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Figure 4.7 (a) The relationship between the increase of [ATP] triggered by increasing
cyclic compressive pressure and the increase of PCL depth for CF and NL cells
comparing with experimental data of Button et al. (2013). (b) The relationship
between the absolute PCL depth and CCP in NL and CF cells. (c) The
relationship between the absolute PCL depth and CSS in NL and CF cells.
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PCLb with Jevapand ACSS; PCLc with Jevap and ACPP; PCLd with Jevap, ACCP and ACSS;
and PCLe with Jevap, ACCP, ACSS and cilia strain.

Sinusoidal waveforms of temperature and humidity are provided at the inlet during
inspiration which resembles breathing in room air (T = 26.7 °C and 34.7 % RH) at oral
cavity. Velocity boundary provided at the inlet with synthetic turbulent perturbation is the
same one as used in the 6-path model case in Chapter 3. To investigate PCL depth for both
CF and NL under their regular breathing condition (Browning, D’Alonzo, and Tobin 1990)
for CF, the respiratory rate is 10.1 L/min minute ventilation, 2.4 s period with 0.97 s
inspiratory period. For NL, the respiratory rate is 6.56 L/min minute ventilation, 3.75 s
period with 1.54 s inspiratory period. In addition to the 6 subjects simulated at their regular
breathing condition, two controlled simulations were performed: the pseudo NL case,
which the subject NLO1 was simulated at CF conditions (including respiratory rate and cell
model); and the pseudo CF case, which the subject CFO1 was simulated at NL conditions.
The controlled simulations are designed to study whether the structural differences between
NL and CF would influence PCL depth distribution.

As the 3D ending branch is determined by the temperature boundaries at 35.5 °C
for both CF and NL. For CF subjects, the minute ventilation is higher, so their ending
branches go further down into the 9" or 10" generation, while the NL ending branches are
generally at the 7" or 8" generation. Figure 5.1 shows the diameter distributions in each
subjects with the order of generations, as well as the average diameters in each generation
for NL vs those in CF. As shown in Figure 5.1, the CF subjects have greater average airway

diameters than NL subjects from the 4™ generation.

5.1.3 The deformable airway test
The deformable airway test compares the effect of deformation on PCL depth
change in a NL subject at 15 L/min minute ventilation with 2 s period. One rigid case and

one deformable case are simulated. The deformable case changes from FRC to around 60%
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vital capacity and from end expiration to end inspiration. The rigid case uses the lung size
at the end inspiration. Room air condition (T = 26.7 °C and 34.7 % RH) is provided at oral
cavity. Other simulation parameters for fluid were set up as in Yin et al. (2013) and
simulation parameters for thermodynamic were set up as in Chapter 2. Same NL subject

and mesh were employed as in Yin et al. (2013).

5.2 Result

5.2.1 PCL depth distribution

Figure 5.2 shows PCLe depth distributions for all the CF and NL subjects under
their regular breathing conditions. The general trend for CF and NL does not exhibit
significant differences. PCL depth generally increases as it goes deeper into the airways.
PCL depth is generally lower at the inner surfaces of bifurcations and higher at the outer
surfaces of bifurcations, which resembles the water loss rate distributions shown in Chapter
3. To better quantify the regional differences between PCL depths in CF and NL, the values
are studied by generation and by lobe as in Chapter 3 for the regional evaporative water

loss.

5.2.2 PCL depth distribution by lobes

Figure 5.3 shows the average ACSS, ACCP and water loss rate in every lobes. As
the CF breathing condition has much higher minute ventilation, all three variables are
higher in CF in each lobe. The standard deviation at RUL is large in CF, which coincides
with low P-value in Table 5.1. The individual effect of these three variables is evaluated in
Figure 5.4. Figure 5.4 (a) shows that if only water loss rate is accounted, PCL depth in each
lobe remains mostly at 3 um in CF and 5 pm in NL. With these amounts of water loss rate,
Figure 5.4 (b) shows PCL depth when ACSS alone is accounted, which the average PCL
depth has increased to 5.5 to 6.0 range in CF with an average increase of about 64 %. In

NL, the average PCL depth has increased to 6.0 to 7.0 range in NL, with about 27%
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increase. Figure 5.4(c) shows PCL depth when ACCP alone is accounted, which the
average PCL depth has about 5.8 % increase in CF, and 3.0 % increase in NL. Figure 5.4
(d) shows PCL depth that when ACSS and ACCP are both accounted, PCL depth has an
additional 1.2 % increase in CF and 0.37 % increase in NL comparing to PCL depth with
only ACSS. In Figure 5.4 (e), when CS is added, in CF cells the average increase is 6.1 %
and in NL cells the average increase is 0.31 %. Overall, CSS is responsible for 84% of PCL
depth increase in CF and 97% of PCL depth increase in NL. Comparing each lobe, both
CF and NL have the highest PCL depth on the upper lobes, which is the exact opposite of
water loss rate distribution in Figure 5.3 (a), which is further discussed in Discussion

section.

5.2.3 PCL depth distribution by generation

Similar to Figure 5.3 and Figure 5.4, Figure 5.5 shows the water loss rate, ACSS
and ACCP by generation and Figure 5.6 shows the resulting PCL depths with different
inputs. The results show that the water loss rate first increases then decreases, which is
consistent with PCLa that slightly decreases and then increases with generation, especially
in NL. PCLa shows without any force inputs most of PCL depth in NL stays at 5t0 5.5 um
range in all generations and PCL depth in CF is most at 3.5 um. ACCP and ACSS generally
increase with generation in both CF and NL. In NL, PCLb, PCLd and PCLe increase with
generation from around 5.7 to 7.2 um, while PCLc increases from 5.0 to 5.7 um. In CF,
both PCLDb and PCLd increase from 5.0 to 5.5 um, while PCLc increases from 3.5 to 3.7
um. PCLe increases from 5.4 to 6.15 um. For NL cells, the shear stress is the only dominant
force, while for CF cells the cilia strain also contributes to the increase of PCL depth.
Generally speaking, the increase of PCL depth with generation is attributable to the

increase of ACSS with generation and the water loss rate decreases from the 3" generation.
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5.2.4 Pseudo normal vs. average NL

Figure 5.7 shows the subject CFO1 with NL conditions (pseudo NL) comparing
with average NL cases. The water loss rate, ACSS and ACCP of the pseudo NL are smaller
than those of the NL subjects in almost every lobe. For PCLe depth, the pseudo NL has
higher PCL depth than average NL subjects. As the average diameters are greater from 4™
to 7" generation, the water loss rate also drops from 4" generation to below NL average.
Consistently, both ACCP and ACSS are mostly below normal average, especially from the
4™ to 7™ generation. PCLe shows almost completely the same average depth up to 5™
generation and only slightly higher in 6" and 7" generation. Thus, if this CF subject has
the same respiratory rate and NL cell functions, it will exhibit exactly the same or slightly

greater PCL depth distribution as other NL subjects.

5.2.5 Pseudo CF vs. average CF

Figure 5.8 shows the subject NLO1 with CF conditions (pseudo CF) comparing with
average CF cases. The water loss rate, ACSS and ACCP of the pseudo CF are greater than
the NL subjects in almost every lobe. As a result, PCLe depth for this pseudo CF is lower
than the average value of the CF subjects. Same as in each generation, PCLe depth is lower
in the pseudo NL case, particularly in the 4™ to 7" generation. Although the ACSS and
ACCP are much greater from the 4™ to 7™ generation in pseudo NL, the water loss rate is
also higher in these generations. Thus, this NL subjects has the same respiratory rate and

CF cell functions, it will exhibit much lower PCL depth distribution than other CF subjects.

5.2.6 Deformable airway vs. rigid airway
Figure 5.9 shows the deformable case vs rigid case at 15 L/min. The four cases
show that the ACCP values are much greater in deformable cases than those in rigid case.
The difference between ACCP in deformable and rigid cases increases with the minute
ventilation or wherever the constricted airway presents. For example, one particular

constricted airway presents at the 7" generation in RLL, and its ACCP in deformable cases
yp
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are much higher than the corresponding rigid cases. The ACSS is also higher in deformable
cases. However, the water loss rate did not change significantly between the rigid and
deformable cases. The trends of these three variables in the rigid and deformable cases are
also similar. As a result, the distributions of PCLe depth are almost the same for the rigid
and deformable cases. In particular, PCLe depth generally follows the opposite trends of
water loss rate. In Figure 5.10, the distributions of PCLe depth are predicted using CF cells
to compare with those using NL cells. PCL depth predicted by CF cells are generally a
little lower than predicted by NL cells. But little difference is observed between the rigid

and deformable case.

5.3 Discussion

5.3.1 Dominant factors in PCL homeostasis

PCLe depth distribution is mostly determined by the local water loss. As shown
from the results, PCLe depth distributions mostly exhibit opposite trends of water loss rate
distributions. For example, the lower lobes are most vulnerable to water loss, so PCL
depths predicted in lower lobes are much lower in both NL and CF. When flow rate
increases, though water loss rate, ACSS and ACCP all increases, PCLe depth is likely to
decrease. In other words, the change of PCLe depth is more sensitive to the change of water
loss rate than the change of mechanical forces. In the three types of mechanical forces,
shear stress is the dominant factor, as most of the airways have ACSS consistent with the
sensitive range of ATP releases in response to ACSS. However, ACCP in airways is far
below the sensitive range, which does not help to raise PCL depth level. The cilia strain is
more effective in CF than in NL. However, all the result shows that fluid secretion triggered
by mechanical forces cannot balance the water loss, as PCL depth are mostly below the
optimum depth. This suggests that there might exist other mechanisms involved in fluid

replenishment.
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5.3.2 The differences between NL and CF

Both PCL depths in NL and CF almost reach 6 to 7 um. However, the reasons that
they reach this level are different. PCL regulation via mechanical forces is more effective
in restoring water losses in CF than in NL, as they increase PCL depth in CF twice as much
as they do in NL. In NL subjects, as the minute ventilation is smaller, PCL depth decreases
less, but water secretion triggered by mechanical forces is also less. On the contrary, in CF
subjects as the minute ventilation is greater, PCL depth is very low, but water secretion
triggered by mechanical forces is also greater. As a result, both PCL depths in NL and CF
reach almost the same level.

The structural difference between NL and CF subjects is that NL subjects have
narrower airway diameters in 4" to 7" generation. As comparing the pseudo NL with
average NL, average NL loss more water from 4™ to 7" generation, with greater diameter
the pseudo NL has higher PCL depth in these generations. As comparing the pseudo CF
with average CF, the pseudo CF loses more water from 4" to 7" generation, though
mechanical forces are higher and the CF cell model is more sensitive to mechanical forces,
it does not help restore PCL depth as the average CF subjects. However, with narrower
airway diameters air saturation could be much faster, which might suggest less water loss
in the downstream in NL than that in CF. So the greater airway diameters in CF could
potentially cause more cold air to propagate downstream. But it causes less regional water
loss, and with the regulation of mechanical forces PCL can almost maintain at optimal
depth. If their diameters are smaller, the airway water loss rate might exceed the maximum
fluid secretion rate that the mechanical forces can provide, then PCL depth cannot keep at
close-to-optimum depth, such as the pseudo CF case. For NL airways, the smaller diameter
elevates water loss rate, but meanwhile the respiratory rate is low for NL subjects, so the
resulting evaporative water loss is mild enough that PCL depth can still remain at close to
optimum. This suggests that the greater diameter for CF might help decreasing water loss

rate, keep PCL depth at close-to-optimum level.
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5.3.3 Effect of airway deformation

The results of deformable versus rigid cases have shown that the deformation might
have little effect on PCL depth. Theoretically deformation could enhance the mass and heat
transfer in radial directions, but it works the same way for both inspiration and expiration,
the water loss might not change much from the rigid case. Or it is possible that the
deformation in this study (corresponding to a tidal volume of 500 ml) is not large enough
to show a significant difference. However, the change of mechanical forces is quite
different for the rigid and deformable cases, especially inside constricted airways.
However, the differences of mechanical forces do not result in PCLe depth differences,
because almost everywhere the ACSS is large enough to trigger the maximum ATP release
that the cell model could provide, at which the CF cell works almost like NL cell.
Therefore, the test results show little differences in PCLe depth, because the deformation
might be too small to result in significant differences in water loss rate and the mechanical
forces for all cases have almost reached maximum ATP release to cause any difference,

which is the same case for CF cells.

5.5.4 Limitation

The change of shear stress and the change of compressive pressure force are
predicted at the interface between ASL and lumen. However, the shear stress acts on the
ASL and lumen interface might not be at the same magnitude as the shear stress acts on
the epithelial cells, namely, the mucus layer and PCL layer might act as buffers, such as
Button et al. (2012)’s spring models of the mucus layer and PCL layer, the actual pressure
force acts on the cell only a portion of the pressure from airflow. As indicated in this study
the cell has different responses to the different levels of forces, the buffering effect from
the ASL layer might affect PCL depth prediction.

The other limitation is that PCL in the airways is independently predicted at every

boundary nodes, in which the fluxes to adjacent cells are not available. For future study,
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PCL could be solved as an integral layer inside the airways involving fluxes from/to
epithelial cell, mucus layer and adjacent areas. This will be especially useful to evaluate
the potential bifurcation dehydration, as whether the relatively high PCL depth in the outer
surface of a bifurcation can balance the relatively low PCL depth in the inner surface of a
bifurcation. Also other sources such as gland secretion, hormone regulation, and cilia
beating could also affect the regional PCL depth, with which it might lead to a more

complex but realistic model.
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Table 5.1 Lobar ventilation distributions for 6 subjects.

LUL LLL RUL RML RLL
CF
CF01 0.227 0.269 0.173 0.047 0.285
CF02 0.237 0.318 0.196 0.046 0.203
CF03 0.195 0.265 0.169 0.060 0.311
Avg. 0.220 0.284 0.179 0.051 0.266
NL
NLO1 0.185 0.288 0.151 0.078 0.297
NLO02 0.200 0.292 0.163 0.056 0.290
NLO3 0.193 0.290 0.150 0.069 0.299

Avg 0.192 0.290 0.155 0.068 0.295
Pvalue | 0.160 0.749 0.034 0.158 0.432

Sub.

*LUL, left upper lobe; LLL, left lower lobes; RUL, right upper lobe; RML, right middle
lobe; RLL, right lower lobe.
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Figure 5.1 The average diameters and standard deviations for (a) 3 NL subjects and (b) 3
CF subjects in each generation. (c) The average diameters for NL and CF
subjects in each generation.
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CHAPTER 6
SUMMARY AND FUTURE WORK

6.1 Summary
In Chapter 2, we developed a thermo-fluid CFD model to predict the distributions

of temperature and humidity in a 3D subject-specific human airway with a realistic airway
wall boundary condition. In Chapter 3, we investigated the water loss in 3D subject-specific
human airway models and found that the water loss rate is elevated due to secondary flows
at bifurcations which only exist in 3D. In Chapter 4, we developed an ion-channel
conductance model that connects the existing ATP model and the fluid secretion model.
The epithelial cell model successfully predicted PCL depth under various conditions
measured in experiments. In Chapter 5, the cell model is coupled with the thermo-fluid
CFD model to study PCL depth regulation in response to mechanical forces and
evaporative water loss in normal and CF human airways. In summary, we found that the
evaporative water loss is the dominant factor affecting the PCL depth, while ATP release
triggered by cyclic shear stress is the primary mechanism to restore evaporative water 10ss.
Comparing with normal subjects, mechanical forces play a greater role in regulating the
PCL depth in CF subjects. The greater diameters in CF subjects from 4" to 7" generation
might help CF subjects decreasing water loss rate and maintaining PCL depth similar to
NL PCL level in these generations. Generally under regular breathing conditions, PCL
depths in both normal and CF subjects are at 6 to 7 um range, which is slightly lower than
optimum PCL depth of 7.68 um. This suggests that besides fluid secretion regulated by
mechanical forces, other mechanisms that have not been accounted for in our integrated

model might be involved in PCL depth rehydration.

6.2 Future work

As the limitations mentioned at the end of each previous chapter, several future

works could be done to improve PCL depth prediction:
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1. More experimental data could be obtained to calibrate the ion-channel conductance
model. Especially, inside the airways, the change of cyclic shear stress is usually
from 0.0 to 6.0 dyne/cm?, which the ATP release could be from [0, 130] nM (Tarran
et al. 2005). However, the change of PCL depth corresponding to the ATP release
within [63.7, 130] nM is unclear. So currently under regular breathing conditions,
PCL depth reaches maximum when ATP release is greater than 63.7 nM for both
CF and normal cells, which corresponds to the shear stress of around 0.5 dyne/cm?.
This shear stress could be easily achieved as shown from the CFD results in Chapter
5. This could be the reason that normal and CF airways, as well as rigid and
deformable airways, exhibit a wide range of mechanical forces, yet the predicted
PCL depths do not vary as much.

2. PCL could be solved as a single layer lining the entire airway. We have found that
the highest PCL depth is at the outer surfaces of bifurcations due to little
evaporative water loss. The lowest PCL depth is located at the inner surfaces of
bifurcations due to elevated evaporative water loss. Modeling a PCL layer could
answer the question whether excessive PCL could recover excessive water 10ss
within adjacent areas.

3. The force-buffering effects from the ASL layer could be added between the
integration of the thermo-fluid CFD model and the epithelial cell model. As the
shear stress and compressive pressure acting at the interface of ASL and lumen
might be greater than the forces acting on the epithelial cells, namely, the mucus
layer and PCL layers could act as buffering layers. The spring models of mucus
layer and PCL layer from Button et al. (2012) could be considered as the buffering
model for pressure forces. However, the buffering model for shear stress is yet to

be proposed.
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