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ABSTRACT

Virtual bronchoscopy reconstructions of the airway noninvasively provide useful morphologic information of structural
abnormalities such as stenoses and masses. |In this paper, we show how virtual bronchoscopy can be used to perform
aerodynamic calculations in anatomically realistic models. Pressure and flow patterns in a human airway were computed
noninvasively. These showed decreased pressure and increased shear stressin the region of a stenosis.
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1. INTRODUCTION

Virtual bronchoscopy is known to be useful for detecting airway stenoses due to inflammation, tumor, or post-
operative changel 6. Virtual bronchoscopy is a non-invasive technique done by taking helical CT scans of a patient’s chest.
These scans are then used to reconstruct endoluminal views of the airway which simulate what a pulmonologist would see
during a conventional bronchoscopy.

A detailed description of the airflow is very complicated due to the extreme difficulty in the use of measurement
techniques in human subjects’. Thus, there is a need to use both experimental and numerical models. The anatomy of the
tracheobronchial tree is characterized by a three-dimensional, asymmetric branching pattern. Therefore, realistic models are
preferred over idealized isolated airway bifurcation models. Airflow not only depends strongly on the geometry of the airways
but also isintrinsically time-dependent. As a consequence the flow is extremely complex. This complexity makesit very
difficult to obtain flow patterns and pressure drops simultaneously in experimental models. On the other hand, 3D numerical
models allow the simultaneous estimation of velocity profiles, pressure drops and velocity gradients (shear stresses).

Virtual bronchoscopy reconstructions are ideally suited for determining aerodynamics of ventilation in the normal
and diseased state. Using unstructured-grid computational fluid dynamics (CFD), we have measured air pressure and wall
shear stressin the central airways of a patient with Wegener’s granulomatosis and known airway disease.

2. METHODS

The subject was a 37-year old man with Wegener’ s granulomatosi s, a necrotizing inflammatory disease that affects
the airwaysS. The patient had a known stenosis in the bronchus intermedius confirmed bronchoscopically.
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Thoracic CT scans were done using asingle-dlice helical CT scanner (SS-CT) (General Electric HiSpeed
Advantage). Scanning was done from the level of the vocal cords through the costophrenic sulci using 3 mm collimation,
helical pitch 2 (6 mm table motion per rotation), 140 kVp, 160 mAs, 1 sec tube rotation, overlapping reconstructions with a
section interval of 1 mm, and an effective z-axis resolution of approximately 4.6 mm. Scanning was done in two or three
breathholds. A bone reconstruction algorithm was used.

A three-dimensional virtual bronchoscopy model of the patient’s central airways were produced using previously
reported techniquesS. Region growing was done to identify voxels within the airway lumen. A marching cubes algorithm
generated the isosurface as a triangle mesh. The triangle mesh was smoothed to reduce effects of spiral artifact and noise.
Triangle meshes were stored as Open Inventor scene graphs. Processing was performed using custom C++ code running on an
SGI Indigo2 with Maximum Impact graphics. The virtual bronchoscopy reconstruction is shown in Figure 1. The known
stenosisin the bronchus intermedius is visible (Figure 1a,b).

A finite element grid was generated from the virtual bronchoscopy reconstructions. Prior to the grid generation, a
pre-processing algorithm was applied to the surface model®. This algorithm first identifies and removes unused points, i.e. not
connected to any triangle, and duplicated points, i.e. points closer than a certain tolerance (e.g. 10®). The surface isthen
smoothed using a non-shrinking smoothing technique in order to eliminate small-scale noise in the surface geometry. The
surface triangul ation is then optimized. An edge-collapsing algorithm is then used to delete very small elements or elements
with large aspect ratios. Finally, a diagonal -swapping procedure is applied to minimize the maximum angle between adjacent
triangles. Edge-collapses and diagonal-swaps are prevented if the new configuration changes substantially the normals of the
surrounding elements. The result of this pre-processing step is a smooth surface triangulation with no holes, gaps, self-
intersections or overlapping elements (figure 1c). The surface model was then cut in order to obtain planar surfaces at the
locations where in/outflow boundary conditions are to be imposed for the flow equations (figure 1d).

This geometrical model was then used as a support surface to define the 3D computational domain to be gridded. A
new surface triangulation was generated on top of the support surface with the desired element size distribution using an
advancing front technique and topological constraints to avoid intersections between close branches!0. A background grid
was used to specify a uniform element size distribution corresponding to roughly ten elements across the smallest outflow
boundary. Background sources were used to increase the grid resolution in the region of the stenosis. Starting from this new
triangulation, the space inside the geometrical model was then filled up with tetrahedral elements using an advancing front
agorithm!l, The generated volumetric mesh contained roughly amillion elements and 185K nodes (figure 1€).

Two CFD simulations were carried out: a steady calculation during inspiration and an unsteady calculation that
comprises both inspiration and expiration. The incompressible Navier-Stokes equations were advanced in time using a
stabilized fractional step method!2. Spatial discretization was performed using finite elements (linear tetrahedra). A
Generalized Minimal Residual (GMRES) method was used to solve the discretized momentum equation and a conjugate
gradient technique for the Poisson pressure equation. For the steady state calculation, an explicit time integration of the
advective terms and an implicit integration of the pressure and viscous terms were used. Although very accurate, the stability
condition of the explicit time integration imposes limits in the maximum time-step size that can be used, rendering the
algorithm impractical for unsteady calculations. Therefore, afully implicit time integration scheme was used for the transient
computation. This allowed the selection of atime-step much larger than the explicit time-step. One compl ete breathing cycle
(inspiration and expiration) was subdivided into 64 time-steps. Even though the internal iterations for the GMRES and
conjugate gradient solvers also increase substantially, the overall computation timeis drastically reduced.

At the inflow boundary, afully developed velocity profile was imposed as boundary condition. For the unsteady
calculation, atime dependent velocity profile was specified from a time-dependent volume flow curve using the Womersley
solution. The flow curve was derived from a time dependent volume curve taken from the literature 13. The Reynolds number,
calculated using the radius of the inflow boundary, ranged from O to about 1500. For the steady state run, a Poiseuille
(parabolic) velocity profile was specified corresponding to the average volume flow during inspiration. It was assumed that all
the outlets discharge to the same fixed pressure. Thus, atraction-free boundary condition with p=0 was imposed at all the
exits. This assumption is reasonable since most of the pressure drops occurs between the outlets of our model and the lungs,
i.e. thereisonly asmall pressure drop between the trachea and the outlets of our model. Of course, the denomination of
“outlets’ should not be taken literally since during expiration in the unsteady runs the flow reverses and they become inlets.
The walls of the airways were assumed rigid and no-dlip (ven=0) boundary conditions were imposed.



Anintegrated set of software tools was used to conduct the numerical simulations. The CFD calculations were
perfomed using FEFLO4, an in house flow solver, running in parallel mode on a Silicon Graphics Origin2000 with 16 R10K
processors. In house software was also used for pre-processing (ZMED)15, grid generation (GEN3D)16 and visualization
(ZFEM)17 running on a Silicon Graphics Octane workstation.

3. RESULTS

In the case of the steady airflow during inspiration, we found an increased pressure drop at the site of the stenosis
(figures 2aand 2b). Thisis due to the flow acceleration that takes place as a consequence of the narrowing of the airway
lumen at the stenosis. Higher pressure at the bifurcation right before the stenosis was a so found, indicating the presence of a
stagnation region in the inner wall of the bifurcation (figure 2b). A flow visualization using streamlines colored according to
the flow velocity magnitude (figures 2c and 2d) revealed a complicated flow pattern with recirculation regions downstream of
the stenosis. The flow division pattern was visualized by plotting streamlines going into different airway branches with
different colors (figure 2€).

The results from the unsteady aerodynamics computation show a more complicated flow pattern, especially during
theinspiratory phase. A visualization of the instantaneous pressure distribution shows areversal of the pressure gradient from
inspiration to expiration (figure 3aand b). A visualization of the wall shear stress distribution (figures 3c and 3d) shows that
higher stresses tend to concentrate in regions of high curvature, indicating the presence of strong secondary flows. An overall
change in the shear stress distribution from inspiration to expiration, caused by a marked difference in the secondary flowsis
also evident.

A visualization of the instantaneous pressure distribution in the region of the stenosis (figures 4a, 4b and 4c) reveals
an increased pressure drop at the site of the stenosis during inspiration, consistent with the steady results. However, this effect
ismore evident only at certain instants near the peak of the flow curve. Shear stress maps (figures 4d, 4e and 4f) show an
increased wall shear stress at the site of the stenosis as well as a complicated, time-varying flow field with regions of
separation and recirculation. During the expiratory phase, the flow pattern is less complicated, the pressure drop at the
stenosisis less marked, and flow recirculation zones are not evident distal from the stenosis.

Visualizations of the transient velocity field in the region of the stenosis (figure 5) show complex time-dependent
flow recirculation and separated regions downstream of the stenosis during inspiration. An increased flow velocity at the
stenosis (jet) during inspiration can also be seen (figures 5a and 5b). However, the location of the maximum velocity at a
given cross section changesin time. Velocity profiles are skewed and show flow recirculation and secondary flows (figures 5d
and 5e) during inspiration, but a much simpler flow pattern with no recirculation during expiration (figure 5¢c and 5f).

4. DISCUSSION

Airway stenosisis a significant cause of morbidity and mortality in patients with cancer, pneumonia, and collagen-
vascular diseases affecting the chest. Primary or metastatic neoplasm which compresses or invades an airway often causes
collapse of the lung segment fed by the affected bronchus. Infection and collagen-vascular diseases can cause inflammation
and the endobronchial healing response can cause fibrosis or web formation which can narrow or occlude an airway.
Treatment is centered on the underlying cause and can include radiation treatment, chemotherapy, antibiotics, or surgery.
Endoscopic interventional proceduresto treat stenosisinclude balloon dilatation and stent placement.

Early airway flow models consisted in idealized symmetrical planar bifurcations or series of bifurcationsin which
steady axial and secondary flow were measured experimentally18. Steady and unsteady flow results were later obtained in
more realistic airway modelst9-22, More recently, simultaneous measurements of flow patterns and pressure drops were
performed in realistic 3D hollow lung cast models, both experimentally and numerically23.



Anatomical models reconstructed from CT images include corrugations in the first airway generation due to the
presence of cartilage rings. These small-scale features affect the local flow characteristics and conseguently the determination
of pressure drops and shear stress distributions.

With existing helical CT scanners, there is a trade-off between longitudinal resolution and anatomical extent of
coverage. Artifactual discontinuities can occur in the reconstructed anatomical model when scanning must pause so the patient
can breathe. One such artifact, although relatively minor, occurred in our model and can be seen in the distal trachea (Figure
1b, very top of image). The latest generation multi-dice helical CT (MS-CT) scanners are fast enough to scan the entire
thorax in a single breathhold at high resolution and should be able to eliminate such artifacts. Another reconstruction artifact,
called “spiral artifact”, will also be reduced with MS-CT24,

Pressure drop cal culations based on unidirectional flow models (1D electric network analogs) are limited by the
assumption of afully developed, uniform velocity profile at every location along the airway tree. As shown by our
computations this never happens, even under steady flow conditions.

Our model assumed rigid airway walls. This approximation, which is common to most experimental and numerical
models, is acceptable in normal quiet breathing since variations of the length and diameter of the airways remain moderate. In
rapid and deep breathing, the flow may change significantly and this assumption may not be appropriate.

The tracheobronchial tree consistsin arapidly branching system with a considerable increase in total cross-sectional
area of the parallel pathwaysin order to giveriseto alarge alveolar surface area. In normal conditions, the airway resistance
issmall in order to minimize as much as possible the inspiratory effort. These two facts imply that most of the pressure drop
occurs beyond the first or second airway generation. This justifies the assumption of equal pressure at all the outlets of our
model. A more refined model that relates the pressure at a given outlet to its area may be derived from the assumption that
beyond this point the airway bifurcates a large number of times until it reaches the alveoli where the pressure is known.

In conclusion, aerodynamic computations can be performed from virtual bronchoscopy reconstructions. Pending
validation by using flow measurements on physical models, the significance of these capabilitiesisthat they allow physicians
to noninvasively assess the pathophysiologic significance of airway stenoses and potentially predict when intervention may be
reguired before stenoses become symptomatic.
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Figure 1. Preparing the geometry. (A,B) Original airway geometry (A, anteroposterior view; B, magnified view showing
carinaand right lung airways). Bronchus intermedius stenosis is shown (arrows). (C,D) The first step was to cut off the distal
bronchi. (E) Next, afinite element mesh was fit to the airway.



Figure 2. Aerodynamic computations. Visualizations from a computational fluid dynamics simulation are shown. (A, B)
Pressure maps show decreased pressure in the region of the stenosis (arrows). Note focus of high pressure at the bifurcation
(straight arrow in B). (C, D, E) Streamlines show flow patterns through stenosis (straight arrow in C). Note recirculation
pattern along medial wall of stenosis (curved arrows).
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Figure 3. Unsteady aerodynamics simulation. | nstantaneous pressure distributions during inspiration (A) and expiration (B)
are shown. At the same instants of time, wall shear stress distributions are also shown (C,D). Note the reversal of the pressure
gradient from inspiration to expiration, the concentration of high shear stress in regions of high curvature implying strong
secondary flows, and the change in the shear stress distribution from inspiration to expiration.
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Figure 4. Visualization of unsteady aerodynamics calculation in the site of stenosis. Pressure distributions at different instants
during inspiration (A,B) and expiration (C) are shown. Wall shear stress maps at the same instants of time are a'so shown
(D,E,F). Note the increased pressure drop and shear stress at the stenosis during inspiration (B,E) and regions of flow
separation (blue linesin shear stress maps). Compared to Figures 1-3, the airway has been flipped |eft-to-right for display
purposes.



Figure 5. Unsteady aerodynamics flow visualizations in the region of the stenosis. A cut-plane parallel to the axis of the
airway is used to display the flow velocity magnitude at different instants during inspiration (A,B) and expiration (C).
Velocity profiles are shown on four cut-planes normal to the axis of the airways at the same instants of time (D,E,F). Note the
complicated flow recirculation regions distal of the stenosis and skewed velocity profiles during inspiration and much simpler
flow pattern during expiration. Compared to Figures 1-3, the airway has been flipped left-to-right for display purposes.



