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A B S T R A C T   

Background and objective: Understanding the impact of inhaler resistance on particle transport and deposition in 
the human upper airway is essential for optimizing inhaler designs, thereby contributing to the enhancement of 
the therapeutic efficacy of inhaled drug delivery. This study demonstrates the potential effects of inhaler 
resistance on particle deposition characteristics in an anatomically realistic human oropharynx and the United 
States Pharmacopeia (USP) throat using computational fluid dynamics (CFD). 
Method: Magnetic resonance (MR) imaging was performed on a healthy volunteer biting on a small mockup 
inhaler mouthpiece. Three-dimensional geometry of the oropharynx and mouthpiece were reconstructed from 
the MR images. CFD simulations coupled with discrete phase modelling were conducted. Inhaled polydisperse 
particles under two different transient flow profiles with peak inspiratory flow rates (PIFR) of 30 L/min and 60 L/ 
min were investigated. The effect of inhaler mouthpiece resistance was modelled as a porous medium by varying 
the initial resistance (Ri) and viscous resistance (Rv). Three resistance values, 0.02 kPa0.5minL− 1, 0.035 
kPa0.5minL− 1 and 0.05 kPa0.5 minL− 1, were simulated. The inhaler outlet velocity was set to be consistent across 
all models for both flow rate conditions to enable a meaningful comparison of models with different inhaler 
resistances. 
Result: The results from this study demonstrate that investigating the effect of inhaler resistance by solely relying 
on the USP throat model may yield misleading results. For the geometrically realistic oropharyngeal model, both 
the pressure and kinetic energy profiles at the mid-sagittal plane of the airway change dramatically when 
connected to a higher-resistance inhaler. In addition, the geometrically realistic oropharyngeal model appears to 
have a resistance threshold. When this threshold is surpassed, significant changes in flow dynamics become 
evident, which is not observed in the USP throat model. Furthermore, this study also reveals that the impact of 
inhaler resistance in a geometrically realistic throat model extends beyond the oral cavity and affects particle 
deposition downstream of the oral cavity, including the oropharynx region. 
Conclusion: Results from this study suggest that key mechanisms underpinning the working principles of inhaler 
resistance are intricately connected to their complex interaction with the pharynx geometry, which affects the 
local pressure, local variation in velocity and kinetic energy profile in the airway.   

1. Introduction 

Inhaled drug delivery is widely known as an effective approach to 
managing respiratory diseases. There are currently over 40 different dry 
powder inhalers in the market, and the industry is stipulated to reach 

$33 billion by 2023 [1]. Given the rising occurrence of Chronic 
Obstructive Pulmonary Disease (COPD) and asthma [2,3], developing 
new inhaler technologies through a deeper understanding of dominant 
factors contributing to efficacy is warranted. The intricate mechanisms 
governing the transport and deposition of dry powder drugs in the 
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airways following their release from inhalers are multifaceted and 
complex. This mechanism is influenced by various factors, including the 
inhaler mechanical design, the physical properties of the drugs, differ
ences in airway geometries and inhalation flow profile [4]. Ideally, 
drugs should be deposited in the lower airways to achieve maximum 
effectiveness while minimizing medication deposition in the upper 
airway to reduce wastage and potential side effects. 

Dry powder inhalers are designed to effectively deagglomerate and 
disperse drug formulations [5]. The variations in mechanical designs 
among inhalers can differ and may introduce flow-limiting effects 
associated with their resistance. Although the effects of inhaler resis
tance, such as how they affect dry powder transport and their deposition 
in the extrathoracic airway, have been studied, knowledge in this area 
remains fragmentary because the majority of existing work has 
compared inhalers with different designs, mouthpiece sizes and flow 
rate associated with the devices [6–13]. To gain a systematic under
standing of the effects of inhaler resistance and the key mechanisms 
influencing their delivery effectiveness, controlling the mouthpiece sizes 
and flow rates would be beneficial. A widely acknowledged paradigm is 
that dry powder inhalers with high resistance are associated with a 
lower flow rate, which reduces the propensity of particle impaction and 
hence causes less deposition in extrathoracic airways. Conversely, a dry 
powder inhaler with low resistance tends to be associated with a higher 
flow rate, which may cause more particle deposition loss in the human 
pharynx. Clark et al. contended that, ultimately, the efficacy of a device 
prescribed to a population would depend on the mouth-inspiratory 
pressure an individual can generate while using the inhaler [14]. 
Indeed, inhaler resistance is an interesting and ongoing debate because 
the literature has reported somewhat conflicting data, which is chal
lenging to resolve due to disparities in experimental conditions 
employed across various studies. 

As a case in point, Yang et al. [12] showed that the extrathoracic 
deposition associated with the low resistance Osmohaler (0.021 
kPa0.5minL− 1) was ~80 %, and it is ~4 % less than the high resistance 
Osmohaler (0.036 kPa0.5minL− 1). The study was performed at a flow 
rate of 65 L/min using the Alberta Idealized Throat (AIT). Below et al. 
[6] studied particle deposition in a pseudo-realistic paediatric 
mouth-throat model using the Novolizer (0.026 kPa0.5minL− 1) and an 
inhalation flow profile with a peak flow rate of 51 L/min. In that study, 
particle deposition in the upper airway is 65 %. Given the similarity in 
inhaler resistance and inhaler mouthpiece sizes between the Novolizer 
(0.026 kPa0.5minL− 1) and the low resistance Osmohaler (0.021 
kPa0.5minL− 1), it begs the question whether flow rate is the main factor 
that has constituted the discrepancies in deposition and the trend 
observed between the two studies (e.g. Yang et al. [12] and Below et al. 
[6]). The literature consists of many similar examples, where parameters 
used to conduct the experiments vary across studies. In the above 
comparison, differences in airway geometry and different inhalation 
flow profiles could also account for differences in the outcomes. Un
derstanding what role inhaler resistance can play for a fixed flow rate 
exiting the inhaler and how it may affect the local velocity variations 
and subsequent pressure and kinetic energy profiles are essential to 
understand their impact on particle transport behaviour. 

This research aims to shed light on how different inhaler resistances 
may potentially affect particle deposition in the pharynx using a nu
merical approach that couples computational fluid dynamics (CFD) with 
discrete phase modelling (DPM). The LRN k–ω SST model will be used 
for all models, given its demonstrated capabilities in predicting particle 
flow and deposition behaviour in existing research [15]. Three different 
inhaler resistances are modelled: 0.02 kPa0.5minL− 1 (Breezhaler), 0.035 
kPa0.5minL− 1 (Turbuhaler) and 0.05 kPa0.5minL− 1 (Handihaler), rep
resenting a range of low, mid and high inhaler resistances in the market 
[14,16–20]. To enable a meaningful comparison between devices, the 
average velocity at the outlet of the inhaler mouthpiece is controlled and 
kept the same, and resistance across the devices is modelled by pre
scribing porosity functions. We hypothesized that one of the 

predominant effects of inhaler resistance lies in the difference in pres
sure drop it can create, which can subsequently influence the pressure in 
the oral cavity and the local variation in velocity, leading to changes in 
kinetic energy. We will also test the concept that pharynx geometry 
plays an important role in determining the impact of inhaler resistance, 
and understanding this can be relevant to future inhaler device testing 
and development. 

2. Method 

A visual representation of the method is shown in Fig. 1. 

2.1. Ethics attestations 

The study was approved by the Human Research Ethics Committee of 
Macquarie University and conducted according to the Declaration of 
Helsinki. Informed written consent was obtained from the volunteer. 

2.2. MR imaging 

A 56-year-old subject (BMI: 39.5 kg/m2) with no prior history of 
sleep or respiratory issues volunteered for this study. During the MR 
imaging, the subject was instructed to lie supine while biting on a mock- 
up inhaler with a mouthpiece size that matches the Breezhaler. Before 
the scan, the subject was trained to use and breathe through the inhaler 
without any aerosol present, and this was performed based on the 
inhaler instruction manual. Head pads were placed on the volunteers to 
prevent head movement during scanning. The participant held on to a 
buzzer, and notification was given before the scan commenced. The 
anatomical images were acquired using the following parameters. Field 
of view: 256 × 256, a 256 × 256 matrix size (1 mm × 1 mm pixel size), 
6.8 ms repetition time, 3 ms echo time, 144 × 108 scan resolution, and 1 
mm slice thickness. The scan duration lasted 6 min. 

2.3. Model reconstruction 

A 3D USP model and a geometrically realistic upper airway model 
(reconstructed from the MR images) were produced for this study. The 
geometrically realistic upper airway model was reconstructed from the 
MRI scans using 3D Slicer (www.slicer.org). During reconstruction, the 
airway boundaries were carefully defined using a threshold value to 
conserve most of the anatomical details of the upper airway. The model 
was subsequently exported as an STL file and converted to NURBS in 
Rhinoceros (Rhino 7, Robert McNeel & Associates, Seattle, Washington). 
A cylindrical inhaler extension, with a geometry representing the outlet 
of the Breezhaler, was also connected to the oral inlet of both the USP 
and the geometrically realistic upper airway model using Rhinoceros, 
and the latter was achieved by ensuring that the position of the inhaler is 
consistent with the MRI images. 

Both models were imported into ANSYS ICEM-CFD (ANSYS Inc., 
Canonsburg, Pennsylvania) first to generate the tetrahedral/mixed un
structured meshes before converting them to polyhedral in Fluent. The 
geometrically realistic upper airway model was divided into seven sec
tions: the inlet, inhaler, outlet, and four other regions that generally 
define the primary locations of the human pharynx, such as the oral 
cavity, oropharynx, laryngopharynx, and the trachea (Fig. 2). As this 
study aims to investigate the effects of 3 different inhaler resistance, a 
total of 6 models comprising 3 USP throats, and 3 geometrically realistic 
airways were generated. 

2.4. Computational simulation 

Discrete phase modelling (DPM) was used, and mannitol was chosen 
as the particle for the simulation. The density of the mannitol particles 
was defined as 1514 kg/m3. The boundary condition at the inlet and 
outlet was prescribed as escape, while the walls of the inhaler and the 
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Fig. 1. Schematic of the working model.  

Fig. 2. Realistic upper airway. Panel A shows the airway is dissected into 4 primary regions where particle deposition is analyzed (S1- oral cavity, S2 - a segment of 
the airway connecting the oropharynx and the oral cavity, S3 - oropharynx, and S4 - trachea). Panel B shows 12 planes defined along the airway to analyze the 
average velocity, pressure and kinetic energy and how these change during inhalation. 

X. Cai et al.                                                                                                                                                                                                                                      
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entire pharynx were prescribed as trap. The porous zone was selected in 
the cell zone condition that represents the inhaler domain, and the 
porosity is defined by the viscous resistance (Rv), the inertial resistance 
(Ri) and the void ratio. These values are empirical, and Table 1 shows 
the pressure drop associated with the resistance of 0.02 kPa0.5minL− 1, 
0.035 kPa0.5minL− 1 and 0.05 kPa0.5minL− 1. 

The turbulent intensity at the inlet was defined as 5 %, which has 
been commonly used in existing work on RANS simulations to represent 
fluid motion irregularities [21–23]. The viscosity ratio for the inlet was 
prescribed as 10 %. A few preliminary case studies were performed 
before the actual studies in order to test different boundary conditions 
and they were: 1) generating flow across the inhaler-pharynx system by 
prescribing velocity at the inhaler inlet, 2) generating flow across the 
inhaler-pharynx system by prescribing a pressure difference across the 
model (prescribing non-zero pressure at the pharynx outlet), and 3) 
using other combinations of Rv, Ri and porosity to produce the same 
resistance intended for this study to understand their effects on flow in 
the porous domain. Results from this preliminary work showed no 
considerable differences in the flow field between the cases. Thus, the 
velocity inlet boundary condition was applied at the inlet for all models 
(See Fig. 3). The SIMPLE algorithm and convergence criterion of 10− 5 

was used for pressure-velocity coupling. The model was imported into 
ANSYS FLUENT (ANSYS Inc., Canonsburg, Pennsylvania) for simula
tions, using double precision and parallel processing with six processors. 
A realistic inhalation flow profile, extracted from a previous work 
published by the authors [24] was used. All simulations started with a 
steady-state analysis, and the results were used as initialization condi
tions for the transient simulations with an overall time duration of 4 s 
time, with a time step size of 0.01s. Mesh independence test, injected 
particle number independence test and time step size independence test 
were all done in our previous paper [25]. 

2.5. Governing equations 

The porous media model functions as a momentum sink in the gov
erning momentum equation [26] and is represented in the equation by a 
momentum source term, which consists of two parts: a viscous loss term 
(Darcy, the first term in Equation (1)) and an inertial loss term (the 
second term in Equation (1)). 

Si= −

(
∑3

j=1
Dijμvj +

∫ 3

j=1
Cij

1
2

ρ|v|vj

)

(1)  

where Si is the source term for the ith momentum equation for x, y, and z 
direction, D and C are prescribed matrices, |v| is the velocity magnitude, 
and vj is the velocity vector in y direction. This momentum sinks 
decrease pressure proportional to the fluid velocity or the square of the 
velocity within the cell. Equation (1) can then be simplified to Equation 
(2) to model the scenario of a simple homogeneous porous media. 

Si= −

(
μ
αvi +C2

1
2

ρ|v|vi

)

(2)  

here α is the permeability, and C2 is the inertial resistance factor. 
Equation (2) is derived by assigning the “D" and “C" in Equation (1) as 
diagonal matrices by having 1/α and C2 on their diagonals, respectively, 
with all other elements as zero. 

When the flow velocity is high, the constant “C2” in Equation (1) 

compensates for the inertial losses in the porous medium. This constant 
can be considered as a coefficient of loss per unit length in the flow 
direction, making it possible to express the pressure drop as a function of 
the dynamic head. In this study, the term permeability was not used as it 
is not relevant to the simulation in the present study, only inertial loss is 
considered, resulting in the form of the porous media equation shown in 
Equation (3). 

∇p= −
∑3

j=1
C2ij

(
1
2

ρvj|v|
)

(3)  

which can be written in terms of the pressure drop in the x, y, z di
rections as: 

Δpx ≈
∑3

j=1
C2xj Δnx

1
2

ρvj|v| (4)  

Δpy ≈
∑3

j=1
C2yj Δny

1
2

ρvj|v| (5)  

Δpz ≈
∑3

j=1
C2zj Δnz

1
2

ρvj|v| (6)  

where Δnx, Δny, or Δnz represents the thickness of the medium in x, y, 
and z directions, respectively. 

The particle sizes in the simulations were modelled based on the size 
distribution of mannitol depicted in Fig. 4. This was achieved using a 
DPM model and a user-defined file with 8000 particles randomly 
distributed at the inhaler inlet. The equation that governs the three- 
dimensional particle transport behaviour was derived from Equation 

Table 1 
Inhaler resistance and pressure drop parameters.  

Case Inhaler Resistance (kPa^ 
(1/2) L/min) 

Pressure drops at 30 
L/min (Pa) 

Pressure drops at 60 
L/min (Pa) 

1 0.02 360 1440 
2 0.035 1102.5 4410 
3 0.05 2250 9000  

Fig. 3. Inspiratory inhalation profile.  

Fig. 4. Particle size distribution.  
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(7) [26]. 

ρpdp
d2xp
dt2 =

3
4

ρCD(v − vp)|v − vp| + ρpdpg (7)  

Where g is the gravity vector (9.81 N/kg) with a -x direction, ρ is the 
flow density, ρP is the particle density, xP is the particle displacement, dP 
is the particle diameter, CD is the drag force coefficient, v is the flow 
velocity (m/s), and vp is the particle velocity (m/s). 

Since the simulation involved particles with varying sizes, Equation 
(8) was utilized to evaluate the deposition efficiency (DE). 

DE%=
Mass of deposited particles
Mass of injected particles

∗100% (8)  

3. Results 

3.1. Validation of computational models with published experimental 
studies 

The deposition efficiency of mannitol particles in the USP throat 
models with a low resistance (0.021 kPa0.5minL− 1) prescribed to the 
inhaler at steady state flow of 40 L/min, 60 L/min and 80 L/min is 
shown in Fig. 5. Results from those models match well with the exper
imental data reported by Cheng et al. [27], which were conducted with 
the same flow conditions and particle size band. The percentage varia
tions between the computational models and the experimental result for 
flow rates of 40 L/min, 60 L/min and 80 L/min are 1.8 %, 2.68 %, and 
2.62 %, respectively. In Cheng et al. [27], high-performance liquid 
chromatography was used to measure the particle mass to determine the 
particle deposition in the upper airway. Both data sets show that 
deposition in the USP throat increases gradually with higher flow rates 
under steady-state flow conditions, confirming that the model can cap
ture the experiment’s overall physical behaviour. 

3.2. Effects of inhaler resistance on particle deposition characteristics in 
the upper airway 

Fig. 6 summarizes the total particles deposited in the USP and real
istic upper airway models with three different inhalers. The models are 
simulated using a transient inhalation flow profile described in Fig. 3. 
While there appears to be a general upward trend in particle deposition 
for both the USP throat and geometrically realistic upper airway cases, 
this trend is somewhat plateaued for the USP cases, demonstrating that 
the effect of inhaler resistance is more pronounced in a realistic upper 
airway. A simplified pharynx replica such as the USP throat may not be 
able to recapitulate the distinctive effects associated with higher inhaler 

resistance when used in the geometrically realistic upper airway. The 
results further indicate that deposition in the USP throat and geomet
rically realistic airway are more similar for the mid and high-resistance 
cases but are considerably different for the low-resistance case. This may 
suggest the need to interpret experimental outcomes carefully when the 
USP induction port is used to study low-resistance inhalers experimen
tally. There are several plausible reasons why the USP computational 
model with low resistance has more deposition than the realistic airway 
model. For example, the transition in geometry between the small 
inhaler mouthpiece and the large USP inlet is abrupt, unlike the realistic 
airway model. Such abrupt change in geometry connectivity is likely to 
have increased recirculation at the USP throat inlet that promotes 
deposition, contrary to the realistic airway model, where the streamlines 
of the jet flow carry the particles through the airway. Based on the two 
peak flow rates (30 L/min and 60 L/min) chosen for this study, it also 
appears that deposition efficiency in the realistic airway is not strongly 
affected by the flow rate magnitude, especially for the low and mid- 
resistance cases. Note that this observation does not apply to a USP 
throat. For example, as shown in Fig. 4, the effect of flow rate on much 
simpler geometries is more apparent, and this is likely because simpler 
geometry is less capable of trapping particles at lower flow rates. In the 
realistic airway cases tested in Fig. 5, the effects of flow rate interestingly 
become more apparent for the high-resistance case, with the difference 
in deposition efficiency being ~10 % between the two flow rates for the 
geometrically realistic airway model. 

Fig. 7 (a) shows the regional particle deposition in the four different 
airway sections of the geometrically realistic upper airway model for all 
the 30 L/min peak flow rate cases. Regardless of the differences in 
inhaler resistance, deposition is concentrated in section 2 of the airway 
and has a similar mass quantity of particles deposited in sections 1 (the 
oral cavity) and 3 (the oropharyngeal region). In both these sections 
(sections 1 and 3), particle deposition is also less than 12 % for all the 
models. Inhaler resistance also appears to have a dramatic effect on 
particle deposition in section 2, such that there appears to be a non- 
linear and increasing trend of particle deposition with higher inhaler 
resistance. Potential reasons behind these and later observations to be 
presented in this section will be provided in the discussion section of this 
paper. 

Fig. 7 (b) shows the regional particle deposition in the four different 
airway sections of the geometrically realistic upper airway model for all 
the 60 L/min peak flow rate cases. In the oral cavity (section 1), particle 
deposition is the highest for the high-resistance case and lowest for the 
low-resistance case. The difference in deposition between the low and 
high-resistance here is approximately four-fold, with the high-resistance 
inhaler reaching a deposited mass fraction of 61 %. In section 2, depo
sition is the highest for the mid-resistance inhaler but lowest for the low- 
resistance inhaler. All three inhalers have negligible deposition at the 
oropharynx (section 3) and larynx (section 4) regions, and this is likely 
because most of the particles have been trapped in the first two sections 
of the pharynx. 

3.3. Airflow dynamics 

3.3.1. USP model 
Fig. 8 shows the velocity magnitude, pressure and turbulence kinetic 

energy contours at the mid-sagittal plane for the USP models at different 
time points of the inhalation cycle. Based on the results, it can be 
observed that close to the onset of inhalation (at T = 0.1s), both the 
velocity and pressure contour appear to be the most affected by inhaler 
resistance. It can be further observed that this effect extends beyond the 
horizontal section of the USP throat, and some differences in the velocity 
contour can be observed downstream of the simple airway replica (see 
circled insets). Inhaler resistance does not appear to affect the flow 
dynamics significantly at T = 0.3 s or T = 0.5 s. Overall, the results 
presented here indicate that despite large changes in inhaler resistance 
and having the average velocity controlled at the inhaler outlet, these 

Fig. 5. Deposition efficiency of mannitol in the USP models at 40 L/min, 60 L/ 
min and 80 L/min between simulation results and existing paper [27]. 
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effects do not seem to substantially influence the flow field computed in 
the USP throat, though some variations are noticeable. These results are 
consistent with the particle deposition data, where only small changes in 
particle deposition are observed in the USP throat for a change in 
resistance at a fixed flow rate despite the significant differences in 
inhaler resistance modelled. 

3.3.2. Geometrically realistic airway models 
Fig. 9 shows the velocity magnitude contours at the mid-sagittal 

plane of the geometrically realistic upper airway models at different 
times of the inhalation profile. Similar to the USP throat, flow dynamics 
appear to be the most affected by inhaler resistance close to the onset of 
inhalation. Specifically, it can be noted that the differences are apparent 
at the oropharynx region, adjacent and caudal to the epiglottis. The 
velocity ranges from 0 to 10.5 m/s at the oropharynx (see rectangle 
inset) across all models. Although this velocity magnitude is consistent 
between the models, there is a slight disparity in the velocity contour 
pattern. Notably, the model with the highest inhaler resistance show
cases the highest average velocity within the inset, as observed on the 
midsagittal plane. 

Fig. 10 shows the pressure contours. It is important to note that these 
pressure profiles do not represent realistic inspiratory mouth pressure as 
the models did not consider the entire respiratory airways. The results 
here, though, show how inhaler resistance could potentially affect the 
pressure change and its distribution within the airway, and specifically, 
how they differ at different periods of inhalation. In the oral cavity, a 
significant change in pressure within the oral cavity occurs between T =

0.1 to T = 0.3 s, but this is not observed in the model with the highest 
inhaler resistance. The change in average pressure (between T = 0.1 and 
0.3 s) in the oral cavity are 552 Pa and 495 Pa for the low and mid- 
resistance inhaler models, respectively. Another observation is that, at 
the onset of inhalation, (T = 0.1s), pressure in the oral cavity does not 
appear to be significantly different between the low and mid-resistance 
inhaler cases but is different between the mid and high-resistance cases. 
The above may suggest a threshold effect for inhaler resistance such that 
when exceeded, it could change the local conditions of the airway, 
which can subsequently influence particle transport in a way that is 
different to a similar inhaler design but of lower resistance. This merits 
further investigation. Similar to previous computational modelling work 
that has investigated pressure dynamics in sleep apnoea [28], the 
pharynx section that demonstrates the most significant change in pres
sure is close to the tip of the soft palate, at the velopharynx, which is one 
of the narrowest regions of the upper airway. The above information 
discussed in the context of pressure dynamics is consistent with obser
vations of the turbulence kinetic energy (TKE) described in the following 
section. 

As shown in Fig. 11, at T = 0.1 s, the TKE contour in the oral cavity is 
somewhat similar between the low and mid inhaler resistance cases, but 
they are different from the high inhaler resistance case. For the high 
inhaler resistance case, high TKE can be observed in section 2 of the 
airway. The TKE is also comparatively higher for this case throughout 
the inhalation (e.g., at all the time points investigated). Here, the 
concept of a threshold effect in terms of the inhaler resistance appears to 
be at play, such that when the resistance is exceeded, it results in a 

Fig. 6. Deposition efficiency of USP model and realistic upper airway models with three different resistances.  

Fig. 7. Regional deposition efficiency in the realistic upper airway models with three different resistances where (a) is for 30 L/min and (b) is for 60 L/min.  
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significant change in flow dynamics (and TKE) that may lead to high oral 
deposition, as seen in Fig. 7. 

Fig. 12 shows the transient change in spatially averaged velocity 
magnitude, pressure and kinetic energy across 10 planes (see Methods; 
Fig. 2) situated at different locations along the upper airway. While all 
three models give similar trends for the average velocity, pressure and 
turbulence kinetic energy along the airway (and in time), the present 
results suggest that the influence of inhaler resistance is most significant 
close to the onset of inhalation, with differences among the cases 
diminishing over time. 

The turbulence kinetic energy appears to be the most significantly 
affected by inhaler resistance. This can also be seen in Fig. 13, which 
shows the spatially averaged turbulence kinetic energy in sections 1-4, 
with the largest difference occurring in section 1 for 60 L/min. The re
sults show that turbulent kinetic energy increases with resistance, with a 
substantial increase between the 0.035 and 0.05 kPa0.5minL− 1 cases. 
Fig. 7(b) shows that deposition in section 1 increases with resistance, 
which is alluring to attribute to the increase in turbulence kinetic en
ergy. However, given that such observations are \not consistent across 
all the sections and flow rates, the above suggests that while turbulence 

plays a role in the local deposition mechanics, turbulent kinetic energy 
alone is likely insufficient to explain the differences in deposition arising 
from varying inhaler resistance. 

4. Discussion 

A key challenge in understanding inhaler efficacy and comparing 
commercial inhalers with varying resistance is the difficulty of con
trolling air velocity exiting the inhaler. Adding to the complexity is the 
variability in mouthpiece sizes, which changes oral cavity space and the 
inhaler’s outlet, affecting the velocity. A common contention on the 
working principle of inhalers is that high-resistance inhalers limit flow, 
reducing velocity and affecting particle transport. Without controlling 
the inhaler outlet air velocity and the mouthpiece size, it is difficult to 
elucidate the true effects of inhaler resistance, which is associated with 
the drop in pressure across the devices in studies involving humans. 
Hence, despite the number of research published to compare efficacies 
between inhalers, it was generally challenging to meaningfully interpret 
the data. This study illustrates how the above predicament can be 
resolved and that insights into the working principles of inhaler 

Fig. 8. Contours for the USP model with three different resistances at three time points at 60 L/min, where (a) for velocity contours, (b) for pressure contours, and (c) 
for kinetic energy contours. 
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resistance can be effectively unveiled through computational models. To 
the best of the authors’ knowledge, this manuscript is the first to 
describe how inhaler resistance may be modelled by using porous 
media. By modelling the inhaler resistance as porous media, the work 
shows how velocity can be controlled at the outlet of an inhaler design. It 
demonstrates that despite having the same velocity, particle transport 
and deposition differ between the models with different inhaler resis
tance. The results suggest that the efficacy of an inhaler probably has 
little to do with the air velocity exiting the inhaler but with the kinetic 
energy and pressure drop developed across a given device. A caveat to 
note in this study concerns its application to practical inhaler systems, 
given that the inhaler resistance has been modelled by inducing drag 
forces across a porous medium, which is different to how most inhalers 
in the market have been designed. However, when interpreted carefully, 
the results from this current work suggest useful information that may 
be considered when analysing inhalers’ efficacy and their design. First, 

investigating the effect of inhaler resistance using a USP throat may 
yield misleading results. This study demonstrated that when compared 
to a geometrically realistic airway model, the USP throat yields a lower 
particle deposition for inhalers with high resistance but a higher particle 
deposition for inhalers with low resistance. Second, the results suggest 
that interactions between inhaler resistance and a geometrically realistic 
human pharynx may exhibit a threshold effect. When the resistance level 
is exceeded, it is likely to alter the flow dynamics significantly. Given 
that the threshold effect is obvious in the geometrically realistic airway 
cases but not in the USP throat cases, this suggests that the resistance 
threshold may differ between humans, depending on the complexity and 
inherent resistance of the airways. Finally, implications of flow dy
namics from using different inhaler resistances are not limited to the oral 
cavity, and appear to extend downstream, which led to variability in 
particle deposition at the oropharynx. 

In this current work, the basic USP computational model (with a low 

Fig. 9. Velocity contour of realistic upper airway models at 60 L/min.  
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inhaler resistance, 0.021 kPa0.5minL− 1) was validated with the experi
mental data produced by Cheng et al. While there is a close correspon
dence between the results, which validated the accuracy of the 
computational model used in this current work, the following discussion 
extends this subject by comparing the results from this study with other 
work done in this area. Huang et al. [29] studied particle deposition in 
the USP throat using particles of different size bands and flow rates. The 
study by Huang et al. [29] showed that there was around 14 % depo
sition in the computational USP throat model when simulating mono
disperse particles of 3 μm at flow rates of 60 L/min. The results are again 
very similar to those produced by the USP computational model in this 
current work, where a deposition of 18 % was observed. The following 
table summarizes some experimental studies and their measurements on 
particle deposition using inhalers with different resistance. These 
studies are included because the experimental conditions used to 
conduct the studies are close to the computational modelling conditions 
specified in this current work. The flow conditions, for example, have all 

been performed at close to 60 L/min, or having a peak flow rate of 
60L/min, when transient flow has been used to conduct the studies. 

Table 2 reveals that despite uniform resistance, flow rates, and 
realistic upper airway geometries in existing studies, deposition data can 
significantly differ. Lindert et al. [9] investigated the performance of dry 
powder inhalers with single-dose capsules in preschool children and 
adults using the AIT. The AIT encompasses essential anatomical attri
butes of the human upper airway. These attributes include the soft 
palate and epiglottis [22,30]. Consequently, the AIT is, hence, a fitting 
model to enable meaningful comparisons with the outcomes of the 
current study. In the work of Lindert et al. [9], particle deposition in the 
upper airway associated with the Handihaler is 65 %, which is 
approximately 30 % lower than the current study. However, the results 
of the Cyclohaler with a low resistance (in the same study of Lindert 
et al. [9]) yielded a deposition of 38 %, and this is comparable with our 
deposition result of 45 %. A point to note is that the experimental data 
produced by Lindert et al. [9] is based on steady-state flow, whereas the 

Fig. 10. Pressure contour of realistic upper airway models at 60 L/min.  
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Fig. 11. Turbulent kinetic energy contour of realistic upper airway models at 60 L/min.  

Fig. 12. Mean velocity, pressure, and kinetic energy at ten planes along the realistic upper airway models at 60 L/min.  
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computational models in this current study are all simulated using a 
transient flow profile. To understand the differences between a steady 
state flow and a transient flow profile and their effects on particle 
deposition behaviour, the volume of air associated with the profiles 
needs to be similar. To the best of our knowledge, no existing work has 
described this premise sufficiently to enable a meaningful comparison 
between studies. Plausible evidence to suggest that transient flow could 
lead to higher deposition in the upper airway can be observed in the 

work of Delvadia et al. [8]. This work demonstrated higher deposition in 
the upper airway compared to the results produced by Lindert et al. [9], 
despite both studies tested inhalers with very similar resistance. Delv
adia et al. [8] performed their study using an Easyhaler, which has the 
same resistance as the Handihaler used by Lindert et al. [9]. 

Two other existing works that have reported deposition data that 
match this current work are the in-vivo studies conducted by Yang et al. 
[12] and Zhang et al. [13]. Both studies examined inhalers with 

Fig. 13. Mean turbulent kinetic energy at the four sections along the realistic upper airway models. Where (a) is for 30 L/min and (b) is for 60 L/min.  

Table 2 
Particle deposition in the upper airway in existing studies that tested the effects of inhaler resistance. Data with an asterisk are studies that match well with the 
deposition result of this current work.  

Reference Geometry Deposition for low resistance (~0.02 
kPa^0.5minL^-1) (%) 

Deposition for medium resistance 
(~0.035 kPa^0.5minL^-1) (%) 

Deposition for high resistance (~0.05 
kPa^0.5minL^-1) (%) 

Flow condition 

[9] AIT 38* (Cylohaler) N/A 65 (Handihaler) Steady, 60 L/ 
min 

[9] AIT 39* (Cylohaler) N/A 60 (Handihaler) Steady, 30 L/ 
min 

[12] AIT 80 (Osmohaler) 83* (Osmohaler) N/A Steady, 60 L/ 
min 

[10] AIT N/A 67.8* (Turbuhaler) N/A Steady, 60 L/ 
min 

[8] Realistic airway 
throat 

N/A 58 (Turbuhaler) 70 (Easyhaler) Transient, 60 
L/min 

[6] Idealized 
pediatric throat 

N/A N/A 62 (Easyhaler) Steady, 60 L/ 
min 

[6] Idealized 
pediatric throat 

N/A N/A 70 (Easyhaler) Steady, 30 L/ 
min  
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resistance comparable to our mid-resistance cases, and particle deposi
tion was reported as 83 % and 70 % for Yang et al. [12] and Zhang et al. 
[13], respectively. These results are quite similar to this current work, 
where deposition is 76 %. Although this current work can only match 
the deposition data for using a medium inhaler resistance reported in the 
existing work, it demonstrates a trend of increasing upper airway 
deposition with higher resistance, which is a consistent observation for 
the data presented in Table 2. It is important to be reminded that while 
our results on high-resistance inhalers differ from these existing works, 
they are within the existing in-vivo data range obtained using SPECT 
imaging [12] as mentioned above. 

Another observation from this study is that while increasing the flow 
rate increases the pharynx deposition for a given inhaler resistance (see 
Fig. 6), this effect is not always significant. This is consistent with the 
experimental work by Colthorpe et al. [7], who tested seven different 
inhalation profiles through a Breezhaler (~0.017 kPa0.5minL− 1) to 
determine the dose delivery characteristics. Their results show that 
powder deposition in the pharynx varies only between 44 % and 47 %, 
despite the peak flow rate of the inhalation profiles ranging between 45 
L/min to 100 L/min. These results are consistent with what we have 
demonstrated through our computational models. Below et al. [6] per
formed studies on a high-resistance inhaler (Easyhaler, ~0.048 
kPa0.5minL− 1) and a medium-low resistance inhaler (Novolizer, ~0.027 
kPa0.5minL− 1). While the Easyhaler was tested with steady-state flow 
rates of 28 L/min, 41 L/min and 60 L/min, the Novolizer was tested with 
45 L/min, 60 L/min, 75 L/min. Despite the dissimilarity in flow rates, 
their results showed that the extrathoracic deposition across all the tests 
is fairly similar, within 10 % of discrepancies in particle deposition ef
ficiencies between the models. Lindert et al. [9] investigated the per
formance of dry powder inhalers using the AIT, and showed that 
deposition efficiency associated with the Cyclohaler tested at 30 L/min 
and 60 L/min is 39 % and 38 %, respectively. They [9] performed 
similar work on the Handihaler based on the same flow conditions and 
found 65 % and 60 % deposition fractions, respectively. These results 
are again consistent with this current work regarding the non-significant 
differences in particle deposition in the human airway for a given 
inhaler resistance despite the large difference in peak flow rate 
conditions. 

There are several inherent limitations that need to be considered 
when analysing the results of this study. First, the inhaler resistance 
simulated in this current work is created using a porous media. As 
previously mentioned, this differs from how actual inhalers currently 
being commercialised are designed. Modelling the inhaler may have 
contributed to the recirculation zones observed at the exit of the inhaler, 
which could have led to high particle deposition in the oral cavity, 
especially for the high-resistance cases. This observation is coherent 
with an existing study [25], where recirculation zones in the oral cavity 
are apparent when flow exits the inhaler into the larger cavity space. It is 
important to remember that having such high deposition in the mouth 
when using a high-resistance inhaler is possible, as has been observed 
through the existing in-vivo SPECT CT studies [12], albeit these studies 
being limited in the literature. Another limitation of the study design is 
that only inhalers with a small mouthpiece size were studied. Cai et al. 
[25] demonstrated that mouthpiece size changes humans’ oropharyn
geal geometry, which could subsequently produce different particle 
deposition profiles along the human pharynx. It would be useful to 
demonstrate how outcomes reported in this study may be affected using 
upper airway models obtained from subjects biting on inhalers with 
larger mouthpieces. In addition, how particle transport behaviour pre
sented in this current study may be altered in different human airway 
geometries also merits further investigation. For example, there are 
known variations in airway geometries between genders. Previous 
studies [31–33] suggested that while males exhibit a higher average 
cross-sectional pharynx area compared to females, the cross-sectional 
area of the velopharynx in males is approximately 10 % smaller than 
that in females. Hence, fundamental differences between genders in 

airway properties are likely associated with their airway resistance. 
While the effects of pharynx resistance have not been investigated in this 
current work, results from the USP throat suggest that the impact of 
inhaler resistance is likely to diminish with the decrease of airway 
resistance. 

Finally, while we can match our findings with existing work, it was 
difficult to find published studies with identical experimental condi
tions, such as flow rates, particle sizes and inhaler resistance. A detailed 
understanding of how the above factors influence the outcomes reported 
in this work is warranted. 

5. Conclusion 

Under the conditions when flow rate and mouthpiece sizes are 
controlled, particle deposition in the human pharynx will likely increase 
with higher inhaler resistance. Although the trend of increasing particle 
deposition with higher inhaler resistance can be observed in both the 
USP and geometrically realistic upper airway cases, the USP throat, 
being a simplified version of the human pharynx, may be limited in 
elucidating the true effects that inhaler resistance may produce in terms 
of particle deposition in the human airway. In the context of investi
gating inhaler resistance and its role in inhaled drug delivery, results 
from this work contend that the complexity of the human upper airway 
matters. There is also likely a threshold in resistance, beyond which it 
will dramatically change the flow dynamics in the human pharynx. This 
threshold may vary between humans depending on the complexity of 
their upper airway geometry. 
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