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Abstract

The objective of this study is to link regional nasal spray deposition patterns of suspension 

formulations, predicted with computational fluid dynamics (CFD), to in vivo human 

pharmacokinetic (PK) plasma concentration profiles. This is accomplished through the use of CFD 

simulations coupled with compartmental PK modeling. Results showed a rapid initial rise in 

plasma concentration that is due to the absorption of drug particles deposited in the nasal middle 

passages, followed by a slower increase in plasma concentration that is governed by the transport 

of drug particles from the nasal vestibule to the middle passages. Although drug deposition 

locations in the nasal cavity had a significant effect on the shape of the concentration profile, the 

absolute bioavailability remained constant provided that all of the drug remained in the nose over 

the course of the simulation. Loss of drug through the nostrils even after long time periods resulted 

in a significant decrease in bioavailability and increased variability. The results of this study 

quantify how differences in nasal drug deposition affect transient plasma concentrations and 

overall bioavailability. These findings are potentially useful for establishing bioequivalence for 

nasal spray devices and reducing the burden of in vitro testing, pharmacodynamics and clinical 

studies.
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INTRODUCTION

With the steadily increasing price of medications in the US market,
1
 the introduction of cost-

effective generic products is typically viewed as favorable for consumers. For a generic 

pharmaceutical nasal spray suspension formulation to enter the marketplace, a 

demonstration of bioequivalence between an innovator and the generic product is required 

by the US FDA to ensure that the generic product has equivalent local delivery, equivalent 

systemic exposure and equivalent in vitro performance, together with a demonstration of 

device and formulation sameness.
2
 When considering bioequivalence of these suspension 

nasal spray devices, the complex relationship between local nasal drug deposition and 

systemic drug plasma concentrations poses significant challenges to regulators who wish to 

evaluate and compare these products.
2,3

Bioequivalence determinations are dependent on the comparability between product-related 

factors that influence regional nasal drug deposition, uptake, and systemic exposure.
2,4 

Establishing bioequivalence between two nasal spray suspension formulations requires a 

comparison of in vitro performance (e.g. plume geometry and droplet size characteristics) as 

well as systemic exposure.
2
 Equivalent local delivery for these products is assessed using a 

pharmacodynamic or clinical study. While the overall bioavailability of a drug is calculated 

from the area under the plasma concentration curve (AUC), the shape of this concentration 

profile may also be used to infer the regional deposition of drug within the nasal cavity, as 

the two are expected to be correlated. If the regional deposition of a suspension nasal spray 

formulation can be deduced from PK data and knowledge of the formulation properties, the 

process of determining bioequivalence could be greatly simplified.

Although many nasal sprays are designed to treat localized conditions, the potential for 

systemic absorption must be considered with regard to patient safety. The bioavailabilities of 

various inhaled corticosteroids have been reported in several studies, and show widely 

varying degrees of systemic exposure for these lipophilic drugs.
5-10

 However, these studies 

generally do not specify initial regional deposition profiles of the nasal spray within the 

nose, which can differ between individual nasal geometries and administration methods (e.g. 

the nozzle insertion angle or the degree of patient inhalation).
11,12

 This initial deposition of 

the spray, and therefore the suspended drug, in the nasal cavity is expected to have a 

significant effect on the plasma concentration profile. Therefore, an efficient method is 

needed to examine the link between regional nasal spray drug deposition and time-

dependent plasma concentrations.

The dose of drug delivered as a suspension formulation in a nasal spray device to the 

systemic circulation is the outcome of a complex relationship between regional deposition 

and formulation properties. With regards to toxicological vapor absorption in both nasal and 

respiratory epithelial cells, several groups have found that the vapor partition coefficient has 

a strong effect on the overall uptake rate.
13-16

 As an additional step, computational fluid 

dynamics (CFD) simulations have been linked to PK data of gas absorption in animal 

models,
17

 providing a new approach to determine bioequivalence parameters. However, 

these types of CFD simulations have not yet investigated the effect of suspended drug 

particle size or regional deposition patterns on PK parameters and plasma concentrations for 
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pharmaceutical products. A simulation of suspension nasal spray aerosol deposition coupled 

with nasal clearance, drug dissolution, epithelial absorption, and PK modeling would 

therefore be useful in understanding the effects of suspension properties and regional spray 

deposition patterns on systemic dosage and bioequivalence.

Rygg and Longest previously developed a CFD model for nasal spray suspension products 

that simulates the coupled effects of nasal clearance, particle dissolution, and drug 

absorption at the epithelium.
18

 This nasal-DAC (dissolution, absorption, and clearance) 

model utilizes an anatomically-accurate surface model of the nasal cavity, and was shown to 

simulate particle clearance and dissolution that reflected in vivo and in vitro data, 

respectively. Coupled with PK simulations, this nasal-DAC model has the ability to 

realistically predict the time-dependent absorption of drug into the systemic circulation 

resulting from an initial spray deposition profile for a suspension nasal spray product. As the 

nasal-DAC model provides an efficient computational method for evaluating the factors that 

affect drug absorption and bioavailability, it has the potential to reduce the necessity for in 
vivo testing and simplify the process for determining bioequivalence.

The objective of this study is to link regional nasal spray drug deposition patterns and the 

size of the suspended drug particles in the formulation to pharmacokinetic plasma 

concentration profiles. This is accomplished by considering a variety of spray deposition 

profiles in combination with transient simulations of systemic drug absorption. The 

previously developed nasal-DAC model is further advanced by the addition of a PK model 

that simulates systemic absorption from epithelial tissue, binding of the drug to 

glucocorticoid receptors, and metabolism and clearance of the drug over time. The effect of 

drug particle size was previously considered with the nasal-DAC model in terms of 

microdosimetry and total nasal uptake.
19

 These results are now extended to explore the 

effect of drug particle size in the nasal suspension formulation on plasma concentration, 

which is a common endpoint with in vivo PK assessments. The results of this study are 

intended to help understand the relationship between the shape of a plasma concentration 

profile and the regional distribution of drug in the nose following administration of a 

suspension formulation with a nasal spray device.

MATERIALS AND METHODS

Overview

The overall methodology, shown in Figure 1, follows the fate of nasal spray droplets from 

their discharge at the nozzle tip of the spray pump to the point of systemic drug absorption. 

CFD simulations of nasal spray transport in a three-dimensional model of the human nasal 

cavity (Figure 1a) were used to obtain regional deposition locations. These deposition 

predictions were validated in the previous study of Rygg and Longest.
18

 The spray droplet 

deposition locations in the 3D nasal cavity were then translated onto the anatomically-

accurate nasal-DAC model (Figure 1b) for use in CFD simulations of particle dissolution 

and drug absorption at the epithelium (Figure 1c). Finally, an integrated compartmental PK 

model allowed for calculations of plasma concentration over time (Figure 1d). The rationale 

behind this methodology was that the initial spray deposition patterns will affect the 

dissolution and absorption rates of the suspended drug particles. Therefore, these post-
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deposition physics are best addressed by a separate clearance model (the nasal-DAC model), 

which is capable of resolving the relevant spatial and temporal drug concentration profiles in 

the nasal mucus layer. Using a velocity field
18

 that realistically models mucociliary 

clearance rates in vivo for healthy adults,
11

 simulations of drug particle advection, 

dissolution, and diffusion were carried out, as described in the following sections. 

Mometasone furoate (MF) was used as a representative drug in the current study. A PK 

model using first-order rate constants for systemic drug absorption, receptor binding, and 

drug metabolism provided time-dependent values of the plasma concentration post-

deposition.

CFD Simulations of Nasal Spray and Droplet Deposition

To determine initial drug particle deposition locations in the nasal-DAC model, 3D CFD 

calculations of droplet transport from a nasal spray device were carried out. For a detailed 

description of the methodology used for the simulations, see the previous study of Rygg and 

Longest.
18

 These CFD simulations were validated with the in vitro experiments of Azimi et 

al.,
12

 which implemented a Nasonex® (Merck & Co., Summit, NJ) spray pump, MF as a 

suspension product, and an in vitro airway geometry identical to that used in the 

computational simulations. Results of the CFD simulations and in vitro experiments showed 

that without nasal inhalation, deposition fractions in the nasal vestibule (NV) and middle 

passage (MP) were approximately 90% and 10%, respectively. These results correspond to a 

nozzle insertion angle of 30 degrees from vertical and an insertion depth of 10 mm, while 

approximately centering the device between the medial and lateral walls of the nostril. For 

the current study, insertion angles of 40 and 50 degrees are also considered, and the effects 

of nasal inhalation flow are taken into account.

Nasal-DAC Model

The previously developed nasal-DAC model
18

 was used to calculate the uptake of drug into 

the nasal epithelium. Details related to this model can be found in the previous studies by 

Rygg and Longest
18

 and Rygg et al.
19

 Briefly, an anatomically-accurate surface model of 

the nasal cavity was created by mapping nasal morphometric data from Xi et al.
20,21

 onto a 

flat surface. At a given distance from the nostril, the width of the surface model was set 

equal to the cross-sectional perimeter of the nasal airway; this provided a base for a 

computational mesh representative of the nasal mucus (or airway surface liquid, ASL) layer. 

To translate the droplet deposition locations from the 3D CFD simulations to the surface-

based nasal-DAC model, the distance of each deposited droplet from the nostril was first 

calculated (Figure 2a). This distance was then translated to a location relative to the nostril 

on the nasal-DAC model (Figure 2b), where a number of solid drug particles (proportional to 

the droplet mass) were injected to represent the deposition of suspended drug particles 

delivered in a carrier spray droplet. This spatial distribution of drug particles, represented by 

the histogram in Figure 2b, provided the initial conditions for the particle transport and 

dissolution simulations.

A prescribed ASL velocity field, validated within vivo data,
11

 was used to transport 

deposited drug particles in simulations of mucociliary clearance. The ASL velocity field 

(Figure 3) reflected the physiological differences between the unciliated NV,
22

 where the 
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ASL velocity is close to zero, and the ciliated MP, where an average ASL clearance rate of 

5-6 mm/min is typical of healthy, human adults.
23-25

 Additional details regarding the 

development of this velocity field can be found in our previous studies.
18,19

During simulations of drug particle transport, user-defined-functions modeled particle 

dissolution in the ASL, governed by the Noyes-Whitney equation, expressed as

(1)

where A is the surface area of the particle, Dmucus is the diffusion coefficient of the drug in 

mucus (or ASL), Cs is the solubility of the drug, Cb is the concentration in the bulk phase, 

and h is the diffusion layer thickness. Since the effective radius of a mometasone molecule is 

very small (~1 nm), the diffusion coefficient of the dissolved drug in mucus is approximately 

equal to its diffusion coefficient in water.
26

 Given this, the diffusion coefficient of MF was 

calculated by the Hayduk and Laudie equation
27

 to be Dmucus = 4.3e-6 cm2/s. All other drug 

properties were taken from the product information for the considered Nasonex® 

formulation.
28

 For particles with radius < 30 μm, the diffusion layer thickness h can be 

approximated as the particle radius that changes with time as the drug dissolves.
29

 The bulk 

phase concentration (Cb) field was updated at each time step in the simulations to represent 

the evolving dissolved drug environment around each particle including particle-to-particle 

interactions. These user-defined functions were validated with in vitro experiments that 

measured dissolution rates for corticosteroids with differing solubilities at high 

concentrations (i.e., concentration-limited dissolution).
30

 The validation study showed good 

agreement between the CFD simulations and in vitro data for three drugs with widely 

varying properties.
18

 Thus, the user-defined-functions implemented in the current 

simulations are expected to accurately predict concentration-limited particle dissolution 

behavior in the limited nasal ASL.

In the nasal-DAC model, the behavior of the dissolved drug was governed by the advection-

diffusion equation, i.e.,

(2)

where ρ is the fluid density, Yi is the mass fraction of species i,  is the fluid velocity, Di,m 

is the mass diffusion coefficient of the drug, and the source term Si accounts for the local 

addition of drug into the bulk phase from the dissolving particles. The advection-diffusion 

equation was solved in the ASL shown in Figure 1c with boundary conditions described 

below.

When calculating drug uptake at the epithelium, variations in the nasal epithelial cells were 

taken into account. The anterior third of the nose (i.e., NV) is characterized by keratinized, 

stratified squamous epithelium
31-33

 and is therefore unlikely to absorb any significant 

amount of drug. A zero-gradient boundary condition for the drug was therefore applied in 

this region. In contrast, the posterior region of the nose is coated with respiratory and 

olfactory epithelium.
31,33

 Given that the octanol/water partition coefficient of MF is greater 
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than 5000,
34

 it can be assumed that the drug is readily taken up by these epithelial cells upon 

exposure. As a result, the drug concentration at the epithelium-ASL interface was set to zero 

in this portion of the model.

Numerical Methods

Computational fluid dynamics simulations were run using ANSYS Fluent 15 (ANSYS Inc., 

Canonsburg, PA). User-defined functions were employed to calculate particle dissolution, 

drug uptake at the epithelium, and PK physics. A steady-state flow solution was obtained 

using the SIMPLEC algorithm for pressure-velocity coupling, and all transport equations 

were discretized using 2nd order spatial accuracy. The solution was considered to be 

converged when all mass and momentum residuals dropped by at least three orders of 

magnitude and did not change with further iterations. The resolution of the mesh was 

determined to be sufficiently fine, as increasing the number of computational cells spanning 

the ASL layer (above ~15) had a negligible effect on the flow solution or overall epithelial 

drug absorption. Using the calculated ASL flow field, coupled simulations of drug particle 

transport, dissolution, and diffusion were carried out to assess systemic exposure over a 

simulation time of 8 hours. A time step of 5 s was used, requiring n = 5760 time steps and 5 

solution iterations at each time step.

Pharmacokinetic Model

For the current study, the previously developed nasal-DAC model was extended to include a 

PK model to calculate systemic exposure over time. This model begins with the calculation 

of nasal epithelial drug uptake, described above, and implements a compartmental model to 

determine the resulting plasma concentration. As illustrated in Figure 4, drug uptake from 

the ASL is used to calculate the drug concentration in the epithelial tissue. First-order rate 

constants then govern drug transport from the nasal tissue to the plasma (kp), transport from 

the plasma into the peripheral tissue compartment (k12 and k21), drug binding to the 

glucocorticoid receptors (kbind), and metabolism and elimination of the drug (kelim). This 

compartmental model is similar in concept to those reported by Weber and Hochhaus
35

 and 

Gonda.
36,37

One unique aspect of the current model is the presence of kbind, which was 

needed in the current CFD simulations to obtain an accurate bioavailability. The need for 

kbind is likely due to the very high relative receptor affinity of MF reported in the 

literature,
38

 and this rate constant may become less significant for other steroids or drugs. 

Another difference is the presence of kp to describe the transport of drug from the nasal 

tissue to the plasma. Because the CFD model has already accounted for dissolution, 

absorption, and clearance, the value of kp is not expected to be similar to the absorption 

constant (ka) that is typically found in nasal PK studies.

The process of determining the first-order rate constants (Figure 4) was aimed at matching in 
vivo PK data for an MF nasal spray.

6
 The study by Daley-Yates et al.

6
 reported the Cmax, 

tmax, and absolute bioavailability of an 800 μg dose of MF administered every eight hours by 

a nasal spray device to twelve subjects. The goal of the current validation study was to find 

values for kp, k12, k21, kbind, and kelim in the current PK model that would result in a plasma 

concentration curve with Cmax, tmax, and an absolute bioavailability in agreement with the in 
vivo data.
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Using these calculated rate constants and the 800 μg administered dose of Daley-Yates et al,
6 

the post-deposition plasma concentration of MF administered by a nasal spray device was 

modeled over a simulation time of 8 hours under differing scenarios. Effects of the spray 

insertion angle, suspended particle size, inhalation during spraying, and the type of delivery 

device were all considered, as well as the possibility of nose blowing or wiping by the 

patient.

RESULTS

Determination of Pharmacokinetic Rate Constants

CFD calculations of nasal spray droplet deposition (described previously) at a 40° insertion 

angle were used to provide the particle deposition field in this rate constant and model 

validation study. After specifying the corresponding particle locations in the nasal-DAC 

model, simulations of particle transport, dissolution, diffusion, and absorption were coupled 

with the PK model to determine the plasma concentration over a simulation time of 8 hours. 

Setting the rate constants to kp= 2.16hr−1, k12 = 47.52hr−1, k21 = 2.16 hr−1, kbind = 2.88hr−1, 

and kelim= 0.119hr−1 resulted in the plasma concentration curve shown in Figure 5a. Also 

shown in this panel is the histogram illustrating the initial distribution of deposited drug 

mass in the nasal-DAC model. Quantitatively, the value of k12 is significantly larger than 

k21due to the lipophilic nature of MF, which gives it a high affinity for the tissue phase. The 

values of kbind and kelim govern the decay rate of the curve in Figure 5a. The comparatively 

high value of kbind is likely due to the large relative receptor affinity for MF reported in the 

literature,
38

 while the value of kelim was specified to match the typical elimination half-life 

of MF.
28

The Cmax and tmax in the concentration curve (Figure 5a) determined from the model 

predictions are approximately 25 pg/mL and 0.9 hrs, respectively, which are within the 

standard errors reported by Daley-Yates et al.
6
 Specifically, the inter-subject variability 

(reported as the mean ± standard error of the mean, SEM) observed in the in vivo study for 

Cmax and tmax were 25.5 ± 5.2 pg/mL and 0.75 ± 0.2 hrs, respectively. The absolute 

bioavailability of the nasally administered dose was calculated by

(3)

where AUCnasal and AUCIV are the area under the curve values for nasal and intravenous 

administration, respectively, and Dnasal and DIV are the nasal and intravenous doses, 

respectively. For comparison, the intravenous values used by Daley-Yates et al.
6
 were also 

used in the current study. The bioavailability calculated from the CFD plasma concentration 

curve was 0.46%, matching the 0.46% value reported by Daley-Yates et al.
6
 Accounting for 

the SEM of the AUC values reported in the in vivo study, the inter-subject variability of the 

bioavailability ranged from 0.26% - 0.65%.
6

In Figure 5a there is a noticeable rapid rise in plasma concentration followed by a slower 

increase to Cmax; Figure 5b shows these plasma concentration peaks in more detail, along 

with the cumulative total nasal uptake of drug by the epithelium from the ASL (as a 

Rygg et al. Page 7

J Pharm Sci. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



percentage of the total delivered dose). As shown by the initial rapid rise of the cumulative 

uptake curve, the drug particles deposited in the MP are rapidly absorbed within the first few 

minutes. Subsequently, there is a slower, steady uptake corresponding to drug transport from 

the NV to the MP. As described previously by Rygg and Longest,
18

 the connection of the 

NV and MP liquid layers provides a mechanism for this drug absorption over a longer time 

scale, where mucociliary motion in the MP slowly pulls NV liquid into the nasal cavity. In 

this manner, some drug deposited in the NV can reach the MP, where it is absorbed. 

Additionally, it was shown that the rate of MP mucus motion has a large effect on the 

amount of drug that is transported from the NV into the MP, providing a potentially 

significant source of variability in inter-individual dosage.
18

In the plasma concentration curve, the rapid initial rise in concentration is a result of the 

rapid drug uptake within the first few minutes post-deposition. The following increase to 

Cmax reflects the absorption of drug crossing the NV/MP boundary. This indicates that the 

current PK model, coupled with the nasal-DAC model, is able to capture the transient 

systemic exposure of nasally administered drugs in a realistic manner. Here, it is worth 

mentioning that tmax is dependent on the initial deposition profile and the particle locations 

relative to the NV/MP boundary. In short, clustering of drug particles near this boundary (the 

dotted line in the histogram of Figure 5a) leads to an earlier tmax and larger Cmax. This 

relationship between particle deposition and peak concentrations will be discussed in more 

detail below, where additional deposition profiles are considered.

Effect of Nozzle Insertion Angle

Figure 6 shows plasma concentration curves and the corresponding initial drug deposition 

profiles for various nozzle insertion angles, with a monodisperse suspended drug particle 

size of 3 μm. As shown in the figure, an increased amount of drug deposition in the MP 

(50°> 40°> 30°) leads to a larger plasma peak (Cmax) since more drug is rapidly absorbed 

during this initial phase. In the 50 degree case, the initial rapid absorption of drug in the MP 

dominates the time-dependent systemic exposure, and the overall tmax and Cmax are 

significantly earlier and higher, respectively, than those seen in the 30 and 40 degree cases.

For the 30 and 40 degree cases, the shape of the plasma peak is a result of the distribution of 

drug in the NV. Because the plasma peak arises from the transport of drug from the NV to 

the MP, a clustering of drug near the NV/MP boundary (40 degrees) leads to bolus transfer 

to the MP and a sharper plasma peak compared to a case where the drug is more widely 

spread in the NV (30 degrees). In other words, when a large amount of drug is deposited 

near the NV/MP boundary, tmax will occur more quickly than when the drug is deposited 

over a larger portion of the NV.

To quantify the differences between these PK curves, the relative differences in the Cmax and 

tmax values were calculated. For two nozzle insertion angles, A and B, the relative difference 

was calculated as

(4)
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where RD is the relative difference, and XA and XB represent either Cmax or tmax for angles 

A and B, respectively. Given this, the relative differences in Cmax and tmax for 30 and 40 

degrees are 26% and 27%, respectively. Comparing 30 and 50 degrees, the relative 

differences in Cmax and tmax are 56% and 152%, respectively.

Overall, it can be observed that the location and magnitude of the plasma peak is governed 

by both the deposition fraction and drug distribution in the NV. For cases with high MP 

deposition (e.g. 50 degrees), the initial rise in plasma concentration dominates the overall 

systemic exposure. For cases with large deposition fractions in the NV (e.g. 30 and 40 

degrees), the shape of the plasma peak is determined by the amount of drug in the NV and 

the degree of clustering of drug near the NV/MP boundary. That is, the plasma peak itself 

can be spread out or relatively narrow depending on the location of particle impaction.

From Equation 3, the bioavailabilities for insertion angles of 30, 40, and 50 degrees were all 

calculated as 0.46%. It is clear that, despite the significantly different shapes of the plasma 

concentration curves (Figure 6), the overall bioavailability does not change as the insertion 

angle is varied. Thus, while the overall tmax and Cmax can change dramatically based on the 

degree of drug deposition in the MP, the overall measure of systemic exposure remains 

relatively constant if the drug is allowed to be absorbed over the full 8 hours, which would 

require not disturbing the dose in the NV through nose blowing or wiping. Considering that 

leaving the NV dose undisturbed for 8 hours is highly unlikely, the effects of different NV 

exposure times on PK parameters is evaluated later in this study.

Effect of Suspended Particle Size

Figure 7a shows plasma concentration curves for two different monodisperse suspended 

drug particle sizes, 3 and 5 μm, resulting from nasal spray deposition at a 30 degree insertion 

angle (the corresponding deposition histogram can be seen in Figure 6). In these cases, the 

nasal spray droplets and drug dose are identical but the suspended drug particle geometric 

diameter is either 3 or 5 μm. As expected, the initial rise in plasma concentration takes 

slightly longer as the particle size becomes larger. Because larger particles take longer to 

dissolve, there is a slower initial uptake of drug by the epithelium when the particle diameter 

is increased (Figure 7b). As a result, drug from the larger particles is absorbed less quickly 

into the systemic circulation within the first few minutes. After ~10 mins, the cumulative 

epithelial uptake is very similar for the different particle sizes (Figure 7b); likewise, the 

corresponding plasma concentration curves are almost identical after the initial 

concentration rise. Relative differences in Cmax and tmax as a result of increasing the particle 

size from 3 μm to 5 μm were 0% and 2.2%, respectively.

Nasal Inhalation

The effect of nasal inhalation at a flow rate of 38.5 LPM during nasal spray administration 

was investigated for a monodisperse particle size of 3 μm and a 30 degree insertion angle. 

As shown by the histograms in Figure 8, more drug is deposited in the MP when a patient 

inhales during spraying (29% drug mass deposition in the MP with inhalation compared to 

13% MP deposition with no inhalation). In agreement with the results shown earlier, the 

increased drug penetration into the MP with inhalation leads to a relatively large Cmax 
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(Figure 8). Interestingly, the clustering of particles near the NV/MP boundary during 

delivery with inhalation causes a small second plasma peak to occur, with a second tmax 

around 45 minutes. Relative differences in Cmax and tmax as a result of spray delivery with 

nasal inhalation (0 vs. 28.5 LPM) were 43% and 152%, respectively.

Again, despite the significant differences between the two concentration curves, the absolute 

bioavailabilities with and without inhalation were both calculated as 0.46%. Therefore, it 

appears that as long as drug is allowed to be absorbed over the entire 8 hour course, 

differences in administration techniques do not significantly change the overall measure of 

systemic exposure.

Effect of Nose Blowing or Wiping

The previous study of Rygg and Longest
18

 investigated the change in nasal-tissue drug 

absorption caused by a discharge of drug through either nose blowing or wiping 

immediately after spray administration. This scenario represents a realistically conservative 

case, where an individual may expel some of the delivered drug through the nostril before it 

has a chance to reach the MP for absorption. Results of the previous study found that 

removing the drug particles located in the NV immediately after deposition eliminated the 

long-term uptake of drug, since no particles were transported from the NV to the MP.
18

 The 

corresponding change in plasma concentration and absolute bioavailability were investigated 

in the current study.

By expelling the NV drug particles immediately after deposition, drug absorption only 

occurred through the rapid uptake of particles deposited in the MP, leading to an early peak 

in plasma concentration within the first few minutes followed by a rapid distribution phase 

(Figure 9).Comparing the 30 and 50 degree insertion angles with removal of the NV dose, 

relative differences in Cmax and tmax were 81% and 10%, respectively.

Unlike the previously considered cases, the absolute bioavailability changed significantly 

when particles were removed through the nostrils. Starting with drug deposition patterns for 

nozzle insertion angles of 30 and 50 degrees (see histograms in Figure 6), the immediate 

discharge of particles in the NV resulted in absolute bioavailabilities of 0.083% and 0.17%, 

respectively. In this scenario, increased deposition in the NV results in more drug being 

wiped away and a corresponding decrease in bioavailability.

To expand upon this idea further, nasal spray bioavailabilities (for insertion angles of 30 and 

50 degrees) are estimated for drug particle residence times in the nasal vestibule of 0.5, 1, 

and 2 hours. Note that simulations were not run for these residence times, but the 

bioavailabilities are estimated from the PK curves in Figure 6. For particle residence times 

of 0.5, 1, and 2 hours at a 30 degree insertion angle, the bioavailabilities are approximately 

0.12%, 0.18%, and 0.31% respectively. Likewise, for the same residence times and an 

insertion angle of 50 degrees, the estimated bioavailabilities are 0.24%, 0.32%, and 0.4%, 

respectively. These results (as well as those presented in Figure 9) further exemplify that 

localized deposition patterns do have an effect on overall systemic exposure when “early” 

discharge of drug particles through the nostrils (prior to 8 hours) is considered.
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DISCUSSION

The results of this study quantify, for the first time, how regional differences in nasal drug 

deposition affect transient plasma concentrations and overall bioavailability. These findings 

are potentially useful for establishing bioequivalence for generic formulations and nasal 

spray devices by linking regional deposition data to time-dependent PK data, thus reducing 

the burden of in vivo clinical or pharmacodynamics testing. As discussed in the Introduction, 

determining bioequivalence requires multiple tests, two components of which are ensuring 

the same local delivery and same systemic exposure. The approach presented here is able to 

evaluate both of these components; i.e., the local delivery was validated with in vitro data, 

and the current CFD-PK model established systemic exposure. A future study that verifies 

local drug deposition and delivery with in vivo data would be useful in confirming these 

bioequivalence parameters.

As mentioned earlier, the current compartmental PK model is similar in concept to previous 

models developed by Weber and Hochhaus
35

 and Gonda.
36,37

 The previously established 

model by Gonda et al.
36,37

 includes compartments for the nonciliated anterior region of the 

nose, the posterior region of the nasal cavity, the gastrointestinal tract, and the systemic 

circulation. This type of compartmental model performs well in describing overall systemic 

exposure of a nasally administered drug. While the current PK model is derived from a 

similar concept, the total number of compartments is reduced due to the direct simulation of 

drug particle transport and dissolution by means of CFD.

Primary advantages of previous PK models developed for nasal spray
36,37

 exposure include 

a simple and generalized approach that includes lung and gastrointestinal tract 

compartments. Disadvantages of these models include a lack of knowledge regarding 

deposition within each airway region; no mechanism to understand how aerosol delivery 

properties (such as inhalation and spray angle) affect regional dose; and omission of the 

complex transport dynamics that affect dissolution, absorption, and clearance in the ASL. 

The new CFD-PK model seeks to improve upon these disadvantages by simulating the 

delivery and absorption processes with a first principles approach. As a result, the new CFD-

PK model provides the advantages of directly evaluating the effects of particle size or spray 

angle on regional dose and systemic exposure, for the first time. Capturing the transport 

related details leading to differences in systemic exposure as a function of spray angle or 

nasal inhalation would not have been possible with the previous more general PK models. 

However, the CFD-PK model, in its current form, is less general than previously developed 

pharmaceutical aerosol PK tools in that it lacks gastrointestinal and lung exposure 

compartments. Expansion of the PK components are clearly needed for cases in which 

gastrointestinal and lung exposure are expected to contribute to the PK profile and systemic 

exposure.

The location and magnitude of the plasma concentration peaks were correlated with the 

amount of drug deposited in the MP and the impaction locations around the NV/MP 

boundary. Given these observations, the overall shape of the PK curve can be used to infer 

performance characteristics of a nasal spray device regarding in vivo deposition, if sufficient 

pharmacokinetic samples in the temporal region of interest are available. Furthermore, as the 
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plasma peak is often a result of drug transport from the NV to the MP, changes in tmax could 

also be used to assess the certain physiological conditions in the nose, such as impaired 

mucociliary clearance.

The quick initial rise in plasma concentration has some potential implications for in vivo PK 

testing. For instance, the magnitude of the initial rise in plasma concentration could be 

greatly underestimated if plasma samples are not drawn frequently within the first few 

minutes following administration. This is especially true for cases with high deposition 

fractions in the MP. The results presented here highlight the importance of ensuring that in 
vivo studies collect data at appropriate intervals to accurately capture transient changes in 

plasma drug concentrations.

As the suspended particle size in the nasal spray was increased, the overall shape of the PK 

curve remained virtually the same, although a slightly slower initial rise in plasma 

concentration was observed. However, the previous study by Rygg et al.
19

 showed 

significant differences in regional epithelial absorption for suspended particle sizes ranging 

from 1-5 μm in diameter. In the previous study, larger particles were carried further by 

mucociliary clearance before fully dissolving, resulting in more uniform distribution of drug 

over the nasal epithelium. Based on the current results, the suspended particle size in a nasal 

spray formulation may be optimized (below the limit of 5 μm particles considered in this 

study) to treat localized conditions without the need to consider corresponding changes in 

systemic exposure.

Importantly, results of the current study showed that absolute bioavailability was 

independent of the method of nasal drug administration, provided that all of the drug 

remained in the nose for the full 8 hours. Realistically this is unlikely to occur, as an 

individual is likely to sneeze, blow their nose, or wipe their nostrils within this time frame, 

eliminating some or all of the drug in the NV. The simulations showed that removal of the 

drug in the NV significantly decreased the absolute bioavailability. Thus, expected 

behavioral routines (e.g. sneezing, nose blowing, etc.) must be considered when assessing 

the overall bioavailability of nasally administered drugs in pharmacokinetic studies. As 

discussed in the previous study by Rygg and Longest,
18

 methods of nasal drug 

administration that target deep drug penetration within the nasal cavity may be beneficial in 

reducing variability associated with delivered dosage and uptake rates. Sniffing after nasal 

spray application may also largely affect the uptake and plasma concentration curve, but was 

not considered in this study.

Elaborating on the previous paragraph, the 8 hour residence time considered in these 

simulations is only theoretical, and is likely to be an unrealistic extreme in a typical setting. 

In vivo, fluid production by the nasal mucosa to enhance mucociliary clearance would 

decrease the residence time of drug particles in the nasal cavity. For drugs poorly absorbed 

in the gastrointestinal tract or with high first-pass metabolism (such as MF), this would 

reduce the overall systemic exposure. At a certain point, a sufficient amount of mucus would 

be created to require discharge by nose blowing or wiping. This transient response to nasal 

spray deposition would, in most cases, result in expulsion of drug particles at post-

deposition time scales smaller than 8 hours. Viewed another way, results of the current study 
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indicate that with expected variations in nasal inhalation and spray insertion angle, 

bioavailability is equivalent only if nose blowing and wiping is delayed for 8 hours, which is 

understood to not be reasonable.

Although the current CFD and PK model provides a better understanding of the relationship 

between nasal spray deposition patterns and systemic absorption, several limitations should 

be noted. First, the current model represents a simplified surface of the complex three 

dimensional nasal airways. At this stage, the simplified surface model is unable to show if 

deposited drug enters the sinuses or reaches the olfactory epithelium (which is important 

when considering drugs that are envisioned to act on the central nervous system).
39,40

 In 

addition to simplifying the properties of the drug, this study considered a monodisperse 

suspended particle size in each of the simulations; however, many suspension formulations 

likely contain polydisperse distributions of suspended drug particles within a polydisperse 

droplet spray. Only one nasal clearance velocity condition was considered to represent 

average adult conditions,
19

 but high variability is expected in the rate of MP nasal clearance, 

which is largely affected by airway health and disease.
41

 Finally, the current PK model is a 

simplified three-compartment model with first-order rate constants. While the current model 

was able to closely match in vivo PK data from a nasal spray device,
6
 a more sophisticated 

model may be needed in the future. Additional in vivo data that specifies both plasma 

concentration and the corresponding initial drug deposition profile (e.g., through 3D 

imaging) would contribute to further in silico model development and validation. However, 

it is noted that the nasal deposition patterns predicted with the CFD model were previously 

validated with comparisons to in vitro deposition profiles across a range of spray 

conditions.
12,18

CONCLUSION

The current study showed that regional differences in nasal drug deposition can have a 

significant effect on the shape and characteristics of the plasma concentration profile, but 

very little effect on overall bioavailability provided the deposited dose is not disturbed. 

Using these results, connections can be made between measured PK data and the 

performance of a nasal spray device. The location and magnitude of the plasma 

concentration peak is highly dependent on the regional deposition of nasal spray droplets. 

With regards to formulation properties, the suspended drug particle size was shown to have 

very little effect on systemic exposure for the size range and lipophilic drug considered in 

this study. Finally, it was found that absolute bioavailability is highly dependent on 

individual behavioral differences post-spray administration. That is, nose blowing or wiping 

within an 8 hour period, which can result in removal of drug from the NV, has the potential 

to significantly reduce the absorbed dosage, especially for nasal spray devices that fail to 

deliver drug to the MP. Overall, these findings could potentially be used to establish 

bioequivalence for generic formulations and nasal spray devices by relating regional drug 

deposition data to time-dependent PK data. As a result, simulations such as these may 

reduce the burden of in vitro testing or in vivo radiological imaging techniques when 

developing and testing generic devices.
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ABBREVIATIONS

ASL airway surface liquid

AUC area under the curve

CFD computational fluid dynamics

DAC dissolution, absorption, and clearance

DF deposition fraction

MDI metered dose inhaler

MF mometasone furoate

MP middle passages

NV nasal vestibule

PK pharmacokinetic

SEM standard error of the mean
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Figure 1. 
The overall methodology for conducting the CFD simulations is shown. Particle deposition 

data in the (a) 3D model of the nasal cavity (air space) including a commercial nasal spray 

pump was mapped onto the (b) surface-based model. CFD simulations were run using this 

model and accounted for (c) particle advection due to mucociliary clearance, particle 

dissolution and diffusion, and drug absorption at the epithelial surface. (d) Coupled 

pharmacokinetics simulations provided transient plasma concentration profiles.
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Figure 2. 
Translation of the deposited spray droplets illustrating (a) particle locations in the 3D nasal 

cavity model and (b) surface model of the nasal wall, resulting in a spatial distribution of 

drug (histogram in b). NV: Nasal vestibule; MP: Middle passages.
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Figure 3. 
The velocity profile of the ASL layer is shown and represents clearance by mucociliary 

action. NV: Nasal vestibule; MP: Middle passages.
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Figure 4. 
An illustration of the compartmental pharmacokinetic model is shown where initial 

Absorption from Nasal Mucus is provided by the CFD model on a spatially and temporally 

resolved basis. Drug is absorbed from the nasal mucus into the tissue, where it can distribute 

into the plasma (with first-order rate constant kp), distribute into the peripheral compartment 

(with rate constants k12 and k21), bind to glucocorticoid receptors (with rate constant kbind), 

or be metabolized or filtered (at a rate of kelim).
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Figure 5. 
To determine the appropriate PK rate constants, the calculated plasma concentration profile 

was validated with in vivo data from Daley-Yates et al., 2004. Starting with the initial 

deposition profile given by the histogram in Panel (a), the simulated plasma concentration 

curve (a) provided a tmax, Cmax, and bioavailability in agreement with the in vivo data. Also 

shown in Panel (b) is the plasma concentration over the first hour, along with the cumulative 

drug uptake at the epithelium during this time. NV: Nasal vestibule; MP: Middle passages.
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Figure 6. 
Plots of the calculated post-deposition plasma concentration are shown for three different 

nozzle insertion angles. The histograms illustrate the initial particle deposition profile used 

for each angle. The angle of the spray pump is shown to produce large differences in PK 

variables with all other parameters held constant. NV: Nasal vestibule; MP: Middle 

passages.
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Figure 7. 
The plasma concentration profiles for two different initial suspended drug particle diameters 

are shown in Panel (a), with an inset enlarging the data over the first hour. Cumulative drug 

uptake at the epithelium for the same initial particle diameters is illustrated in Panel (b). In 

contrast with nozzle insertion angle, the initial size of the suspended drug particles in the 

spray droplets appears to have a small effect on PK variables.
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Figure 8. 
Plasma concentration profiles are shown for two methods of nasal spray administration, one 

with inhalation during spraying and one without inhalation. Both cases used a 30 degree 

nozzle insertion angle. The histograms illustrate the initial particle deposition profile used 

for each scenario. As with spray pump angle, inhalation during spray delivery is observed to 

have a large impact on PK variables. NV: Nasal vestibule; MP: Middle passages.
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Figure 9. 
Plasma concentration profiles for two different nozzle insertion angles for the case when the 

patient removes the NV dose immediately after delivery due to nose wiping/blowing or 

sneezing. In these cases, particles in the NV were removed immediately after deposition to 

simulate discharge through the nostrils. Compared with Figure 6, patient behavior appears to 

further amplify observed changes in PK variables.
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