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Figure 1 a) Histological image of the ET b) 2D FEM model

This simulated swallowing behavior resulted in tissue deformation and
opening of the ET lumen (see Figure 3a). The resistance to airflow in
the opened ET, R,, was calculated usng asimple fluid flow model [4].

R, =DP/Q=m.Gs/A? @

This model assumes fully devel oped, low Reynolds number flow in an
arbitrary geometry where L is the assumed length of the ET, isthe
viscosity of air and A is the cross-sectional area. s is a generdized
hydraulic-geometric shape factor related to the wetted perimeter and
can be caculated for any arbitrary shape [4]. Therefore, this technique
is particularly suited to biological systems where the cross-section
lumen shape is complex. This 2D model was used to investigate the
sengtivity of R, as a function of various tissue mechanica properties
which can be treated with tissue engineering therapies.

3D Modeling techniques

The model presented above assumes that the 2D cross-sectional
geometry observed at the narrowest portion of the ET adequately
describes tissue deformation along the length of the ET. However, the
ET is a highly complex 3D structure in which spatia variations in
tissue deformation along the axis of the ET may be significant.
Therefore, we have also developed 3D reconstructed models that
accurately simulate the in vivo geometrical variations. These 3D
models were constructed using serid histological images obtained in
0.75 mm increments aong the length of the ET (z-axis). High qudity
contours of the cartilage and LMW at each z-location were lofted to
create a 3D solid model using ProEngineer (Needham, MA). These
solid model s were then meshed with the finite el ement package using a
free-form technique (Figure 2). Once the appropriate boundary
conditions were gpplied, these 3D models were used to simulate tissue
deformation and lumen opening during swallowing. As a result, a 3D
flow resistance parameter was calculated and compared to the 2D R,
to determine if these 3D modeing techniques are required to
accurately assessin vivo ET opening phenomena

RESULTS

Examples of the results obtained from the 2D deformation
analysis are shown in Figure 3. Figure 3a shows the strain magnitudes
and open lumen area that would develop during swallowing.
Prediction of strain magnitudes may be important in understanding
tissue remodeling while the lumen area can be used to calculate the
flow resigance parameter, R,. Figure 3b and 3c demonstrate how
tissue mechanical properties, LMW elaticity (E; mw) and muscle force
magnitude, influence the flow resistance generated during swallowing.
These results indicate that changes in R, are dgnificantly more
sengtive to changes in Fyusge @ compared to changesin E; yw.
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Figure 2 3D FEM model of the ET
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Figure 3 a) Deformed ET and strain contours, b) Influence of
Eimw and c¢) Fruscle On flow resistance

CONCLUSIONS

We have developed sophigticated 2D and 3D finite element
models of the tissue deformation process that results in ET opening
during swallowing. These models are based on the in vivo anatomy
and can be used to understand how aterations in various tissue
mechanical properties affect the opening phenomena. Specifically, 2D
simulations indicate that ET opening is more sensitive to muscle
forces than LMW dastic properties. Therefore, these studies will be
useful in identifying which tissue elements should be targeted for
treatment. These studies may also be useful in identifying design
parameters (i.e. change in tissue mechanical properties) of these novel
tissue engineering constructs.
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