskus appears consistent with literature data for
both healthy and asthmatic/COPD patients. Considering the
MDI, the typical recommended PIFR for correct usage is
between 25 and 90 L/min (42). Furthermore, Ross and
Schultz (7) showed that inhalation flow rate had little
effect on MDI drug delivery. The PIFR of the MDI (i.e.,
61.4 L/min) is approximately in the middle of the recommen-
ded range and therefore a representative approximation of
correct usage. As a result of this analysis, correct inhaler usage
is considered to be the SD profile with the MDI and the QD

Table I Parameters Describing Transient Inhalation Waveforms

Parameter Units Description

PIFR L/min Peak inhalation flow rate

Q(t) L/min Transient inhalation flow rate
Q L/min Mean inhalation flow rate

T s Period of inhalation

TPIFR s Time to peak inhalation flow rate

TFPIFR – Time fraction of peak inhalation flow rate

V L Total volume inhaled

Table II Waveform
Parameters for the QD
and SD Profiles

Parameters QD Profile SD
Profile

PIFR [L/min] 122.2 61.4
Q [L/min] 75 37

T [s] 2.40 4.86

TPIFR [s] 0.40 1.22

TFPIFR 1/6 1/4

V [L] 3 3

1674 Longest, Tian, Walenga and Hindle



profile with the DPI. In contrast, incorrect inhaler use is often
associated with inhaling too quickly through an MDI and too
slowly through a DPI. As a result, incorrect inhaler use will be
assessed using the QD profile for the MDI and the SD profile
with the DPI in this study.

Experimental Procedure

In vitro experiments were conducted to evaluate the aerosol
size distributions leaving the inhalers and to calculate depo-
sition in the inhaler, MT and upper TB airways through B3.
For the size distribution experiments, the inhalers were
actuated into a preseparator connected to a Next Genera-
tion Impactor (NGI; MSP Corp., Shoreview, MN) with flow
generated using a vacuum pump. The mouthpieces of both
inhalers were connected to the preseparator using an adapt-
er to ensure an airtight seal. Considering the MDI aerosol,
the inlet flow rate is not expected to significantly affect the
size distribution for typical inhalation values (7). As a result,
a steady inhalation flow rate of 30 L/min was used with
continuous air flow. In contrast, inhalation flow rate is
known to influence the size distribution of many DPI aero-
sols. Square wave inhalations of 37 and 75 L/min for 4 s
were generated using a 3-way solenoid valve connected
downstream of the NGI. For both the MDI and DPI experi-
ments, impactor stages and the preseparator were coated
with silicone to prevent particle bounce and re-entrainment.
Drug deposition in the impactor was determined using the
USP HPLC assay method for fluticasone propionate for five
single dose experiments with both the MDI and DPI. Particle
size distributions were reported as fluticasone propionate mass
distribution recovered in the impactor. The mass median
aerodynamic diameter (MMAD) was defined as the particle
size at the 50th percentile on a cumulative percent mass
undersize distribution (D50) using linear interpolation.

For CFD model validations, an exact replica of the MT-
TB model used in the CFD simulations through the third
bifurcation (B3) was constructed using in-house rapid proto-
typing facilities (Viper SLA Machine; 3D Systems, Valencia,
CA). The model was constructed with clear Accura 60 plastic
resin using a build layer thickness of 0.15 mm and a laser spot
diameter of 0.25 mm. Figure 2 illustrates the MDI and DPI
connected to the MT portion of the airway model. The
inhaler and the MT were connected to the upper TB model
through B3, which was housed in a custom-built plexiglass
chamber with minimal dead space and connected to a three-
way solenoid valve and vacuum pump as previously described
by Byron et al. (40). For each test, the inhaler was primed to
waste, cleaned and then inserted into the mouth opening. An
airtight seal between the inhaler mouthpiece and the MT-TB
model was maintained. The internal surfaces of the
MT-TB model were coated with a glycerol:methanol
(1:2 by volume) mixture, followed by methanol evaporation

before each experiment. A low resistance filter was placed in-
line to retain aerosolized drug that passed through the model
and exited the plexiglass chamber. The inhalation pro-
file for the MDI experiments was a steady state flow
rate of 37 L/min, which represents the time-averaged
value of the SD waveform. For the DPI, a square wave inha-
lation profile of 75 L/min for 4 s was implemented to represent
the time-average of the QD profile. Drug masses retained in
the MT, TB, and plexiglass housing plus filter were calculated
following recovery using a wash solution and analysis for
fluticasone propionate by the USP HPLC assay method.

CFD Simulations

Boundary conditions implemented for both inhaler systems
include constant wall temperatures and pre-determined
outlet flow distributions. Outflow boundary conditions from
the upper TB model were based on estimates of ventilation
to each lung lobe. Lobar ventilation approximations pre-
sented in the studies of Horsfield et al. (55), Asgharian and
Price (56), and Yin et al. (57) were considered. Reasonable
consistency among these studies led to the following distri-
bution estimates for each of the five lung lobes: right upper
14%, right middle 7%, right lower 33%, left upper 15%,
and left lower 31%. The resulting right and left ventilation
proportions were 54 and 46%, respectively. Beyond the
lobar bronchi, symmetric outflow conditions were assumed
at each bifurcation level (B4-B15). This assumption is not
expected to largely influence the regional and local deposi-
tion characteristics of interest in this study.

For the MDI, inlet air and formulation flows were pre-
scribed as mass flow rates over time. Based on literature
values, the expected spray time of the MDI was 0.2 s (58).
The actuation timing for the MDI was assumed to be
centered on the mean accelerating flow (Ta-mean in Fig. 3)
resulting in firing times of 0.63–0.83 s for the SD waveform
and 0.15–0.35 s for the QD waveform. To estimate initial

Fig. 2 Flovent HFA 134a MDI and Flovent Diskus DPI inserted into the
characteristic MT geometry used for in vitro testing of aerosol deposition.
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conditions of the spray, isentropic flow through the nozzle
was considered. The formulation exiting the nozzle was
assumed to be at the HFA 134a boiling point for atmo-
spheric pressure and traveling at sonic velocity (i.e., choked
flow conditions). Conservation of mass was used to estimate
an approximate density of the slurry exiting the nozzle. The
thermodynamic pressure at the nozzle exit was determined
from the ideal gas law and found to be 123.0 kPa based on
HFA 134a properties. This very high static pressure at the
nozzle exit experiences a sudden expansion as it adjusts to
atmospheric conditions, which can further accelerate the
flow, create significant droplet inertia and breakup, and
induce significant shear stresses in the flow field.

Considering the DPI, a blunt velocity profile was
assumed at the 5 mm aerosol jet orifice and constant velocity
inlets were assumed at the 2 smaller jet inlets. Pressure vs.

flow experiments indicated that approximately 10% of the
air entered through the small jets. Experiments also indicat-
ed that the powder emptied from the inhaler during the first
0.5 s of airflow with a square wave at 75 L/min. However,
the bulk of the DPI powder likely empties around the mean
accelerating flow with the SD and QD waveforms. As a
result, a 0.5 s emptying period was assumed to be centered
on the time of mean accelerating flow resulting in a release
of particle for the QD profile between 0 and 0.5 s and for
the SD profile between 0.48 and 0.98 s. Release of the
particles for the SD waveform between 0 and 0.5 s was also
considered for the DPI.

Flow fields in both inhaler systems include high speed
turbulent jets, transient flow, and multiple phases. The MDI
includes the added complexities of compressible supersonic
flow near the nozzle, heat transfer, multiple species (air and
HFA 134a), and large changes in scale between the nozzle
tip (0.5 mm) and MT inlet (~1.6 cm). To address these
complex flow conditions and calculate a solution over the
entire breathing cycle (~ 3 s), a low Reynolds number (LRN)
k-ω turbulence model was selected. This model has previ-
ously been well tested, and found to provide good estimates
of aerosol transport and deposition in upper airway geom-
etries (59,60). To evaluate the variable temperature
and specific concentration fields in the MT-TB model,
interconnected relations governing the transport of heat
and mass (HFA 134a) were also included. These governing
equations were previously presented in detail by Longest
and Xi (22) and Longest et al. (61). In addition to the
monodisperse particle deposition studies indicated above,
the LRN k-ω approach has also been shown to provide
good estimates of transport and depostion for pharamacut-
ical aerosols generated with a DPI (34) and spray devices
including a MDI and softmist inhalers (61–63).

A Lagrangian particle tracking model was employed to
determine the trajectories of individual particles, turbulent
dispersion, and deposition. This model was implemented
using a previously developed combination of a commerical
code (Fluent 12, ANSYS, Inc.) and user functions. User
routines were employed to better model near-wall condi-
tions and to simulate aerosol deposition in the complex
three-dimensional multi-scale flow field. Previous studies
have shown that the isotropic turbulence approximation,
which is assumed with the LRN k-ω model, can over predict
aerosol deposition (64). As a result, a user routine was
employed to account for anisotropic near-wall turbulence,
as previously described by Longest et al. (61). Other
additions to the particle tracking model included (i) a
correction to better predict the Brownian motion of submi-
crometer aerosols and (ii) improved near-wall interpolation of
fluid velocities (65).

Considering heat and mass exchange between the par-
ticles and air, the DPI aerosol was considered stable due to
the non-hygroscopic nature of fluticasone propionate. In
contrast, MDI droplets composed of liquid HFA 134a and
suspended drug particles are known to rapidly evaporate
(66). Knowledge of the droplet size distribution near the
spray nozzle is very difficult to obtain due to rapid change
and small time scales. It is expected that the aerosol size
distribution measured at the NGI is for dry particles con-
taining only fluticasone propionate. As a method to predict
MDI deposition without accurate knowledge of the initial
droplet diameters, the final dried size distribution was as-
sumed to exit the MDI nozzle in the CFD simulations. The
particles were then modeled without considering size change.

Fig. 3 Characteristic inhalation waveforms for slow and deep (SD) and
quick and deep (QD) breathing with inhalers. Based on package insert
instructions, the SD and QD profiles are considered to be the correct
inhalation techniques for the MDI and DPI, respectively.
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The adequacy of this assumption will be assessed by
comparing the numerical predictions with the experimental
deposition results.

The timing of particle release is expected to affect aerosol
deposition (67). Experiments indicated that the DPI emptied
in approximately 0.5 s with the application of a square wave
profile and the MDI has a firing time of 0.2 s. As a first
approximation, the CFD model implements these release
times and assumes that they are centered on the mean
accelerating flow for the two waveforms considered (Ta-mean

in Fig. 3). The effects of this assumption are evaluated by
considering a second release condition in which the aerosol
is initially introduced at t00 and injected continually until
0.2 and 0.5 s for the MDI and DPI, respectively. Based on
the findings of Tian et al. (34), a constant rate of aerosol
release is considered in all cases.

In performing the CFD simulations, previously estab-
lished best-practices were implemented to provide a high
quality solution. All transport equations were discretized to
be at least second order accurate. The computational mesh
was constructed in Gambit 2.4 (ANSYS, Inc.) and consisted
entirely of hexahedral elements, which provide a higher
quality solution than commonly employed tetrahedral grids
(51,68). Grid convergence based on maximum velocity and
deposited drug mass was established for approximately 1.4
million and 1.8 million control volumes in the upper TB
model extending to B3 for the DPI and MDI, respectively.
Grid convergence was also established for approximately
650 k elements in each individual SIP model. As a result,
the total MDI and DPI meshes contained 5.1 and 4.7
million elements, respectively. In order to produce convergent
deposition results with the MDI through B3, 72,000 and
90,000 particles for the steady state and transient models were
released at the spray nozzle with a uniform distribution. For
the DPI, steady and transient simulations implemented
36,000 and 90,000 particles, respectively, for simulations in
the MT through B3.

To improve numerical efficiency and accuracy, each
SIP geometry was divided into segments B4-B7 and B8-
B15. Flow fields were interpolated between the up-
stream outlets and the inlets of each of these sections.
Numerical testing indicated that deposition in the SIP
models was nearly identical between the injection of
interpolated particle profiles at each SIP inlet and pro-
files consistent with the inlet velocity field. As a result,
particle profiles consistent with the inlet velocity field
were implemented, which allowed for the inclusion of
additional particles to ensure converged results. Based
on this finding, 450,000 particles were injected at the
inlet of each SIP section with a concentration profile
consistent with the inlet velocity field. Monodisperse
particles were used in the SIP geometries with inlet
sizes equal to the mass median aerodynamic diameter

(MMAD) of each upper TB model outlet. Polydisperse
aerosol distributions were implemented in the MT and
upper TB airways through B3.

Deposition Predictions

Deposition within regions of the respiratory tract can be
reported as either a fraction or efficiency. The deposition
fraction (DF) for the i-th region based on drug mass is
calculated as

DFi ¼ mass of drug depositing in region i

mass of drug entering the mouth
ð6Þ

The corresponding deposition efficiency (DE) for region i

is calculated as

DEi ¼ mass of drug depositing in region i

mass of drug entering region i
ð7Þ

To determine a total deposition fraction, DFi values in
individual regions can be directly summed. Deposition effi-
ciency values are an effective method to report the charac-
teristics of an individual section of the respiratory tract
without the influence of upstream aerosol losses. In this
study, DE values are calculated for each bifurcation based
on deposited drug mass. Sectional DE values are then
computed by combining the individual bifurcation values
(46). For example, the DE in region B4 to B15 within a
single lung lobe is calculated as

DEB4�B15 ¼ 1� 1� DEB4ð Þ 1� DEB5ð Þ:::
1� DEB14ð Þ 1� DEB15ð Þ

ð8Þ

The deposition fraction within an individual lung lobe is
then calculated as

DFlobe ¼ DElobe � FRlobe ð9Þ
Where FRi represents the fraction of aerosol remaining at
the inlet of the i region (i.e., lung lobe). The total deposition
fraction within the MT-TB model is then the sum of the DF
values in the MT, upper TB region, and within each of the
five lung lobes.

Based on the results of Tian et al. (34), transient simula-
tions are required in the upper airways through approxi-
mately B3, whereas steady state approximations are
acceptable in the SIP models. In this study, transient SD
and QD simulations are conducted for the inhalers, MT and
upper TB airways using the SD and QD waveforms. For the
individual SIP models, steady state simulations are then
performed at the equivalent mean flow rates. In these steady
state simulations, the inhalers and upper MT-TB models
are included to generate approximate flow fields and parti-
cle conditions at the inlet to each of the SIP geometries.
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Deposition efficiencies determined with the transient simu-
lations for the MT-TB model are then combined with the
SIP values using the equations described above to charac-
terize deposition throughout the conducting airways. Tian et

al. (34) showed that this approach was accurate to within 5%
of fully transient simulations in both the upper and lower
airways, but provided a significant savings in solution time.

RESULTS

Aerosol Size Distributions and Validations

Aerosol size distributions for the MDI and DPI are reported
in Fig. 4 as a function of midpoint diameters for the stages of
the NGI and the preseparator cutoff diameter. Based on the
absence of a large particle mode on the upper stages for the
MDI, the measured distribution likely indicates a fully dried
aerosol (69). At the sampling flow rate of 30 L/min, the
MDI aerosol had a mass median aerodynamic diameter
(MMAD) of 2.64 μm with a standard deviation (SD) of 0.1
and a geometric standard deviation (GSD) of 1.51. The
drug mass distribution from the DPI consisted of approxi-
mately 70% from particles greater than 10 μm and 30%
from smaller particles. The smaller size fraction represents
deaggregated drug particles that have separated from the
larger lactose carrier, whereas the larger fraction represents
drug particles still attached to lactose and drug particle
agglomerates. With a flow rate of 75 L/min, the MMAD
(SD) of the DPI aerosol based on drug mass was 2.99 μm
(0.2) with a GSD of 2.09. Reducing the flow rate to 37 L/min
resulted in less separation among the particles and a larger
MMAD (SD) of 4.10 μm (0.05) with a GSD of 2.13. The exact
size range of the particles depositing in the preseparator is not
known as there is no upper size limit. As an approximation,

the CFD model implemented the preseparator cutoff diame-
ter as the largest size bin of particles considered. This assump-
tion is not expected to have a significant impact on the results
as these upper sizes and the constant proportion of drug mass
associated with them are typically deposited in theMT region.

Computational fluid dynamics (CFD) predictions of
deposited drug mass are compared with in vitro results
for the MDI in Fig. 5 under steady flow conditions.
Good agreement between the predicted results (CFD)
and experimental (exp) data is observed within the three
regions representing the inhaler actuator, MT, and upper TB
geometry. As a result, the CFD model appears to accurately
predict the deposition of drug mass from the polydisperse
aerosol in this highly complex system. Furthermore, this
comparison indicates that the assumptions of fully dry
particles at initialization and conditions at the spray
nozzle outlet are adequate for predicting the deposition
of drug mass for the MDI.

Tian et al. (34) previously reported a comparison of CFD
model predictions and experimental results for the Diskus
DPI. Predicted vs. experimental values showed good agree-
ment in the MT (DFCFD065.2% vs. DFexp072.5%) and
upper TB (DFCFD02.3% vs. DFexp02.2%) regions. It was
found that adequate predictions required the simulation of
the square transient input waveform implemented in the
DPI experiments. This comparison provides confidence that
the particle distribution is adequately characterized by the
model and that the flow field is well resolved over a transient
input waveform.

Characterization of Flow Fields

Velocity vectors and contours of velocity magnitude at
the midplane of the MT and upper TB region are reported in
Fig. 6 at mean accelerating flow. The top two panels
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Fig. 4 Mass fraction distribution
for the Flovent MDI (measured at
30 L/min) and DPI (measured at
37 and 75 L/min) based on
emitted dose from the inhaler.
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(Fig. 6a and b) compare the MDI and DPI flow fields for
correct inhalation profiles of SD and QD, respectively. Com-
pared with the large recirculation zone created by the DPI in
the MT region, a much smaller region of recirculating flow is
observed for the MDI due to lower velocities and a larger air
inlet. Considering incorrect inhalation profiles (Fig. 6c and d),
the recirculation region observed with theMDI remains small.
For the DPI with SD inhalation, the velocity magnitude of the
turbulent jet is significantly reduced; however, the recircula-
tion region still occludes a large portion of the MT geometry.

Upper Airway Deposition

CFD predictions of MDI and DPI aerosol deposition in the
MT and upper TB airways are illustrated in Fig. 7. The
upper panels (a and b) represent drug mass deposition with
correct inhalation profiles for the MDI and DPI whereas the
lower panels (c and d) report deposition with incorrect
usage. Considering correct inhalation profiles, the MDI
produces approximately one half the MT depositional loss
that is observed with the DPI. Considering upper TB depo-
sition, which may be beneficial for upper airway respiratory
conditions, the MDI is observed to deliver approximately
twice the dose of the DPI through B3. For incorrect inhala-
tion, the MT deposition with the MDI increases by a percent
difference of approximately 20% and the TB deposition
decreases by 50% compared to correct usage. For the DPI
and incorrect inhalation, theMTdeposition is unchanged and

the upper TB deposition fraction decreases by a percent
difference of approximately 40%. Even with incorrect inhala-
tion profiles, the MDI is observed to lose less drug in the MT
and deliver more drug to the airways than the DPI with either
inhalation profile.

As described, release of the aerosol in the CFD model
was assumed to be centered in time on the mean accelerat-
ing flow (i.e., mean flow release). However, the effect of
aerosol release (or inhaler activation) timing on deposition
is also of interest. Additional simulations were conducted in
which aerosol release occurred continuously during the first
0.2 and 0.5 s of inhalation for the MDI and DPI, respec-
tively. It is noted that with the DPI and QD inhalation,
mean flow release result in a starting release time of 0 s.
Compared with mean flow release, starting particles at time
zero reduced MT and upper TB deposition by only a small
amount (<3% in the MT and <0.4% in the upper TB
region). These differences did not affect the relative
comparisons of MDI vs. DPI deposition under correct
and incorrect inhaler conditions that were made for mean
flow release. As a result, release time does not appear to affect
deposition patterns in the MT and upper TB airways
as significantly as inhaler type and inhalation waveform
conditions.

Lower Tracheobronchial and Total Deposition

Deposition in the TB airways through B15 for each of the
five lung lobes is presented in Figs. 8 and 9. As before, upper
panels represent the correct inhalation waveform used with
the MDI and DPI. Figure 8 reports deposition efficiencies
(DE) and fractions remaining (FR) for the five lung lobes
denoted as left upper (LU), left lower (LL), right upper (RU),
right middle (RM) and right lower (RL). It is noted that the
fraction remaining is reported for the inlet of each lung lobe
such that the DF can be calculated as described with Eq. 9.
For correct inhalation profiles, the DPI is observed to have
approximately 25–50% higher deposition efficiencies in
each lung lobe, due to the higher flow rate, compared with
the MDI (Fig. 8a vs. b). However, FR values with the DPI
are approximately one half those observed for the MDI.
Considering incorrect inhalation profiles, the relative values
of DE are more similar between the MDI and DPI. How-
ever, FR values are not largely changed with incorrect
inhalation due to small changes in MT deposition. The
resulting DFs in each lung lobe are presented in Fig. 9.
Considering correct inhalation profiles, the MDI appears
to provide higher drug delivery to the B1-B3 region and
each of the lobes (Fig. 9a vs. b). With incorrect usage, the
MDI again provides higher drug delivery to B1-B3 and also
provides increased delivery to the individual lung lobes
compared with the DPI (Fig. 9c vs. d). For all cases
considered, the right upper lobe receives the lowest dose

Fig. 5 Comparison of deposited drug mass from the in vitro experiments
and CFD predictions for the MDI. Good agreement between the model
predictions and experimental results is observed in the inhaler, MT and
upper TB regions.
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of aerosol. The relative dose fraction to the other lobes
was variable and dependent on both inhaler type and
inhalation profiles.

Deposition fractions as a function of airway region are
presented in Fig. 10 on a log scale in order to visualize
values across three orders of magnitude. For the correct

Fig. 6 Contours of velocity magnitude and representative velocity vectors in the midplane of the MT and upper TB geometries with correct inhalation
profiles for the (a) MDI and (b) DPI and incorrect inhalation profiles for the (c) MDI and (d) DPI. Results in (b) were previously reported by Tian et al. (34)
and are included here for comparison with three other device and inhalation combinations.
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inhalation profiles, the MDI delivers approximately twice
the drug dose to each individual TB region compared with
the DPI, resulting in approximately 2 times higher total TB
dose. Deposition fraction values reported in Table III indi-
cate that for correct usage, the MDI delivers approximately
8.1% of the initial drug to the TB region whereas the DPI
delivers approximately 4.2%. For incorrect inhalation, the
MDI is again observed to deliver twice the dose to most TB
sections and the entire TB region compared with the DPI.
From Table IV for incorrect inhalation, the TB deposition

fraction for theMDI is 5.8% vs. 3.3% for the DPI. Considering
the effect of inhalation profile on the delivery from each device,
incorrect inhalation reduces the TB dose from the MDI by a
33% difference and decreases the TB dose from the DPI by
24%. These inhalat ion profi le-based dif ferences
appear small compared with the factor of 2 difference in TB
dose observed between the devices. As a result, it appears that
the MDI delivers 2 times more dose the TB region compared
with the DPI with a similar reduction in TB dose associated
with incorrect usage of both devices.

Fig. 7 Deposition fractions (DFs) of drug mass in the MT and upper TB airways predicted for correct inhalations with the (a) MDI and (b) DPI and for
incorrect inhalations with the (c) MDI and (d) DPI. Results in (b) were previously reported by Tian et al. (34) and are included here for comparison with
three other device and inhalation combinations.
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The inhalation profile employed with each device may
potentially be used to modify the deposition within different
regions of the airways. The QD profile with the MDI is
observed to marginally increase deposition in the region of
B4-B7 compared with SD inhalation, while maintaining or
reducing delivery to other lung regions. SD inhalation with
the DPI is observed to marginally increase deposition in B8-
B15 vs. the correct QD profile with reductions in all other
lung regions. Still, the MDI delivers a higher drug dose to all
individual TB regions and the entire TB region for both

correct and incorrect profiles. Mouth-throat deposition for
the MDI is also two times lower under both inhalation
profiles. As a result, it appears that significantly altering
regional deposition by modifying the inhalation profile is
not practical with a single device and differences obtained
are smaller than inter-device differences.

Penetration fractions (PF) are defined as the fraction of
the original aerosol dose exiting a specific region, and are
reported in Tables III and IV for correct and incorrect
inhaler usage. For correct inhalation, the PF values at the

Fig. 8 Deposition efficiencies (DE) within each lung lobe and fractions remaining (FR) at the inlet to each lung lobe for correct inhalation profiles with the (a)
MDI and (b) DPI and incorrect inhalation profiles with the (c) MDI and (d) DPI.
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exit of the TB region indicate that the MDI delivers approx-
imately 52% of the initial dose to the alveolar airways
whereas the DPI delivers 26.1%. These values are little
changed with incorrect inhalation as indicated in Table IV
(MDI: 47.1% and DPI: 28.6%). As a result, the MDI delivers
approximately 2 times more dose compared with the DPI and
nearly 50% of the inhaled aerosol to the alveolar airways
regardless of inhalation profile.

Figure 11 illustrates the deposition of drug in bifurcations
B4-B15 for each of the inhalers and inhalation profiles that
were considered. With the SIP geometries starting at B4, the
MDI with QD inhalation is observed to have higher depo-
sition fractions through approximately B7 compared with
the correct SD inhalation. Starting with B7, SD inhalation
with the MDI produces higher DFs than QD inhalation.
The DPI displays a similar trend with higher DFs through
approximately B7 using QD inhalation and higher DFs in
B8-B15 using SD inhalation. These flow rate dependent
differences are largest in the higher bifurcations due to
increased inertial deposition and decrease as sedimentation

Fig. 9 Deposition fractions
(DF as a%) in the upper TB
airway and within individual
lung lobes for correct inhalation
profiles with the (a) MDI and
(b) DPI and incorrect inhalation
profiles with the (c) MDI and
(d) DPI.

Fig. 10 Deposition fractions (DF as a %) for individual regions of the
conducting airways and total TB deposition.
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becomes the predominant deposition mechanism in the
lower bifurcations. On a branch-averaged basis, MDI de-
position fractions are higher in all cases except for a small
region at B12 to B13.

As with the upper airways, the effect of aerosol release
time on deposition in the lower TB airways was also con-
sidered. Again, mean flow release was compared with aero-
sol release beginning at the start of inhalation. Compared
with mean flow release, initial release at t00 results in small
changes in lobar DFs with differences less than 0.2% for the
MDI and <0.1% for the DPI. Regional differences in DFs
between the two release conditions were also small. As a result,
the timing of aerosol release does not appear to affect the
relative differences observed regarding MDI vs. DPI aerosol
deposition for correct and incorrect inhalation profiles.

DISCUSSION

This study is the first to implement a CFD approach to
evaluate the transport dynamics and deposition profiles for
two commonly used inhalers under different breathing con-
ditions from the site of aerosol formation through the entire

tracheobronchial airways. Due to the complexity of the
aerosol formation process, in vitro experiments were used to
specify the initial particle profiles at the spray nozzle inlet of
the MDI and DPI jet. This study is also the first to validate
simulations of an MDI aerosol with in vitro results in a
characteristic model of the MT-TB airways. Large differences
in the delivery characteristics of the two inhalers were ob-
served in terms of MT deposition and alveolar delivery. In the
TB region, the MDI consistently delivered 2 times more dose
than the DPI with both devices showing very similar reduc-
tions in dose associated with incorrect inhalation (~30%).
These results illustrate advantages of the developed CFD
model in terms of predicting regional, branch-averaged, and
highly localized deposition of drug from multiple platforms
under different inhalation profiles. Furthermore, deposited
particle size distributions are predicted on a localized basis,
which can be used as a starting point for simulating dissolu-
tion, spreading, and absorption of the drug.

The CFD model developed in this study may play a
valuable role in the areas of inhaler design, selecting appro-
priate inhalation devices and inhalation flow conditions for
optimal delivery, and determining bioequivalence between
devices. As described in the Introduction, pharmacokinetic
testing is one of a number of methods that can be used to
investigate inhaler bioequivalence. With pharmacokinetic
analysis, systemic drug concentrations are analyzed; howev-
er, deposition characteristics in the lung (i.e., the site of
action) are not known. It is expected that target sites for
specific medicines are distributed unevenly throughout the

Table III Deposition Fractions (DF) and Penetration Fractions (PF) at the
Outlet of Individual Airway Regions with Correct Inhalation (MDI with SD
and DPI with QD)

Region DF PF

MDI DPI MDI DPI

MTa 0.4 0.698 0.6 0.302

Trachea-B3 0.057 0.026 0.543 0.276

B4-B7 0.015 0.010 0.528 0.267

B8-B15 0.009 0.006 0.519 0.261

Total TB 0.081 0.042 0.519 0.261

a Includes deposition from the MDI inhaler

Table IV Deposition Fractions (DF) and Penetration Fractions (PF) at the
Outlet of Individual Airway Regions With Incorrect Inhalation (MDI with
QD and DPI with SD)

Region DF PF

MDI DPI MDI DPI

MTa 0.471 0.681 0.529 0.319

Trachea-B3 0.033 0.018 0.496 0.301

B4-B7 0.017 0.008 0.479 0.293

B8-B15 0.008 0.007 0.471 0.286

Total TB 0.058 0.033 0.471 0.286

a Includes deposition from the MDI inhaler

Fig. 11 Deposition fractions (DF as a %) within individual bifurcations
evaluated for all five lung lobes from B4 through the terminal bronchioles
(B15).
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lung and deposition at these sites cannot be predicted based
on total lung uptake (70,71). Therefore, establishing “lung”
bioequivalence requires similar pharmacokinetic profiles as
well as verification that deposition characteristics in the
lungs are similar between the devices or modes of delivery
being considered. A review by Scheuch et al. (9) recently
highlighted large variability in C/P deposition ratios from
imaging studies and showed that C/P cannot be predicted
from knowledge of total lung deposition. The lack of corre-
lation between C/P and total lung deposition was attributed
to intersubject variability and differences in delivery devices.
The CFD model developed in this study can be used to
determine C/P ratios for different devices, assuming that
the fraction entering the alveolar region is fully deposited.
Furthermore, deposition profiles can be predicted within
specific regions of the TB airways, as illustrated in Figs. 9,
10, and 11. Therefore, this model may play a valuable role
in combination with pharmacokinetic testing to establish
bioequivalence between devices. Results of this study indi-
cate that both device and differences in the inhalation pro-
file contribute largely to variability in C/P ratios. Future
studies are needed to evaluate the effects of intersubject
variability, alveolar deposition characteristics, as well as
the time course of drug dissolution and absorption.

Through numerous in vitro and in vivo studies, certain
themes related to the relative performance of MDIs and
DPIs have emerged. For the specific inhalers tested, the in

silico results of this study support these previous findings in
some cases and are contradictory in others. Considering the
total lung and TB deposition of MDI vs. DPI aerosols,
previous studies report mixed findings (4,13,14,72). In vivo

studies reported on the package inserts of both devices tested
indicate a nearly identical improvement in FEV1 for asth-
matics already receiving bronchodilators over a 12 week
period. However, the shallow dose–response curves of cor-
ticosteroids make determining the initial deposition fraction
of drug mass impossible. Approximately two times greater
total lung deposition was also reported in the in vivo study of
Hirst et al. (14) for an MDI, based on gamma scintigraphy
comparisons with two passive DPIs. This result is very
consistent with the current study in which the total lung
delivery of the MDI (60%) is approximately twice that of the
DPI (30%) for correct inhalation profiles.

It is currently held that MDIs are more prone to coordi-
nation problems and incorrect usage, which includes incor-
rect inhalation, than DPIs (6). This is one factor in the
increasing development and use of DPIs (4,6). However,
results of the current study indicate that the MDI delivers
two times more dose to the TB region than the DPI for
correct and incorrect usage of each inhaler. Furthermore,
both devices showed a similar decrease (~30%) in TB dose
associated with incorrect inhalation. The TB dose of the
MDI with incorrect inhalation (5.8%) was still 1.4 times

higher than the TB dose from the DPI with correct inhalation
(4.2%). As a result, both devices appear equally sensitive to the
specific errors in inhalation that were considered, and the
MDI consistently delivered larger doses to the TB airways,
even when it was used incorrectly.

Clearly, the correct inhalation profiles selected for this
study are intended to optimize TB deposition. For the
corticosteroid considered, MT and alveolar deposition
should be minimized and TB deposition should be maxi-
mized. Under these criteria, the specified QD and SD
inhalation profiles appear most appropriate to maximize
TB dose with the DPI and MDI, respectively. Considering
targeting deposition to specific regions of the TB airways,
results indicate that QD inhalation with both inhalers
increases deposition in the range of approximately B4-B7
and SD inhalation increases deposition in approximately
B8-B15. A number of studies report that asthma constric-
tion may manifest at different levels of the airways for
different individuals and for different triggers (73–75).
Results of this study indicate that small increases in regional
deposition may be achieved by altering the inhalation pro-
file for both the MDI and DPI. However, these increases
appear marginal and are eclipsed by the 2 fold increase in
drug deposition associated with the MDI vs. DPI. More
significantly, the current findings indicate large differences
in MT and alveolar deposition between the MDI and DPI.
Side effects in the oral airway for patients using a DPI may
be improved by switching to an MDI without a decrease in
total TB deposition. Conversely, MDI users sensitive to
systemic side effects associated with high alveolar deposition
may see an improvement in adverse conditions with the use
of a DPI.

In contrast with the corticosteroid considered here, in-
haled medicines such as proteins and peptides intended for
systemic delivery are frequently targeted to the alveolar
airways. Considering the delivery platforms evaluated in
this study, the MDI delivers nearly half of the initial dose
to the alveolar airways with the lowest observed MT depo-
sition. For the DPI, both inhalation profiles deliver an
alveolar dose of approximately 26-29%. As a result, the
MDI appears to be the preferred platform to maximize
alveolar dose with little sensitivity to the inhalation flow rate
for the ranges considered.

A limitation of this study is the use of only one incorrect
inhalation waveform for each inhaler. Furthermore, only
correct vs. incorrect inhalation profiles were considered as
the source of patient error. O’Callaghan et al. (76,77) clearly
illustrates a number of patient errors that can occur with
MDIs such as inhaling through closed teeth and large inhal-
er orientation angles. Inhaler errors for both MDIs and
DPIs were recently discussed in the review of Smith et al.
(6). For theMDI, timing of the actuationmay be an important
factor that was only considered through mean accelerating
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flow (i.e., release starting at t00 vs. a release time period
centered on mean accelerating flow). Actuation at later times,
such as during mean decelerating flow may have a more
significant impact on deposition than was observed with the
cases considered. However, actuation timing variability can
be minimized with the use of breath activated MDI and DPI
devices. Compared with previous studies, Broeders et al. (42)
indicated that the correct MDI actuation time is between 0
and 0.2 s and the PIFR should be below 90 L/min. However,
in the current study, good performance of the MDI was
observed with an actuation time in the range of 0.63–0.83 s
for SD and 0.15–0.35 s for QD inhalations. Results of the
current study should be interpreted based on the range of
inhalation profiles evaluated. Still, the developed models can
be used to consider the effects of other activation times, flow
rates, waveforms, and geometries.

CONCLUSIONS

In conclusion, the CFD model developed in this study can
be used to predict airway deposition characteristics from
MDIs and DPIs in order to compare device performance
and help establish bioequivalence between devices. For both
inhalation profiles considered, the MDI delivered signifi-
cantly more drug to the TB region and had a similar
sensitivity to inhalation errors compared with the DPI.
Advantages of MDI delivery included lower MT deposition
and improved TB dosing compared with the DPI. The MDI
also delivered a large fraction of the initial dose to the
alveolar region, under both inhalation profiles, which may
be advantageous for systemic absorption. In comparison
with the MDI, the main advantage of the DPI was reduced
delivery to the alveolar region, which may reduce systemic
absorption of topical medications. The dose delivery advan-
tages of the MDI reported in this study should be considered
when selecting a platform for respiratory drug delivery
to either the TB or alveolar regions of the lungs if the
frequently reported limitations, such as timing coordina-
tion, can be overcome. To advance the developed CFD
model to the point where bioequivalence estimates can
be made in conjunction with pharmacokinetic analysis,
future studies are needed to assess additional sources of inter-
and intra-subject variability, alveolar transport, and drug
dissolution and absorption.
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