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Motile cilia reside on the surface of the epithelial layer of the lungs and facilitates the clearance of mucus in the airways. Bordering the epithelial layer and surrounding cilia is the periciliary liquid (PCL) that lubricates the epithelial layer. In the present work, we propose a novel approach to study how changes in biomechanics affect the physiological functioning of cilia in healthy subjects and in patients with CF, COPD, and primary ciliary dyskinesia (PCD). In particular, we investigate the response of cilia to different local pressure gradient during gaseous exchange. We hypothesize that the airway pressure gradient that occur during inhalation and exhalation may displace mucus and PCL and exert pressure on cilia. Therefore, cilia must be able to withstand the forces created by the airway pressure gradient, otherwise the magnitude of its efficient strokes and its rate of mucociliary clearance would decrease. We develop a computational model of the airways to quantify the effect of airway pressure gradient on cilia dynamics. In the model, cilia are represented as elastic solids, PCL and mucus is represented as fluids with different viscosities. The simulation results show that in diseases such as PCD, where there exist changes in ciliary structure, the airway pressure gradient may affect the propulsive stroke of cilia and decrease the rate of mucociliary clearance. Simulation results predict that the average stress experienced by cilia varies exponentially with the number of cilia shed from CF and COPD airways.
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INTRODUCTION

Mucus clearance in the airways is regulated by carpets of cilia that project out of the epithelial layer. Each cell of the epithelium contains about 200 cilia that beat in a coordinated fashion with each performing about 11.5 beating cycles per second in adults and 13 beats/s in young children [1–3], and the estimated number of cilia in an adult lung is about 3 × 1012 cilia [4]. Bordering the epithelial layer and surrounding the cilia is the periciliary liquid (PCL) that lubricates the epithelial layer. The mucus layer is sandwiched between the PCL and the air in the core airways. The PCL and mucus layer are also referred to as the airway surface liquid (ASL) [5]. PCL facilitates mucus clearance by providing a favorable environment and lubrication for the beating cilia [6]. Mucus serves as a primary defense mechanism by trapping inhaled infectious and toxic agents.

The beat of cilia is forceful in the forward propulsive (“power”) stroke but slower in the recovery stroke [7]. Cilia extends into the mucus when taking its forward stroke but retracts from the mucus during its recovery stroke, moving closer to the epithelial wall [8]. The force generated by the beating cilia propels mucus toward the trachea and out from the lungs at about 1–2 mm/h, depending on parameters such as ciliary length and beat frequency [6, 7, 9]. The impairment of mucus clearance in diseases such as cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD) and asthma is often devastating and may result in inflammation and infection in the airways [10–12]. Patients with obstructive lung disease have considerable decrease in tracheal mucus velocity compared to normal subjects [13] and mucus velocity in symptomatic patients is significantly reduced [14]. Tracheal mucus velocity in stable patients with mild asthma is significantly reduced compared to non-asthmatic subjects [15].

Understanding the conditions required for successful mucociliary clearance is key to understanding the pathology of airway diseases and developing therapeutic strategies for combating such diseases [16]. The structure of cilia is known to affect its functioning, for example, people born with certain abnormal ciliary structure may have reduced mucociliary transport efficiency [3]. Permanent changes in ciliary structure and function results in mucus retention and chronic infections [3, 17]. Changes in ciliary structure occur in diseases such as primary ciliary dyskinesia (PCD) [2, 18]. PCD (a congenital disorder) usually leads to immotile or dis-coordinated movement of cilia and impedes effective mucociliary clearance [18]. The prevalence of PCD is estimated to be around 1 in 10,000 or 20,000 individuals [3, 18].

Motile cilia are hair-like organelles found not only on the airway epithelial cells but also in various mammalian cells including sperm and pendymal cells that line brain vesicles [19, 20]. They are the earliest known cell organelles, discovered around 1647 by van Leeuwenhoek [9]. Motile cilia have a cytoskeleton that is composed of microtubules, arranged in a ring of nine doublet microtubules surrounding a central pair (9 + 2), with ciliary diameter of about 0.25 μm (Figures 1A,B) [3, 21]. The microtubule cytoskeleton of the cilium is called axoneme [21, 22]. Mammalian ciliary axonemes are formed with two major patterns: 9 + 2 and 9 + 0 (Figures 1A–C), in which the central pair is missing [21, 23, 24]. The 9 + 0 cilia (Figure 1C) also known as primary cilia are found on cells such as kidney tubules, neurons and fibroblast.


[image: Figure 1]
Figure 1. (A–C) Diagrammatic representation of ciliary cross sections. (A) Normal motile cilium (9+2), showing dynein arms, radial spokes, and microtubules. (B) A cross-sectional view of the positioning of microtubules in a normal cilium. (C) Primary cilium (9+0). (D) Model domain in [image: image] representing a cross-section of a bronchi with five cilia. Periciliary liquid (gray), mucus (bluish-purple). Pressure conditions at the ends of the airways mimics the pressure gradient during inhalation and exhalation. (E) A plot of the time varying pressure [image: image], here pm = 5 Pa.


In 9 + 2 cilia (i.e., motile cilia), molecular motors called the outer and inner dynein arms attach to the microtubules and produce the force necessary for the doublet microtubules to slide with respect to one another and asynchronously around the axoneme, resulting in a helical beat (Figure 1A) [19, 21, 22, 25–27]. The inter-doublet links and the central pair further modifies the helical beat to produced synchronous cilia beating with an effective and recovery stroke (Figure 1A) [21].

Mechanical properties of motile cilium differ significantly from those of primary cilium because of their structural differences. Motile cilia are composed of more microtubules than primary cilia, in particular they have a central pair of microtubules that enhances their structural integrity [28]. These structural changes in motile cilia and primary cilium is reflected in the value of their Young modulus, calculated from the flexural rigidity. The flexural rigidity of cilium is a measure of the resistance offered by cilium while undergoing bending [29, 30].

PCD patients have ciliary structural appearance that fall between primary cilia and normal cilia. We speculate that airway ciliary structure that appear similar or close to those of primary cilia may have reduced structural integrity compared to normal motile cilia. Very few mathematical models have focused on understanding why mucociliary clearance fails in patients with primary ciliary dyskinesia [31]. In this paper, we investigate if changes in the biomechanical properties of cilia resulting from abnormal ciliary structure significantly affect cilia motion and functioning. Key components of the model are: the mucus layer, the PCL layer and cilia.

Modeling mucociliary clearance remains a challenging problem because of the complexity of the rheological properties of mucus. At the macroscale, mucus is a complex non-Newtonian biological fluid with variable rheological properties that are between those of a viscous liquid and an elastic solid, while at the nanoscale, mucus behaves like a low viscous fluid [32]. The rheological properties of mucus changes between different individuals and in diseases, and is dependent on shear stress and rate of shearing. When exposed to a low shear force, mucus exhibits elastic properties, it deforms and returns to its initial shape once the force is removed. However, when a high shear force is applied to mucus, it behaves like a viscous fluid and does not returns to its initial shape after the force is removed [32]. Mucus is composed of water (>90%), mucin fibers (2–5%), lipids, salts and other cellular components and products [33]. The viscoelasticity of mucus depends largely on the concentration of mucins [34].

The PCL is a viscous fluid with properties that are very dissimilar to mucus. It is usually modeled as a Newtonian fluid. In modeling the ASL, some studies focus on the PCL layer, the mucus layer or both [35–38]. Different modeling strategies have been devised by researchers working to capture the complex dynamics of mucociliary clearance. These models differ mainly in their description of the mucus behavior, some describe the mucus as a Newtonian fluid [35, 36, 39–41] while others describe it as a non-Newtonian fluid [37, 38, 42–45]. These different models have their perks but they also have limitations, great strides have been made toward modeling mucociliary clearance and it remains an active area of research.

Considering that mucus clearance occurs at low Reynolds number, Smith et al. [46] modeled the ASL as a Stokes fluid with cilia modeled as curved slender ellipsoidal bodies by distributing Stokeslet and potential source dipole singularities along their centerlines. Their model results showed that shear flow of the mucous layer drives a significant volume of periciliary liquid in the direction of mucus transport including during the recovery stroke of the cilia.

Lee et al. [36] developed a two-layer Newtonian fluid model of the mucus layer and PCL to simulate the mucociliary transport process and determine the factors that affect mucociliary transport. Their model showed that the cilia beat frequency, the number of cilia, and the depth of PCL are the critical factors affecting mucociliary transport.

Mitran [37] modeled the PCL as a Newtonian fluid and mucus as a non-Newtonian fluid. The PCL was described using the Stokes equation while mucus was described by a single-mode upper convected Maxwell equation. Their model simulated the formation of metachronal waves in rows of pulmonary cilia. Vasquez et al. [38] constructed a five-mode Giesekus non-linear viscoelastic constitutive law from micro- and macro-rheology experimental data on cell culture mucus. Their model was able to simulate the shape of air-mucus interface in human bronchial epithelial (HBE) culture.

A recent experimental study by Button et al. [6] indicates that the PCL consists of a mesh of large macromolecules including membrane-spanning mucins and mucopolysaccharides. The macromolecules are tethered to the cell surface and form a mesh that prevents mucus from penetrating the interciliary space. In line with this, Chatelin et al. [40] modeled the ASL as a non-homogeneous Newtonian fluid. However, they omitted a physical interface between the PCL and mucus layer. They represented the viscosity of the ASL as a function of its mucins' ratio that varies continuously from the viscosity of water in the PCL to a higher viscosity in the upper mucus layer [40]. Their model captures the inhomogeneity of mucin distribution. Development of new models that can correctly describes the ASL as reported by Button et al. [6] would enhance the study of mucociliary clearance.

Although a viscoelastic model is necessary to capture the complexity of mucus rheology, a study by Lubkin et al. [43] showed that Newtonian fluid models are able to capture some of the fundamental flow characteristic of mucus. In particular, they noted that the mucus velocity obtained from a Newtonian fluid model is only slightly larger than the mucus velocity from a non-Newtonian fluid model [36, 43].

As an initial model, we will consider the mucus and PCL layers as Newtonian fluids with constant viscosity and different viscosity values in each layer. In this study, we are primarily interested in investigating if the flow of ASL caused by changes in airway pressure gradient, produces sufficient force to bend cilia. The magnitude of bending would depend on the height/volume of mucus and the flow velocity of mucus, thus a Newtonian fluid model should be sufficient for the present study. In the future, we will improve on the model to capture the viscoelastic effects of mucus.

Most of the existing models have focused on describing mucociliary clearance by prescribing a function to capture the motion of cilia [36, 38, 46]. Emphasis is usually placed on factors inherent in the mucus and/or cilia including the effect of mucus viscosity, height of cilia, height of mucus and PCL layer, cilia beat frequency and the airway pressure gradient and other biomechanical parameters is usually not considered [40]. We believe that the pressure gradient that drive inhalation and exhalation, including particulate transport in the airway may affect the flow of ASL and should therefore be quantified to determine its effect on cilia dynamics and mucociliary clearance.

During gaseous exchange, the airway cilia and ASL are exposed to varied degree of forces, as a result of local pressure gradient. The pressure gradient varies along the airways. The highest values of local pressure gradient occurring at airway branching points [47]. Based on the study by Hill et al. [29] that showed that external forces imposed on cilia can affect it functioning, we propose that the forces generated from the local pressure gradient may affect cilia dynamics with greater effect occurring at airway branch points. These forces may in turn cause a reduction in cilia beat amplitude and decrease the rate of mucociliary clearance.

Our reasoning is further strengthened by the work from Farkas and Szöke [48]. Farkas and Szöke [48] studied air and mucus flow in a model of bronchial airway bifurcation, tracking inhaled particles with 1 and 10 μm aerodynamic diameters to determine deposition and clearance patterns. Their study revealed the existence of a slow clearance zone around the peak of the airway bifurcation that delayed the clearance of particles depositing or entering there [48]. We hypothesize that higher pressure forces acting on cilia may be a major contributing factor to the existence of a slow clearance zone at airway bifurcation points.

In the present work, we propose a novel approach to study how changes in biomechanical factors affect the physiological functioning of cilia in healthy subjects and in patients with CF, COPD, and primary ciliary dyskinesia. In particular, we investigate the response of cilia to different local pressure gradient during gaseous exchange. The simulation results show that the airway pressure gradient during inhalation and exhalation affect the effective stroke of cilia with greater effect occurring in PCD diseases where ciliary structure affect the biomechanical properties, compromising the structural integrity of cilia. Furthermore, results predict that the average stress experienced by cilia vary exponentially with the number of cilia shed from the airways during inflammation and infection in CF, COPD, and asthmatic patients.

We develop a computational model of the airways consisting of the mucus layer, PCL layer and cilia to investigate if changes in ciliary structure causes a significant increase in the bending of cilia during inhalation and exhalation. The mathematical techniques used in designing the airway model is presented in the next section.



MATERIALS AND METHODS

The model investigates the resilience of cilia to bending during exposure to normal cyclic pressure gradient in the airways. Our study proposes the existence of two different flow mechanisms for the airway surface liquid (ASL), namely:


i. Active transport of ASL by the metachronous beating of cilia and

ii. Passive transport of ASL by changes in airway pressure gradient during inhalation and exhalation.



We neglect the active transport of ASL by cilia because our focus is to investigate if the passive transport of ASL can significantly bend cilia and affect its functioning. This allows the use of a unidirectional coupling between the ASL and cilia where the force from the flow of the ASL deforms cilia in the airways.


Model Geometry

The lung airway is a fractal that replicates over 23 branching generations [49, 50]. Its fractal nature allows cilia to be studied in longitudinal sections of the airway. The assumption is that the dynamics of cilia in the bronchus would be regulated by similar mechanisms across the entire airways. The value for mucus height, PCL height, cilium radius, and cilium length are chosen within range of experimental observations (see Table 1 and Figure 1D).


Table 1. Parameter values.

[image: Table 1]

In the model, cilia are represented as elastic solids. The PCL and mucus layer are modeled as fluids with different viscosities. We choose the geometry of the airway to correspond to a longitudinal section of a right main bronchus of length 50 μm, and corresponds to the branching region of the right main bronchus (Figure 1D). In the model, we assume that physiologically healthy mucus occupies the region above the PCL.

We assume that the ASL is incompressible, the flow (of ASL and air in the right main bronchus) has low Reynolds number and therefore is considered to be laminar.



Navier-Stokes Equation for Airway Surface Liquid

Let Ω = ΩA ∪ Ωc denote the lung airways in [image: image] with ΩA the region resided by the airway surface liquid and Ωc the cilia. Let v = v(x, t) denote the velocity of the airway surface liquid (ASL), p = p(x, t) the pressure at the ASL, ρF and μF the density and dynamic viscosity of the ASL, respectively. The airway mucus and PCL are assumed to be incompressible viscous fluids. The motion of the mucus and PCL is governed by the incompressible Navier-Stokes equation defined in a bounded domain [image: image]. The equation of motion is:

[image: image]
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where σ = − pI + 2μFD(v) is the fluid Cauchy stress tensor and [image: image] is the symmetrized gradient of v. I is the identity tensor in [image: image]. Values of ρF and μF for ASL and mucus are given in Table 1.



Elastic Model for Cilia

We denote by u = u(x, t), x ϵ Ωc, t ϵ (0, T), the displacement of the cilium from its initial position. We assume that cilium is a homogeneous isotropic material and the displacement gradient for cilia is small (i.e., ∇u ≪ 1) and the equilibrium equation is [55]:

[image: image]

where S is the linearized Saint Venant-Kirchhoff model that describes the mechanical property of cilia.

[image: image]

Here, μ and λ are the Lamé constants, describing the compression and distortion of the cilia. The constants μ and λ can be expressed as [56]:

[image: image], where E is the modulus of elasticity (Young modulus) of a cilium, υ the contraction ratio (Poisson ratio) of cilium and ρs is the density of cilium. Value of ρs and υ are given in Table 1.



Coupling Condition for the Elastic Model and Navier-Stokes Equation

We apply a linear coupling at the ASL-cilia interface by imposing continuity of stresses at the interface. That is at the interface the normal stress experienced by cilia is equal to the normal fluid stress.

The coupling condition at the ASL-cilia interface is expressed as follows: σ · n = -S· n, where n denotes the outward pointing unit normal at the ASL-cilia interface,



Initial and Boundary Conditions

The simulation time is t ϵ [0, 4] seconds, representing one breathing cycle. At time t = 0, the airway pressure gradient is zero, thus the velocity of the ASL is zero and the displacement of cilia u = 0.

A pressure boundary condition for fluid transport is imposed at the lower and upper boundary of the airways (see Figure 1D). A no-slip boundary for the fluid is imposed on the left and right boundary of the model (see Figure 1D). There is zero displacement of cilia at its base, where it attaches to the airway. To mimic this condition, we prescribe that u = 0 at the cilia base.



Modeling the Airway Pressure Gradient

In an average human, the normal steady-state breathing is about 13–17 breaths per minute [57, 58]. During a breathing cycle, the tracheal serves as an input (during the inhalation phase) and an output (during exhalation phase).

To describe a breathing cycle, we specify a constant pressure (p = 0) at the lower boundary of the airway (see Figure 1D) and a varying pressure that oscillates around p = 0) at the upper boundary of the airway. The varying pressure at the upper boundary of the airway is specified as p = pm sin(ωt), where pm is the maximum local pressure drop in a given airway and ω = π/2. These boundary conditions model the pressure gradient in the airways with one breathing cycle occurring in 4 s.

The maximum local pressure drop in the airways is higher before forced inhalation (~ 120 Pa) compared to before quiet inhalation (~ 8 Pa) [47]. The local pressure gradient is higher compared to the linear pressure gradient because of local bifurcations of the airways at different generations.

In the model, pm denotes the total pressure gradient, we choose values of pm in the range 5–20 Pa. We avoided using higher values for pm in order to avoid numerical instabilities.



Numerical Simulations of the Airway Model

The numerical approximation of the model equations is obtained from the finite element method. The finite element mesh consists of 8,019 and 1,156 triangular and quadrilateral elements, respectively, and an average element quality of 0.8.

Simulation of the model was carried out on the geometry shown in Figure 1D. Furthermore, we repeat the simulations with 4 cilia, 3 cilia, 2 cilia, 1 cilium to investigate how the average von Mises stress changes when patient loss some of the cilia in their airways. In chronic airway diseases, patients may loss cilia in their airways as a result of persistence inflammation and infection. We use the model to test if the loss of cilia during infection in the airways may affect the functioning of the remaining cilia. We increased the size of mucus and studied its effect on the average stress experienced by cilia.




RESULTS

Simulation results for pressure distribution along the airways at time t = 1 s (top row) and t = 3 s (bottom row) for different values of pm is shown in Figure 2. This corresponds to the pressure distribution when the absolute value of the pmis maximum. Arrows depict the direction of fluid transport and the length of the arrows are proportional to the value of the fluid velocity at its corresponding spatial position. The initial and deformed position of cilia are superimposed on the figure to visualize the effect of the magnitude of pm on cilia displacement.


[image: Figure 2]
FIGURE 2. Surface plot of the pressure distribution. The spatial deformation of cilia is shown for different values of pm, for comparison, the position of cilia at time t = 0 s is shown using the white tubular structures. Time is 1 s (Top), time is 3 s (Bottom). Arrows show the direction of fluid transport. Young's modulus of cilia is 7.64 × 105 N/m2.


Plot of von Mises stress distribution for cilia (i.e., for different values of Young modulus) at time t = 1 s is shown in Figure 3. On the top row, pm = 5 Pa and on the bottom row, pm = 20 Pa. Plot of the peak von Mises stress against the number of missing cilia is shown in Figure 4A. Variations in the peak von Mises stress takes the shape of an exponential function (see the trend formed by the dots in Figure 4B). Each dot in Figure 4B denotes the peak von Mises stress for the corresponding number of missing cilia. Based on the observed trend in the data, we compute the rate of change in peak von Mises stress by fitting a curve to the data using the following equation:

[image: image]

where Y denotes the peak von Mises stress, n is the number of missing cilia, and α, β, δ are constants. Curve fitting is done in MATLAB to estimate the constants α, β, δ. We obtained that α = 92.60, β = 0.92, δ = 1, 019, with 95% confidence bounds.


[image: Figure 3]
FIGURE 3. Von Mises stress distribution and spatial deformation of cilia for different values of elastic modulus (t = 1 s). Top row (pm = 5 Pa), bottom row (pm = 20 Pa). (A,D) Young modulus is 7.6E5. (B,E) Young Modulus is 7.6E6. (C,F) Young modulus is 7.6E7.



[image: Figure 4]
FIGURE 4. Plot of average and peak von Mises stress, pm = 5 Pa, E = 7.64 × 106 N/m2. (A) Graphs show the average von Mises stress for different numbers of missing cilia, t = (0,4) s. Legend depicts the number of cilia removed/missing from the airway. The black line represents the average von Mises stress when the cilium closest to the lower airway is removed from the airway in Figure 1D. The gray line represents the average von Mises stress when the two cilia closest to the lower airway is removed from the airway in Figure 1D. Same applies to the cases where three and four cilia are removed. (B) The dots show the peak von Mises stress for different numbers of missing cilia, t = (0,4). The dash line fits the function Ŷ(n) = αeβn + δ to the data points, where α = 92.60, β = 0.92, δ = 1, 019, with 95% confidence bounds.


We used a R-square test to measures how successful the fit is in explaining the variation of the peak von Mises stress. R-square is defined as the square of the correlation between the peak von Mises stress and the predicted values from the function Ŷ(n) and is computed as follows:

[image: image]

where SSE is the sum of squares due to error and measures the total deviation of the peak von Mises stress from the fit to the peak von Mises stress:

[image: image]

and SST is the sum of squares about the mean of the peak values of von Mises stress:

[image: image]

where Yn is the peak von Mises stress, Yn is the mean of the peak von Mises stress, Ŷn = Ŷ(n), is the function fitted to the peak von Mises stress, N is the number of data points, and 0 ≤ R-square ≤ 1.

If R-square has a value closer to 1, then this implies that a greater proportion of variance in the data is accounted for by the model. However, if R-square has a value closer to 0, then the model is unable to account for the variance in the data. The computed value for R-square is 0.9982, this implies that the fit explains 99.8% of the total variation in the simulated peak von Mises stress above the mean.



DISCUSSION

In this study, we developed a computational model to investigate if changes in ciliary structure causes a significant increase in the displacement of cilia (via pressure forces) during breathing cycles.

We hypothesized that:


(1) Local pressure gradient in the airways would cause the airway surface liquid to flow down the airways (during inhalation), and up the airways during exhalation and that this flow may bend the motile cilia in the airways.

(2) Motile cilia in the airways work against the downward flow of airway surface liquid (during inhalation) and propel mucus out of the airways.

(3) Mutation in motile cilia that affect its structure changes the elastic modulus of cilia.

(4) A decrease in elastic modulus of cilia causes an increase in the bending of cilia and may affect its sensory and signaling functions.

(5) In particular, the bending of cilia during inhalation and exhalation would decrease the amplitude of the propulsive strokes of cilia and decrease the rate of mucociliary clearance.



The process of inhalation and exhalation is modeled by specifying a time varying pressure at the top boundary of the upper airways and a constant pressure at the lower airways. The varying pressure, is a sinusoidal waveform p = pm sin(ωt), where pm is the maximum total pressure drop in the airways. The sinusoidal waveform allows us to mimic the changes in pressure drop in the airways. The beauty of this is that the sinusoidal waveform can be used to mimic the pressure gradient in different generations of the airways by changing only the value of pm.

The total pressure drop in the airways is the sum of the linear pressure drop and local pressure drop. We computed the linear pressure gradient for the air flow in the right main bronchus and found that its values are negligible compared to its local pressure gradient. Thus, we approximated the value of the total pressure gradient in the airways by assuming a correspondence with its local pressure gradient. The maximum local pressure drop in the airways is higher before forced inhalation (about 120 Pa) compared to before quiet inhalation (about 8 Pa) [47]. We chose pm in the range 5–20 Pa to correspond to physiological conditions and investigated how the magnitude of the cyclic pressure gradient affect cilia dynamics.


Changes in Ciliary Structure Affect Mucociliary Clearance

When the pressure gradient is about 0 Pa, cilia position corresponds to its initial position at time t = 0 s. We compute the displacement of cilia at times where the magnitude of pressure gradient is highest because the corresponding flow of mucus/displacement of cilia induced by the pressure gradient would be maximum at those times. The highest magnitude of pressure gradient in the airway occurs at time t = 1 (p = pm, during inhalation) and time t = 3 s (p = −pm, during exhalation) (see Figure 1E). In Figure 2, we observe that the model is able to mimic the pressure gradient during inhalation (top row, t = 1 s) and exhalation (bottom row, t = 3 s). In particular, during inhalation, the pressure is higher at the upper airways and during exhalation, the pressure is higher in the lower airways.

We found that the velocity of the airway surface liquid increased with increasing values of pm. The normal stress from the fluid (i.e., ASL) was applied to cilia and we observed a significant displacement of cilia from its initial position especially at higher values of pm (Figure 2, here Young modulus of cilia is 7.64 × 105 N/m2). Cilia with Young modulus of 7.64 × 105 N/m2 corresponds to the ciliary structure with PCD. The magnitude of the propulsive stroke of cilia would in this case decrease significantly because most of its effort would be applied in overcoming the effect of its displacement by the ASL during inhalation. There is a possibility for these cilia to have desynchronization in beating as they try to beat against the effect of the viscous stress. This implies that changes in the ciliary structure that impacts its elastic properties may affect mucociliary clearance via desynchronization of cilia beatings. The cyclic pressure gradient may promote periodic changes in the distribution of mucus and PCL in the airway if cilia beating is dysfunctional.

We plotted the displacement of normal motile cilia (Young modulus E = 7.64 × 106 N/m2) exposed to similar fluid stresses as those simulated for PCD (Figure 3). We found that the displacement of cilia was negligible at pm = 5 Pa (at pm = 5 Pa, the magnitude of the pressure gradient corresponds to typical values at airway branching points during quite inhalation). Increasing the value of pm, increased the amplitude of displacement of cilia but not comparable in magnitude to those with PCD (E = 7.64 × 105 N/m2). Increasing the magnitude of Young modulus of cilia by an order of 10 to obtain 7.64 × 107 N/m2, we observed that cilia were able to withstand the effect of the fluid stress and were not displaced. This implies that when cilia are about 10 orders of magnitude stiffer than normal, they experience negligible displacement by the ASL.

It is believed that motile cilia may have sensory and signaling functions like primary cilia [3, 21, 59]. More research is needed to understand if the displacement of cilia by the ASL affects its sensory and signaling functions. Especially when the magnitude of displacement is large.

Since cilia is modeled as an elastic material, we observed that as the pressure gradient approached zero, the displaced cilia returned to their initial position.



Shedding of Airway Ciliated Epithelium May Affect Mucociliary Clearance

Shedding of airway ciliated epithelium occurs frequently in asthmatic patients, due to airway inflammation [17, 60]. This shedding of airway ciliated cells would compromise the structural resilience of the carpets of cilia in withstanding the enormous biomechanical stress in the airways. Studies carried out in chicken tracheas showed that epithelial damage of at least 50% of the bronchial cilia produced a significant decrease in mucociliary clearance [17, 61]. Loss of ciliated cells also occur in patients with cystic fibrosis and COPD.

We investigated the effect of shading of the airway ciliated epithelium by decreasing the number of cilia in the airway model. In particular, we computed the average von Mises stress experienced by cilia as a function of time when 4 cilia are present in the model (i.e., 1 cilium is missing from the initial model), 3 cilia are present in the model (i.e., 2 cilia are missing), 2 cilia are present in the model (i.e., 3 cilia are missing) and 1 cilium is present in the model (i.e., 4 cilia are missing).

We found that the average von Mises stress increased by approximately 5-folds when 4 cilia was missing compared to when 1 cilium was missing (Figure 4A), here pm = 5 Pa, E = 7.64 × 106 N/m2. It highlights that the average von Mises stress on the airway cilia varies with the number of cilia in the airways. In order to quantify the rate at which von Mises stress is changing with the number of cilia in the airways, we plotted the peak von Mises stress against the number of missing cilia and we found an exponential change in the values of the peak von Mises stress (Figure 4B). The implication of this is that the average stress acting on cilia during physiological functioning increases exponentially with the shading of the airway ciliated cells, a key finding of this study. We fitted the function, Ŷ(n) to the peak von Mises stress (Figure 4B): Ŷ(n) = αeβn + δ, where n the number of missing cilia, and α, β, δ are constants. We found that α = 92.60, β = 0.92, δ = 1, 019, with 95% confidence bounds.

We apply the Rule of 70 to determine how many missing cilia would cause a doubling of the von Mises stress. That is:

[image: image]

where β = 92% denotes the growth rate. The number of cilia to double the amount of von Mises stress is therefore 70/92 ≈ 0.76, and corresponds to losing about 15% of cilia in the model.

Though our model is not designed to predict the effect of doubling the von Mises stress on cilia, we believe that doubling von Mises stress on cilia would negatively affect mucociliary clearance because cilia would have to overcome this stress in order to facilitate mucus clearance.



Effect of Varying the Pressure Gradient Curve

We changed the period of the curve for the pressure boundary condition p = pm sin(ωt) in the upper airways (Figure 1D), to investigate if changes in the duration of a breathing cycle affect the average stress experienced by cilia.

We ran simulations for ω = π/2 and [image: image]. We found that a change in the duration of a breathing cycle produces a shift in the curve for the vertical displacement of the tip of cilia without any significant change in the amplitude of the vertical displacement. Similar trend was observed for average von Mises stress at the tip of cilia.



Effect of Varying Mucus Height

Impairment in mucociliary clearance such as those experienced by asthmatic, COPD and CF patients causes mucus retention in the airways. Mucus retention causes an increase in the airway mucus height. In order to determine if an increase in airway mucus height has an adverse effect on cilia, we ran a set of simulations with the height of PCL unchanged but varied the mucus height. We computed the average vertical displacement of the tip of cilia when mucus height was 5 and 10 μm for E = 7.64 × 105 N/m2 and 7.64 × 106 N/m2 [Figure 5A, pm = 5 Pa and t = (0,4)].


[image: Figure 5]
FIGURE 5. (A) Average vertical displacement of cilia tip for different values of mucus height and Young modulus (pm = 5 Pa). MH denotes the mucus height and E the Young modulus of cilia. (B) Average velocity of ASL for pm = 5 Pa and pm = 20 Pa.


We found that increasing the mucus height increased average displacement of cilia and was significantly larger for the cases where E = 7.64 × 105 N/m2.



Average Velocity of ASL During Passive Transport

Our model assumes that changes in airway pressure gradient during inhalation and exhalation leads to the passive transport of ASL. The direction of the passive flow of ASL depends on the pressure gradient in the airways. During inhalation, ASL flows from the upper airways to the lower airways and reverses its flow direction during exhalation, flowing from the lower airways to the upper airways. We plotted the average velocity (μm/s) of ASL during a breathing cycle to determine its magnitude for different values of pm (Figure 5B). When pm = 5 Pa, the magnitude of the peak average velocity was about 0.009 μm/s and when pm = 20 Pa, the magnitude of the peak average velocity was about 0.034 μm/s. Therefore, the passive flow of ASL would enhance the speed of mucociliary clearance during exhalation but would decrease the speed of mucociliary clearance during inhalation. We computed the displacement of cilia for different values of pm and we found no significant changes in the beat frequency of cilia (provided the duration of breathing was kept constant). In order words, the model predicts that the beat frequency of cilia is not affected by the amplitude/magnitude of the pressure gradient.

Given that the pressure gradient during forced inhalation (about 120 Pa) is significantly higher than the simulated values, the simulation results predicts that the passive transport of ASL could increase greatly during forced inhalation.



Comparison of Simulation Results With Experimental Studies

The findings from this study is consistent with the experimental study by Hill et al. [29] which revealed that cilia may respond to applied forces by reducing its beat amplitude with no significant change in beat frequency. Hill et al. [29] measured the force response of individual cilia from the human airway using spot-labeled 2.8 mm diameter magnetic microbeads and a custom-designed magnetic tweezers apparatus. In order to compute the effect of external forces on cilia motion, forces were applied to the bead in either toward (Figure 6A) or against the propulsive stroke (Figure 6B) and the cilia beat patterns were obtained by tracking the magnetic beads attached to the cilia tip [Figure 6 is reproduced from Hill et al. [29]]. In their study, the average beat amplitude of cilia was reported as 5.5 ± 0.3 μm when no forces were applied. However, when a force of 142 piconewton was applied to the beads attached to cilia tips, the beat amplitude decreased significantly but the beat frequency remains fairly constant (Figures 6A,B) even after the applied force caused the beat amplitude to decrease by 85% [29].


[image: Figure 6]
FIGURE 6. Cilia beat amplitude (CBA) and cilia beat frequency (CBF) in the presence of applied bead force. (A) Forward propulsive stroke occurs in the direction of the force applied to the bead. (B) Recovery stroke occurs in the direction of force applied to the bead. Reprinted from Hill et al. [29] with permission from Elsevier.


Our simulation results show that if the elastic modulus is 10 orders of magnitude less than normal cilia, then the amplitude of the vertical displacement of cilia by the ASL is >1 μm (i.e., more than 20% of the magnitude of the reported values of about 5.5 μm for normal coordinated active cilia motion during the forward propulsive stroke) and increases with the height of mucus (Figures 2, 5A). Therefore, the resultant amplitude of the propulsive stroke of cilia will be the sum of the positive contributions from its internal active force for propulsion and the negative contributions via its bending by the ASL during inhalation. The implication of this result is that the resultant amplitude of cilia will decrease greatly due to changes in elastic modulus in certain cases of PCD. A decrease in cilia beat amplitude would affect mucociliary clearance because experimental studies have shown that changes in cilia beat amplitude can affect airway mucus transport [4].

An examination of PCD subjects with mutations in genes that encode for radial spoke components of cilia revealed some abnormalities in ciliary axonemes of the central pair [62]. In these patients, the ciliary beat frequency was comparable to normal but the cilia exhibited abnormal circular beat pattern that was caused by changes in the amplitude and velocity of the strokes of cilia [4, 62, 63]. We believe that the abnormalities in ciliary axonemes of the central pair would decrease the stiffness of cilia because these cilia are missing some of their radial spokes [4, 64]. These cilia would be prone to significant bending from the flow of the ASL caused by the changes in airway pressure gradient during respiration. The resultant amplitude of cilia propulsive stroke will therefore be the sum of the positive contributions from its internal active force for propulsion and the negative contributions via its bending by the ASL during inhalation. Based on our simulation results, we propose that the decreased stiffness of these cilia is a major contributing factor to the changes in the amplitude of the strokes of cilia, and leads to abnormal circular beat pattern.




CONCLUSION AND FUTURE WORK

Much research has been done to understand the metachronous beating and the propulsion of mucus by cilia. Very few studies consider how mechanical forces acting in the airways impact cilia beating. Hill et al. [29] used a physical model to study the effect of counter forces on ciliary dynamics, his study showed that the amplitude of cilia beating is affected by counter forces. The airway pressure gradient acts as a counter force during inhalation since it may cause the ASL to flow down the airways, cilia must overcome the counter stress from the fluid in order to propel mucus out of the airways.

The frequency of cilia beating in normal healthy subjects (11.5–13 Hz) [2, 3] is higher that the frequency of alternation in airway pressure gradient occurring during inhalation and exhalation, where the frequency of alternation in airway pressure gradient corresponds to the respiration rate (0.2–0.3 Hz in normal adult subjects). During exhalation, airway pressure gradient would enhance the clearance of mucus during the forward strokes of cilia by increasing the force propelling mucus from the airways. Some devices have been developed to take advantage of the exhalation phase and the shear-thinning and thixotropic properties of mucus to enhance the propulsion of mucus from the airways of CF and COPD subjects. Example, the device Simeox® imposes a succession of very short negative pressure pulses of increasing intensity during exhalation, reducing the mucus viscosity and enhancing its simultaneous propulsion from the peripheral pulmonary zone to the central airways, and then coughed or spit out by the patient [65–67].

To the best of our knowledge, no mathematical model has been developed to investigate the impact of airway pressure gradient on ciliary beating and mucociliary clearance. This study develops a one-way coupled fluid structure interaction model to quantify the displacement of cilia by the forces exerted on the ASL as result of the airway pressure gradient that drives air in and out of the lungs during respiration. We show that if a layer of fluid is exposed to a pressure gradient then the flow dynamics of the fluid will be affected by the pressure gradient and this should be accounted for when modeling mucociliary clearance.

In summary, simulation results of the model confirm that the resultant amplitude of cilia motion is affected by the magnitude of airway pressure gradient. Airway pressure gradient displaces the ASL and causes the displacement of cilia. The effect is greater at locations in the airway with higher magnitude of pressure gradient. Displacement of cilia by ASL is larger in PCD airways where ciliary structure causes a decrease in the stiffness of cilia. This result implies that changes in the ciliary structure that impacts its elastic properties may affect mucociliary clearance. In particular, the cyclic pressure gradient may promote periodic changes in the distribution of mucus and PCL in the airway if cilia beating is dysfunctional. An examination of PCD subjects with mutations in genes that encode for radial spoke components of cilia revealed some abnormalities in ciliary axonemes of the central pair [62]. In these patients, cilia had abnormal circular beat pattern that was caused by changes in the amplitude and velocity of the strokes of cilia [4, 62, 63]. Based on our simulation results, we propose that the decreased stiffness of these cilia is a major contributing factor to the changes in the amplitude of the strokes of cilia, and leads to abnormal circular beat pattern.

We found that airway pressure gradient affects the beating amplitude of cilia but does not affect its beating frequency. This findings are consistent with the experimental study by Hill et al. [29] which revealed that cilia respond to applied forces by reducing its beat amplitude with no significant change in beat frequency. Simulation result showed that increasing the mucus height increased the magnitude of bending of cilia by ASL (Figure 5A) with significant increase in cases with reduced elastic moduli. We note that the bending of cilia by ASL acts as a counter force against the forward propulsive stroke of cilia during inhalation. Therefore, an increase in mucus height would result in a decrease in the amplitude of the forward propulsive stroke of cilia.

Simulation results predict that the high local pressure gradient at airway bifurcation points increases the counter forces acting on cilia and may be a major contributing factor to the existence of a slow clearance zone at bifurcation points. This finding correlates to the study of the airways by Farkas and Szöke [48] which revealed the existence of a slow clearance zone around the peak of the airway bifurcation that delayed the clearance of particles depositing or entering there.

Chronic airway inflammation is a common decimal in CF, COPD, and asthmatic subjects [68] and may damage and compromise the mechanical integrity of the epithelial layer that harbors cilia. Damage of the epithelial layer may cause cilia to detach from the airways. The simulation result also predicts that losing cilia in the airways increases the average stress on the remaining cilia. This result is consistent with other studies that show that decreasing the number of cilia has an adverse effect on mucociliary clearance [36]. Based on the model results, we speculate that if about 15% of cilia is removed from the airway cilia, the average mechanical stress experienced by the remaining cilia would double. It is known that cilia may increase its propulsive stroke and resist counter forces that seek to impede its beating. However, the propulsive force increases to a finite value, and exceedingly high counter forces may cause cilia to be overwhelmed thereby decreasing the amplitude of cilia beating and mucociliary clearance.

More research is need to understand how the length of time between cilia loss and its repopulation affect mucociliary clearance in CF, COPD, and asthmatic airways. The model suggests the importance of determining the percentage of cilia loss that is sufficient to significantly impact mucociliary clearance.

The model predicts that an application of therapeutic interaction that stimulate rapid rejuvenation of airway cilia may significantly improve the treatment of CF, COPD, and asthmatic subjects.

Some limitations of the model is discussed below. Modeling mucociliary clearance remains a challenging problem because of the complexity of the rheological properties of mucus. At the microscale, mucus behaves as a Newtonian fluid but at the macroscale, it behaves like a non-Newtonian viscoelastic fluid. The viscoelastic properties of mucus are governed by the viscous and the elastic moduli and they affect the rate of mucociliary clearance. Mathematical modeling of mucociliary clearance is difficulty because of the variation of the viscous and elastic moduli of mucus with the concentration of mucin macromolecules, distribution of mucin macromolecules and in diseases such as CF [69]. Based on the fact that the viscous and elastic moduli of mucus is sensitive to amplitudes and frequency of applied stress [69], we hypothesis that the cyclic pressure gradient that promote respiration may cause the viscous and elastic moduli of mucus to vary during respiration.

A future work would involve representing the mucus layer as a non-Newtonian viscoelastic fluid with appropriate constitutive models. A model that couples the breathing patterns in the airway to mucociliary clearance is difficult to implement and is still an open problem. A future work would involve extending the model to include the active transport of mucus by cilia. This would be important for computing the magnitude of the propulsive stroke of cilia in different disease conditions. It would also help in the identification of airway locations that may be prone to failure in mucociliary clearance.

The force generated by the beating cilia propels mucus toward the trachea and out from the lungs at about 1–2 mm/h (i.e., 0.28–0.56 μm/s), depending on parameters such as ciliary length and beat frequency [6, 7, 9]. A comprehensive model would help us quantify how the velocity of mucociliary clearance vary with increasing pressure gradient in the airways.
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