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Thank you.



As the title suggests, this project focuses on advancing the capacity to generate computer replicas of airway trees in a fashion that is personally matched to an individuals’ thoracic cage so that we can better understand how specific airways contribute to obstructive disease such as asthma.


=
Lung Anatomy

Airway Cast: adapted from West 3D Airway Computer Model: by Tawhai et a/
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This is an airway cast of a real human lung which has approximately 25 generations of airways.  You can see the complexity of the bifurcating airways that the model needs to replicate.  What you cannot see are the five separate lobes.  The divisions between lobes are called fissures.  This complexity of the airways can be mimicked computationally.



(CLICK)

This is an example structure that is computer generated by an algorithm by Tawhai et al.  In this figure, the airways are color coded to distinguish the lobes.  There are TWO in the LEFT lung, and THREE in the RIGHT lung.  This tree has similar statistical properties and morphometry of a real lung.



Tgavalekos et al incorporated functional calculations into this structure to predict overall lung properties.  We can use this model to simulate lung mechanics and observe the effects of constriction patterns.


=
Impact of Airway Constriction Pattern on Lung Properties
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Specifically, the properties that we predicted were lung resistance and lung elastance.  At typical breathing frequencies this is the equation that governs the relationship between pressures and flow. Transpulmonary pressure is equal to resistance of the lung times flow, plus the elastance of the lung times the integral of flow.

(CLICK)

Because of the complexity of the airway tree, RL and EL are a function of frequency.  Let me show you what I mean.

(CLICK)

Here is a plot of simulated resistance and elastance versus frequency at baseline conditions for a healthy individual.  Notice that the resistance and elastance are low.

(CLICK)

Here is what happens when the airways in the model are constricted in a heterogeneous fashion.  Notice that there is a large increase in both the resistance and elastance.  Also, there is a big increase in the frequency dependence shape of these curves.

(CLICK)

Here is what happens when the airways are constricted homogeneously.  There are big increases in resistance and elastance.  However, the shapes of the curves are distinctly different.

(CLICK)

In real data, it was observed that the mechanics of severe asthmatics mimic the shape and behavior seen with modeling.  It turns out that as asthma goes from moderate to severe, there is evidence of combination of homogeneous and heterogeneous constriction.



Using these models, we can ask questions about which airways may or may not be contributing to this behavior on a specific individual basis.
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Impact of Airway Constriction Pattern on Lung Properties
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Specifically, the properties that we predicted were lung resistance and lung elastance.  At typical breathing frequencies this is the equation that governs the relationship between pressures and flow. Transpulmonary pressure is equal to resistance of the lung times flow, plus the elastance of the lung times the integral of flow.
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Because of the complexity of the airway tree, RL and EL are a function of frequency.  Let me show you what I mean.
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Here is a plot of simulated resistance and elastance versus frequency at baseline conditions for a healthy individual.  Notice that the resistance and elastance are low.

(CLICK)

Here is what happens when the airways in the model are constricted in a heterogeneous fashion.  Notice that there is a large increase in both the resistance and elastance.  Also, there is a big increase in the frequency dependence shape of these curves.
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Here is what happens when the airways are constricted homogeneously.  There are big increases in resistance and elastance.  However, the shapes of the curves are distinctly different.

(CLICK)

In real data, it was observed that the mechanics of severe asthmatics mimic the shape and behavior seen with modeling.  It turns out that as asthma goes from moderate to severe, there is evidence of combination of homogeneous and heterogeneous constriction.



Using these models, we can ask questions about which airways may or may not be contributing to this behavior on a specific individual basis.


=
Rationale

m Structurally based models have the potential to predict
specific lung function based on structural defects

m Previous approaches have used a single generic version
of the Tawhai tree to study the structural components

m Ideally, we want to create patient specific, multiscale,
3D lung models

The goal of this study was to advance the Tawhai
algorithm by combining Hyperpolarized Helium MRI and
Visible Human Project (VHD) aata to create personalized
multiscale lung models
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(READ DIRECTLY OFF SLIDE)


=
Tawhal Algorithm

m Generic Multiscale Lung Model
by Tawhai et al.

m Generated Using a Volume
Halving Algorithm

1st Branch
2"d/Branch

Tawhai, N.M. et al, Ann Biomed Eng, 2000.
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The current multiscale model of the lungs was developed by Tawhai et al.  The model consists of cylindrical tubes that represent airways.  The model is created using a volume-hafing algorithm.  The algorithm works on the principle of finding the center of mass of a volume and growing branches towards it.



This image illustrates the actions of the algorithm on a simple cylindrical volume.  First, the center of mass is found for the volume.  The second branch is grown toward that center of mass from the end of the first branch.  The plane defined by the vectors of first and second branches is used to divide the volume.



(CLICK)

Next, the centers of mass for each new sub-volumes are determined…

(CLICK)

…and branches are grown towards them.  The process repeats to populate the entire volume with branches.



Parameters of the algorithm determine the length of the branches and the number of terminal branches that exist in the entire volume space.  The diameters of each generation are drawn from morphometric data of statistical properties of airway diameters as a function of generation.


Tawhai Algorithm Coupled to
MRI Imaging

1st Branch
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We have adapted this algorithm to work on volumes identified with hyperpolarized helium MRI imaging.  This procedure is shown on the next several slides.
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Hyperpolarized helium MRI imaging provides for a way to obtain boundaries of the lung field.  Shown here is one MRI slice.

(CLICK)

After thresholding, low-pass filtering, and software editing, artifacts and the central airways are removed.  There are 13 slices from each MRI scan, capturing the entire lung.

(CLICK)

When you register them all, you obtain the lung field shown here.

(CLICK)

The challenge here is to identify the fissure locations… (SLOW)

(CLICK)

…and generate a grid of points in the respective volumes of the lobes…

(CLICK)

…followed by generating the airway tree.

To do this, we turn to the data from the Visible Human Project, from which we identified the fissure locations.


=
Visible Human Project:

Fissure Identification
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Visible Human Project is part of the US National Library of Medicine which imaged and archived the anatomy of the whole human body.  We identified the fissure locations (circled here) from high resolution cryosection images.



(CLICK)

We color coded the locations of each lobe.  From these images, boundaries of individual lobes and the fissures can be reconstructed.


=
Visible Human Project:
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Visible Human Project is part of the US National Library of Medicine which imaged and archived the anatomy of the whole human body.  We identified the fissure locations (circled here) from high resolution cryosection images.



(CLICK)

We color coded the locations of each lobe.  From these images, boundaries of individual lobes and the fissures can be reconstructed.
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However, there is a problem.  The Visible Human Project gives us images in the horizontal plane which need to be mapped into MRI images in the coronal plane, which differ in size, shape, and orientation.



(CLICK)

To map them together, we collaborated with Dr. Margrit Betke and William Mullally of the Computer Science department here at Boston University.  They have developed a computer algorithm that they have shared with us for mapping the fissures.  The results of mapped fissures are shown here.



(CLICK)

Then, we can generate a uniform grid of points that represents the volume of each lobe.



(CLICK)

These points are used by the Tawhai algorithm to generate the airway tree.


=
Algorithm for Generating the Model
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The algorithm inputs consist of information on diameters of branches, starting vectors, and the 5 sets of points defining the volumes of the lobes.



The starting vectors define the splitting plane, and points in each lobe are split into two new sets.  Centers of mass are calculated, and branches are grown.�

Diameters are assigned for each branch.  The data is stored in a file with the generation number, start and end coordinates for the of each branch, and their diameter.



Next, each branch is checked whether it is terminal.  If a branch is terminal, its set of points and start vectors are discarded.  If the branch is not terminal, it is returned to the process to continue to generate more daughter branches.  The process repeats until all the branches have terminated.
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I%esult: Multiscale 3-D Model

— - _ 50mm

Tawhar Model Personalized Model
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Here is the original Tawhai tree… (SLOW)



(CLICK)

…and the personalized model created for a healthy human male.



The top plots are on the same 50-by-50 millimeter grid size.  Notice that this individual (POINT) had smaller lungs, and the generated model exhibits less symmetry.  Also, the density of airways is different.




=
Modalities to View Airway Trees
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Finally, we have incorporated the capability to view the airway trees in various ways.



For example, here is shown the progression of an airway path from the trachea to a group of small airways.  The airways are color coded by airway diameter.



(CLICK)

Here is a zoomed in region of the airways.



In principle, we could visualize the impact of a constriction pattern on airway diameters using this technique.


=
Distribution of Airways
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It turns out that the models are structurally different.  Shown here are the distributions of branches for all airways (POINT) and terminal airways only (POINT).  



RED lines are personalized model and BLUE are Tawhai model.  Overall, generations 16 through 18 contain the most number of branches (POINT).  The Tawhai model begins to have terminal branches at generation 9 (POINT) while the personalized at generation 11 (POINT).  Also, the distribution of branches is much more narrow for the personalized model, suggesting a denser periphery. 



Lets see how these structural changes impact function.
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Here is the prediction of resistance and elastance.  At baseline condition, they are basically overlapping.  However, when we impose a constriction pattern, they begin to differ.



(CLICK)

Here is the result of heterogeneous constriction of a mean of 20% and a standard deviation of 60% applied to generations 12 and below.  Now you see differences between the two models.



(CLICK)

If we impose a severe homogeneous constriction of a mean 60% and no standard deviation to the same peripheral airways, the differences between the two models are even more evident.



While the overall trend remains the same, clear distinctions suggest that going to a personalized approach may be important.


=
Summary and Future Directions

m We created Personalized 3D Multiscale
Lung Models using Hyp. 3He MRI images
and fissure locations from the Visible
Human Project

m We found that Personalized models are
structurally and mechanically different
from the generic Tawhai model

m Future studies should explore sensitivity
of pattern matching simulations to
personalized models
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In Summary…
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Are there any questions?


Statistical Morphometric Data on

Alrway Diameters

7000 -
e —e— Maximum

S « 1 o Minimum
@ —— Mean
£+ 5000 -
c [ 2
o . -
& 4000 - . =
S =)
E 3000 - P o E
€ 2000 - . . 0.1
=

1000 - . ".

Qesese !'f'?. — T'f.? -'o'Do-o-o-o-o-oo-o-o-o-o 000007
0246 81012141613 20 22 24 26 28 0 2 4 6 8 101214 16 18 20 22 24 26 28
Generation Generation

*Tgavalekos, N.T., et al., Ann Biomed Eng, 2003.



Airway Model: An RLC Circuit

Z(n) R(m)/2 I(n)/2 R(n)/2 I(n)/2
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Oscillatory Mechanics for
Various Numbers of Airways
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