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Abstract

We propose a method to construct three-dimensional airway geometric models based on airway
skeletons, or centerlines (CLs). Given a CT-segmented airway skeleton and surface, the proposed
CL-based method automatically constructs subject-specific models that contain anatomical
information regarding branches, include bifurcations and trifurcations, and extend from the trachea
to terminal bronchioles. The resulting model can be anatomically realistic with the assistance of an
image-based surface; alternatively a model with an idealized skeleton and/or branch diameters is
also possible. This method systematically identifies and classifies trifurcations to successfully
construct the models, which also provides the number and type of trifurcations for the analysis of
the airways from an anatomical point of view. We applied this method to 16 normal and 16 severe
asthmatic subjects using their computed tomography images. The average distance between the
surface of the model and the image-based surface was 11% of the average voxel size of the image.
The four most frequent locations of trifurcations were the left upper division bronchus, left lower
lobar bronchus, right upper lobar bronchus, and right intermediate bronchus. The proposed method
automatically constructed accurate subject-specific three-dimensional airway geometric models
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that contain anatomical information regarding branches using airway skeleton, diameters, and
image-based surface geometry. The proposed method can construct (i) geometry automatically for
population-based studies, (ii) trifurcations to retain the original airway topology, (iii) geometry
that can be used for automatic generation of computational fluid dynamics meshes, and (iv)
geometry based only on a skeleton and diameters for idealized branches.
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visualization; simulation; geometric fitting; computed tomography

1 Introduction

Geometric models of branching tubular structures are used in medical education, virtual
reality operation planning, augmented reality inter-operative support, and numerical
simulations of blood and air flow in vascular and airway trees, respectively (Volkau et al,
2005; Hahn et al, 2001; Splechtna et al, 2002; Tawhai et al, 2009; Miyawaki et al, 2012).
One common approach to constructing branching tubular models is centerline (CL)-based
methods, which extrude a three-dimensional (3-D) surface from a one-dimensional (1-D)
tree that consists of skeleton and branch diameters. In CL-based geometric models,
anatomical data, e.g., branch name and generation, are associated with the 3-D surface,
which greatly facilitates the analysis of computational fluid dynamics (CFD) results by
segment, generation, and lobe. However, existing CL-based methods cannot automatically
construct trifurcations and have not generally considered curved CLs or irregular cross-
sections in a subject-specific manner.

CL-based methods have been applied to visualization and analysis of blood vessel trees. For
example, Felkel et al (2004), Volkau et al (2005), Wu et al (2011), and Yuan et al (2012)
used a piecewise smooth subdivision surface generator to visualize the surface of vascular
structures in liver, brain, and heart. This method smooths an intermediate ‘base mesh’
constructed with a recursive branching-construction procedure, and provides smooth and
topologically correct surface meshes of n-furcation branching tubular structures. To analyze
vascular structures, Zhang et al (2007) used hexahedral solid NURBS (Non-Uniform
Rational B-Splines). In their ‘vascular modeling pipeline,” a variety of smooth n-furcation
branching tubular structures were reconstructed with appropriate branching templates for
each mapped meshable region, and circular cross-sections were then adjusted using
computed tomography (CT) or magnetic resonance imaging (MRI) data for more realistic
non-circular cross-sections. However, the algorithm to automatically select appropriate
templates was not presented.

CL-based methods have also been applied to construct airway models. A number of CL-
based methods for symmetric airway trees have been used, but they do not capture the
asymmetric nature of human airway branching (Horsfield et al, 1971). van Ertbruggen et al
(2005) and Tian et al (2011) constructed CL-based asymmetric airway models based on
anatomical models of Horsfield et al (1971) and Yeh and Schum (1980), which do not
account for inter-subject variability.

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miyawaki et al.

Page 3

A subject-specific 1-D tree of the central airway can be extracted from image data, e.g., CT
image (e.g. Palagyi et al, 2006). Beyond imaging resolution, an anatomically-consistent but
not exact 1-D tree of unresolved airways can be generated using a volume-filling algorithm
that is guided by the resolved airways and lobar boundaries (Tawhai et al, 2000, 2004). Lin
et al (2009) and Tawhai et al (2009) presented a computational framework to construct a
subject-specific airway model that extends from the glottis to the terminal bronchioles along
any ‘paths of interest” for CFD analysis of pulmonary air flow. Their 3-D model consists of
CT-based central airways and anatomically-consistent artificial airways beyond CT
resolution. However, this method requires considerable amount of user intervention to
construct trifurcations, which are found - at least - in the central airway of the human lung
(e.g. Boyden, 1949; Zhao et al, 2009). While most previous geometric methods lack
automatic procedures (e.g. van Ertbruggen et al, 2005; Gemci et al, 2008; Tian et al, 2011,
Walters et al, 2011), Marchandise et al (2013) proposed a method to automatically construct
models for tubular geometry. However, their method is not a CL-based method because it
does not reconstruct a 3-D surface from a 1-D tree and each 3-D sub-zone (patch) is not
associated with a 1-D branch along with anatomical data.

The objective of this study is to develop an efficient CL-based method that can automatically
construct 3-D models of trifurcations in the human airways, given a CT-segmented airway
skeleton surface. The criteria and geometric templates to identify, classify, and construct
trifurcations are derived from CT lung images of a population of human subjects. The
proposed CL-based method constructs straight-CL, curved-CL, and fitted-surface models
with increasing realism, depending on the availability of data and the objective of the study.

2 Methods

The proposed geometry reconstruction procedure is summarized in the following steps (Fig.
1):

1 We used the Apollo pulmonary analysis software (VIDA Diagnostics, Coralville,
lowa) to segment the airways from a volumetric CT image, and extract the
airway surface geometry and skeletonize it, resulting in a 1-D tree (methods (a)—
(c) in Fig. 1).

2. Using the 1-D tree, we identified and classified trifurcations to reconstruct a 3-D
airway geometry with straight branches and circular cross-sections (straight-CL
method (d) in Fig. 1).

3. Using the extracted airway surface and straight-CL model, we reconstructed a 3-

D airway geometry with curved branches (curved-CL method (e) in Fig. 1).

4, Using the extracted airway surface and curved-CL model, we reconstructed a 3-
D airway geometry with irregular cross-sections (fitted-surface method (f) in Fig.
1).

We then used the open source software Gmsh (Geuzaine and Remacle, 2009) and the nodal
coordinates, curve connectivity, and surface connectivity generated by the above methods to
reconstruct the airway models colored in Fig. 1. Step 1 is semi-automatic. Based on the
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segmented airway skeleton and surface from step 1, the proposed methods in steps 2—4
automatically constructs 3-D airway geometries.

Apollo segments the airways automatically. It also allows manual segmentation if the
accuracy of geometry and the resolution of small branches are not desirable after automatic
segmentation, depending on the specific application of the final mesh, e.g., visualization vs.
CFD analysis (Fig. 2). For example, in large airways, e.g., the trachea, the quality of
automatically segmented geometry may be satisfactory for both visualization and CFD
analysis (Fig. 2(a)). In medium-sized airways, e.g., the right lateral and posterior basal
bronchi (RB9 and RB10), automatic segmentation can underestimate airway luminal area,
which results in overestimation of pressure drop in CFD analysis (Fig. 2(b)). But for
visualization, automatically segmented airways would be sufficient. In small airways,
automatic segmentation can miss branches or create false branches (Fig. 2(c)), thus this
requires manual modification for both visualization and CFD analysis. The time required for
manual modification depends on the model accuracy that is required for the particular
application, and the skill of individual operators.

The 1-D tree includes the coordinates of branching points, and the connectivity, names,
generation numbers, and average diameters of branches. It should be noted that this 1-D tree
contains one straight line per branch regardless of branch curvature. In addition, a volume-
filling algorithm can extend the CT-resolved 1- D tree to the terminal bronchioles (Tawhai et
al, 2000, 2004). Apollo uses the skeletonization algorithm developed by Palagyi et al (2006),
and the skeletonization of 3-D trifurcations yields two types of 1-D trees: a trifurcation and a
double bifurcation, which are also referred to as intrinsic and extrinsic trifurcations,
respectively, in this study. For example, Fig. 3(a) shows an intrinsic trifurcation (trifurcation
in both 1-D and 3-D), Figs. 3(b) and 3(c) show extrinsic trifurcations (double bifurcations in
1-D but trifurcations in 3-D), and Fig. 3(d) shows a double bifurcation (in both 1-D and 3-
D).

Extrinsic trifurcations exist in part due to the limitation that CLs of three child branches may
not intersect in close proximity, requiring an artificial short branch for bridging as denoted
by red branches in Figs. 3(b) and 3(c). On the other hand, some double bifurcations in 1-D
are actually double bifurcations in 3-D as shown in Fig. 3(d). Reconstruction of 3-D
trifurcations from 1-D extrinsic trifurcations using a bifurcation template results in twisted
surfaces or surface intersection, i.e., negative Jacobian, due to the short branch (Fig. 4). In
addition, unlike bifurcations, the quality of a reconstructed 3-D trifurcation is sensitive to the
arrangement of three child branches, such as coplanar and non-coplanar arrangements,
which are also referred to as fork- and tripod-type trifurcations, respectively, in this study.
Thus, reconstruction of 3-D trifurcations requires criteria to distinguish between extrinsic
trifurcations and double bifurcations and between fork- and tripod-type trifurcations, leading
to the development of different trifurcation templates.

One can construct the straight-CL model of a branch using its straight CL and average
diameter. With the assistance of an image-based surface, e.g., a triangulated airway surface
segmented from volumetric images, the straight-CL model can become more realistic by
following the two steps corresponding to steps 3 and 4 above:
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3 changing the straight CL to a curved one to match the image-based airway
geometry (a curved-CL model, Fig. 1(e)) and

4 fitting the circular cross-section of the curved-CL model to the image-based
airway surface that has non-circular cross-section (a fitted-surface model, Fig.

1(f)).

The construction of the curved-CL and fitted-surface models follows that of the straight-CL
model. Thus, we first explain the geometric templates and the aforementioned criteria for
trifurcations using the straight-CL model. We then present the curved-CL method and finally
the fitted-surface method.

To develop methods that are applicable to normal and severe asthmatic (SA) subjects, we
utilized the CT volumetric images of 16 normal and 16 SA subjects acquired by the
University of lowa through a Biomedical Research Partnership (BRP) Study and the
University of Pittsburgh through the Severe Asthmatic Research Program (SARP). The
imaging protocols for acquiring CT images were approved by the Institutional Review
Boards of the respective universities. The average voxel size of CT images of all subjects
was 0.65 mm x 0.65 mm x 0.60 mm (~ 0.6 mm).

2.1 Geometric template and coordinate system (step 2)

The straight-CL model of the human airway is composed of straight branches with circular
cross-sections (Fig. 5). Each branch is surrounded by four quadrilateral curved surfaces,
each surface is formed by four curves, each curve is defined by two control nodes (CNs),
and each CN consists of nodal coordinates and directions of curves connected to the CN.
The four CNs at the proximal or distal end of a branch are here referred to as ‘ring’ nodes
because these CNs define four curves that form a closed loop or ‘ring.” At a straight airway,
bifurcation, and trifurcation, the parent branch has one, two, and three child branches,
respectively, and the distal end of the parent branch requires one, two, or three sets of ring
nodes, respectively, to connect with respective child branches. The ring nodes are
constructed only at the distal end of each branch except for the proximal end of the trachea
because the ring nodes at the proximal end of the child branch are those at the distal end of
its parent branch.

Each branch of a 1-D tree consists of one CL C;(i=1, 2, ..., np) that connects two
centerline nodes (CLNs) Ay and A, at the proximal and distal ends of Cj, respectively (Fig.
5), where 77, is the number of branches. The direction of Cjis positive in the direction of
increasing branch generation (Fig. 5(a)). The coordinates of the CNs in the 3-D geometric
template for each branch are given in the local coordinate system, called the branch
coordinate system (ouvw). The geometric template is then mapped to the global coordinate
system (OXY 2) by scale transformation, translation, and rotation defined by C;, My, and Ab.
The origin of ouvw corresponds to Ay. The direction of neaxis in OXY Zis the same as the
direction of C;. The direction of v~axis is defined as the direction normal to the plane formed
by the child branches of the associated bifurcations to minimize the twist of the surface
elements (detailed in Sec. A.1). The direction of ¢-axis is defined in such a way that ouvwis
a right-handed coordinate system.
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2.2 Geometric template for straight airways (step 2)

The ending branches do not have any child branch, and the geometric template for straight
airways is used (Fig. 5(b)). This template is also used for the sub-branches in the curved-CL
and fitted-surface models (Fig. 6(a)), which are explained later. The CNs at A, consist of
four ring nodes: right (Py), front (P), left (A3), and back (#,) nodes. The (¢, v)-coordinates
of A, through P, are (r, 0), (O, n), (-r, 0), and (0,-1), respectively, where ris defined as r=
0.5 (rp+ 1), 1pis the radius of the parent branch (top half of Fig. 6(a)), 7. is the radius of the
child branch (bottom half of Fig. 6(a)), and 7, = 1. if there is no parent or child branch. The
w~coordinate of Ajaround A4 is the length of the parent branch (/). In other words, the
geometric template is scaled by rin - and v-directions and by /,in w~direction. Pjand Py
around A, are connected by an sy-curve S j(blue solid curves in Fig. 5(b)), which is
approximately perpendicular to C;. Therefore, the curves S 1, 51 2, 513, and S 4 form a ring
around Ah. Pjaround A is connected to the nearest Pgaround Ay by an s,-curve S, j(green
dashed lines in Fig. 5(b)), which is approximately parallel to C;, thus there are S, 1, S 2,
$.3and S, 4 in each branch. S ,around Ny, S jaround As, S, j and S, ;1 compose a
quadrilateral surface element (e.g., the shaded region surrounded by S 1, $31, 51 4 and S, »
in Fig. 5(b)) and four surface elements surround a branch. We use the coordinates of Ay, A,
and Pjaround A to obtain the directions of S; jand S, jconnected to P (Miyawaki, 2013).

2.3 Geometric template for bifurcations (step 2)

The majority of the branching points in the human airways are bifurcations (Fig. 6(b)). The
CNs at the distal end of the parent branch of a bifurcation consist of A; through £#, and one
‘crux’ node A that defines the geometry around the carina of the bifurcation. The (¢, V)-
coordinates of P; through £, are the same as those for straight airways except that r, = max
(re1, 12) is the radius of the major child branch and 7 ;is the radius of the A child branch.
The w~coordinates of 7 and £, are the same as those for straight airways, but the n-
coordinate of Py, or P;, is at the intersection of the parent and right, or left, child branches if
n-coordinate of the intersection is smaller than /, (otherwise the w-coordinate is /). Fs is
located at the intersection of the child branches. The two child branches are connected to the
two rings at the distal end of the parent branch: the right ring /7, (P12FsFy) and left ring />

(P5P2P3Py).

2.4 Identification and classification of trifurcations (step 2)

The 3-D extrinsic trifurcations and double bifurcations are both double bifurcations in the 1-
D tree (e.g., Figs. 3(b) and 3(d)). To distinguish between the two, we used the directional
distance from A to the cross-section at the distal end of the child branch (A,) in udirection

(1,) normalized by 7 (Fig. 7(a)):

e

The intrinsic trifurcations can be considered as a special type of the extrinsic trifurcation

with the length of child branch (7,=i_+(radius of the other child branch)) of zero, i.e., [,,.<0.
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To apply the same algorithm to the extrinsic and intrinsic trifurcations, we converted the
intrinsic trifurcations to extrinsic ones by inserting a dummy short branch between the

parent branch and the two child branches that have the smallest angle in between. If 1:’ is
zero or negative, the short branch is considered as an artifact of skeletonization in step 1.
Then the short branch is removed automatically and the resultant trifurcation is identified as

an intrinsic trifurcation.. For example, ;' =—0.41 at the extrinsic trifurcation in Fig. 3(b). If
the bifurcation template is used at a branching point with positive but small ;*', the quality of
the resulting 3-D surface is poor due to twisted surfaces (Fig. 4). For example, z:/:o_(w at

the extrinsic trifurcation in Fig. 3(c), whereas z:/:1,()1 at the double trifurcation in Fig. 3(d).

At a trifurcation, the distal end of the parent branch requires three sets of ring nodes, or three
rings, to which three child branches are connected. To make three rings, we split one of the
two rings in the bifurcation template (Fig. 6(b)) into two rings in two ways, and classified
trifurcations into two respective types: fork and tripod types (Figs. 6(c) and 6(d)). The fork
type splits a ring into left and right rings (e.g., A2 P3P, and PsPP; Py in Fig. 6(c))), and the
tripod type splits a ring into front and back rings (e.q., PsPP3~ and Ps P P3Py in Fig. 6(d)),
as described in detail later. We quantified the difference between the two types using the
angles between three child branches (Fig. 8):

b3
O12+023  (2)

T9123=

where 6j;is the angle between the A and /7 child branches (Figs. 8(a) and 8(b)). At a perfect
fork-type trifurcation, rg23 = 1.0; at a perfect tripod-type trifurcation, rg23 = 0.5. At the
trifurcations in Figs. 8(c) and 8(d), rg123 = 0.61 and 0.89, respectively.

2.5 Geometric template for trifurcations (step 2)

The CNs at A, of the parent branch of a trifurcation consist of A, through A5 and another
crux node: right (Ps) or left (&) crux node. If the left (or right) child branch in the
bifurcation template (Fig. 6(b)) is split to form a trifurcation, 72 (or Ps) is used. There exists
one more crux node compared with the CNs for the bifurcation template. We use the second
crux node as follows to construct the above two types of trifurcations. The second crux node
can split one of the two rings at the distal end of the parent branch in the bifurcation
template into two rings in two ways. For example, if the short child branch at an extrinsic
trifurcation appears on the left hand side and the trifurcation is of fork type (Fig. 6(c)), ~
splits R (PsPoP3Py in Fig. 6(b)) into left and right rings: AP P3P, and PsPo P Py. The new
rings then connect the parent branch with left-left and left-right child branches. If the
trifurcation is of tripod type (Fig. 6(d)), ~ splits /> into front and back rings: A5~ P3P, and
PsP7 P3P, to which left-front and left-back child branches are connected, respectively. The
coordinates of P, through £, for trifurcations are basically the same as those for bifurcation,
but those of A through A are not (detailed in Sec. A.2).
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2.6 Curved-CL and fitted-surface methods (steps 3 and 4)

In the straight-CL model, each branch has a straight CL and circular cross-section. Here, we
first describe the curved-CL method that changes a straight CL to a curved one (Fig. 9(a)),
and then the fitted-surface method that changes a circular cross-section to a non-circular
cross-section as in the image-based airway surface (Fig. 9(b)—(d)).

The curved-CL method (step 3) involves the two sub-steps (Fig. 9(a)):
3a inserting additional CLNs to a branch CL to make sub-branches and
3b estimating the locations of inserted CLNs using the image-based airway surface.

Ideally, the shorter the sub-branch length is, the more accurate the reconstructed geometry
is. However, we set the sub-branch length to approximately the average radius of the branch
to avoid intersection of cross-sections in curved branches (similar to Fig. 4(c)). Some of the
inserted CLNs could fall outside of a curved branch as shown in Fig. 9(a). At each CLN, we
apply the clustering algorithm DBSCAN (Density Based Spatial Clustering of Applications
with Noise) (Ester et al, 1996) to distinguish the triangular elements of the image-based
airway surface around the CLN from those around its neighboring CLNs. We then use these
surface elements to estimate the new location of the CLN. The above sub-steps are applied
to all inserted CLNSs.

Using the above curved-CL model as the initial geometry, the fitted-surface method (step 4)
follows the three sub-steps:

da fitting Py, Py, Ps, and P, around all As (Fig. 9(b)),
4b fitting P, A3, Ps, and P, or A, around A at branching points (Fig. 9(c)), and

4c inserting intermediate CNs and fitting them to the image-based airway surface
(Fig. 9(d)).

Here P; and P; are fit twice in steps 4a and 4b along the radial and axial directions,
respectively. In step 4a, the new location of a fitted A;is the intersection of the image-based
surface and the line defined by A, and the original location of P; (Fig. 9(b)). In step 4b, we
use the circular sector defined by Cjof the two child branches (the dot-dashed lines in Fig.
9(c)) to narrow down the search region for the new location of 7;(j=5, 6, 7). The point on
the image-based surface nearest to A\, is selected as the new £;. The same method is applied
to P;(j=1, 3), e.g., as illustrated by the blue arrows in Fig. 9(c) for A;.

In the geometric templates designed for circular cross-sections, P, through £, are sufficient
to obtain an accurate model. However, intermediate CNs are needed for irregular cross-
sections. Thus, in step 4c, as illustrated in Fig. 9(d), we insert three intermediate ring nodes,
which are marked by triangles, to each of 5 ;(/=1, 2, 3, 4) using a cubic Hermite
interpolation function (Fernandez et al, 2004). The new location of a fitted intermediate CN
on & ;is the intersection of the image-based airway surface and the line defined by A, and
the original location of the intermediate CN. The same method is applied to S, ;(/=1, 2, 3,
4). The number of intermediate CNs on each 5 ; or S, ;, was empirically determined by
considering both accuracy and complexity of the model.
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2.7 Construction of 3-D airway geometry

3 Results

The above straight-CL, curved-CL, and fitted-surface models define s-curves and
quadrilateral surface elements to construct 3-D geometries. These curves and surfaces
correspond to the functions “spline curves” and “ruled surfaces” in Gmsh. With the
coordinates of CNs and intermediate CNs, s-curve connectivity, and surface element
connectivity, Gmsh can construct the 3-D geometry.

3.1 Identification and classification of trifurcations

The optimal threshold values ZZ:t and rg;23 ¢ for the parameters defined in Egs. 1 and 2,
respectively, were assessed based upon the quality of fitted-surface models for 16 normal

and 16 SA subjects. To find the optimal l::t, we focused on the range of o,o<z:' <0.7 because
branching points would be clearly trifurcations or double bifurcations otherwise. The
relative frequency of failure to construct branches due to twisted surface, i.e., negative

Jacobian, was minimum when 0.070<l§§ft<0.281 for normal subjects and 0.191<l::t<0.387
for SA subjects, i.e., 0.191<l::t<0.281 for all, normal and SA, subjects (Fig. 10(a)). The
relative frequencies of branches with 0.0<1*’ <0.7 in normal and SA subjects were not

significantly different (p = 0.39). In this study, we chose l:ft:0.24 because the rate of
success in constructing branches for normal, SA, and all subjects are 97%, 100%, and 99%,
respectively. To classify trifurcations to fork and tripod types, we analyzed rg 23 . The
method did not fail when 0.726 < rg123 r <0.854 for normal subjects and 0.784 < rg103 ¢ <
0.832 for SA subjects, i.e., 0.784 < rg23 ¢ <0.832 for all subjects (Fig. 10(b)). We chose
re123,+= 0.81 to achieve the success rate of 100% in all subjects regardless of population

group.

With the selected threshold values of l:jt:0.24 and rg123 = 0.81, we found that 100% of
normal subjects and 94% of SA subjects had at least one trifurcation in the CT-resolved
airway. Furthermore, 19% of normal subjects and 0% of SA subjects had a quadfurcation,
and all of the quadfurcations were located at the distal end of the left lower lobar bronchus
(LLB). The four most frequent locations of trifurcations were at the distal end of the left
upper division bronchus (LB1+2+3), LLB, right upper lobar bronchus (RUL), and right
intermediate bronchus (Bronlint) (orange, blue, red, and green regions in Fig. 11). There was
no significant difference between the existence of trifurcations in normal and SA subjects at
the four locations (p= 0.26 at LB1+2+3, and p=0.07 at LLB, p=0.37 at RUL, and p=0.41
at BronlInt). In addition, there was no significant difference between the type of trifurcations
in normal and SA subjects at the four locations (p=0.62 at LLB and p=0.11 at RUL),
where p-value was not available at LB1+2+3 and BronInt because only one type of
trifurcation existed in both normal and SA subjects. 34%, 19%, 81%, and 25% of all
subjects had a trifurcation at LB1+2+3, LLB, RUL, and Bronlint, respectively. Furthermore,
0%, 83%, 8%, and 100% of trifurcations were of fork type (i.e., 100%, 17%, 92%, and 0%
of trifurcations were of tripod type) in all subjects at LB1+2+3, LLB, RUL, and Bronlnt,
respectively.
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3.2 Assessment of straight-CL, curved-CL, and fitted-surface models

The major sources of error in the geometry of the straight-CL model are the lack of
curvature of the CL and the circular cross-section. The cross-section error is estimated here
by subtracting the CL error from the surface error. To assess the CL error, we computed the
average distance between the straight CL and curved CL. It should be noted that curved-CL
and fitted-surface models have the same CLs. To assess the surface error, we computed the
average distance between the surfaces of reconstructed straight-CL, curved-CL, and fitted-
surface models and the image-based surface. These errors were estimated branch by branch
and normalized by the corresponding branch radius. The global error is defined as the
average of normalized errors of all branches. For instance, the normalized CL error was 0.55
in the left main bronchus (LMB) of a normal subject, which means the average distance
between straight and curved CLs was 55% of the radius of the LMB. The global CL error of
the same subject was 0.14. Fig. 12 shows the contours of normalized surface error in the
straight-CL, curved-CL, and fitted-surface models (Figs. 12(a), 12(b), and 12(c)) relative to
the image-based surface of the normal subject (Fig. 12(d)). The normalized surface errors in
the LMB were 0.50, 0.094, and 0.025 for the straight-CL, curved-CL, and fitted-surface
models, respectively. The global surface errors of the same subject were 0.25, 0.12, and
0.028 for the straight-CL, curved-CL, and fitted-surface models, respectively.

When considering all of the 16 normal and 16 SA subjects, the average global surface errors
were 0.035 and 0.039 (p <0.01), respectively. For comparison, by assuming an absolute
error of a half image voxel size of 0.3 mm in all branches, the resulting global surface errors
were 0.155 and 0.172 for normal and SA subjects (p = 0.19), respectively. Fig. 13 shows the
distribution of surface error as a function of branch diameter. The mean and standard
deviation of surface error decreased exponentially with increasing branch diameter, and the
mean approached 0.02 for both normal and SA subjects.

3.3 Combination of straight-CL and fitted-surface models

Since the straight-CL model only requires a 1-D tree without sub-branches, our method can
construct the 3-D geometry of branches that consist of CT-resolved airways and those
beyond CT resolution generated with, e.g., the volume-filling algorithm developed by
Tawhai et al (2000, 2004). Fig. 14 shows a 3-D multiscale airway geometry of an arbitrary
five paths that extend from the trachea to terminal bronchioles in the five lobes. The
transition from resolved to unresolved branches was seamless.

3.4 Example application to CFD-based aerosol simulation

One of the major applications of CL-based geometric model is CFD-based simulation of
aerosol transport in the human lung. As an example, we simulated particle transport in
turbulent air-flow in the fitted-surface model of a healthy subject by means of large eddy
simulation model and Lagrangian particle tracking algorithm as Miyawaki et al (2012) did
with the CT-based model. The steady inspiratory flow rate of 20 L/min was imposed at the
inlet, and 220,000 spherical particles with diameter of 20 1m were released into the
simulated air-flow. 20-zm particles were used for demonstration purposes because most of
small particles do not deposit in the central airway. The density distribution of deposited
particles is shown in Fig. 15(a). The high concentrations of deposited particles were found at
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the inner wall of bifurcations and the upstream of cartilaginous rings. Most importantly, the
branch-by-branch partitioning feature of the current fitted-surface method (Fig. 15(b)) made
it easy to compute and analyze the deposition efficiency, ratio of number of deposited
particles to that of entered particles, branch by branch as shown in Fig. 15(c). The average
difference between the branch deposition efficiencies predicted by the fitted-surface model
and that by the CT-based model reported by Miyawaki et al (2012) was less than 5%.

4 Discussion

Ideally, the methods to construct a 3-D geometry of a branching structure should possess the
following features. The methods can construct: (i) geometry automatically for population-
based studies, (ii) trifurcations to retain the original airway topology, given a CT-segmented
airway skeleton and surface, (iii) geometry that can be used for automatic generation of a
computational mesh for CFD analysis, and (iv) geometry based only on a 1-D tree for
idealized branches. Therefore, in the present study, we developed the criteria, trifurcation
templates, and fitting method to automatically identify, classify, and construct realistic 3-D
trifurcations from 1-D trees. This list of features will be discussed later.

4.1 Accuracy of geometric models

By assuming an absolute error of a half voxel size of 0.3 mm in all branches, the global
surface errors based on 16 normal, 16 SA, and all subjects were 15.5%, 17.2%, and 16.4%,
respectively. In comparison, the global surface errors in the fitted-surface models for 16
normal, 16 SA, and all subjects were 3.5%, 3.9%, and 3.7%, respectively. A slightly larger
error in SA subjects can be attributed to the presence of constricted airways in these
subjects. Overall, the errors fall well within the accuracy of a half voxel size in CT images.
The effect of voxel size on the surface error depends on airway diameter. The normalized
error in large airways is smaller than that of small airways. Therefore, the error in small
airways is more sensitive to voxel size.

The average error in the fitted-surface airway models for 16 normal subjects in the present
study (3.7% of airway radius or 11% of voxel size) is compared with those in the vessel
models reported by Yuan et al (2012) and Wu et al (2011). Yuan et al (2012) used a CL-
based method to reconstruct the geometry of a liver-vessel tree model, and reported that the
error in their reconstructed geometry was 17% of vessel diameter, i.e., 34% of vessel radius.
Wau et al (2011) reconstructed the geometry of a brain-vessel tree using a CL-based method,
and the error in their reconstructed geometry was less than 0.4 mm, where voxel size was
0.48 x0.48 x1 mm (= 0.61 mm), i.e., the error was less than 65% of voxel size. The average
error was not reported by Wu et al (2011). Therefore, the error in the present models is
smaller than in other models, although the organ and number of subjects studied are
different.

The global surface error in the curved-CL model based on a normal subject was smaller but
comparable to the uncertainty in the CT-based surface due to voxel size. However, the global
surface error in the straight-CL model based on the normal subject was larger than the
uncertainty in the CT-based geometry due to voxel size. Based on the comparison between
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the straight-CL, curved-CL, and fitted-surface models of a normal subject, the CL and cross-
section errors account for 59% and 41% of surface error, respectively.

4.2 Trifurcations in the human airways

From an anatomical point of view, it is important to identify trifurcations systematically
because prevalence of trifurcations affects the generation number of descendant branches. In
addition, NIH funded multi-center trial studies, e.g., COPDGen, SPIROMICS, and MESA,
aim to establish the relationships between genotypes and phenotypes of the human lungs,
including airway structure. Accurate representation of airway structure is critical in
differentiating among sub-populations and their susceptibility to lung diseases (Shi et al,
2009).

With the optimal threshold values of szt:O.24 and rg123 = 0.81, we examined the number
and type of trifurcations in 16 normal and 16 SA subjects. 97% of all subjects had at least
one trifurcation in their central airways, which means that a method without a trifurcation
template would need to ignore at least one branch in the central airways which may ventilate
to a large portion of the lung. In addition, most of the trifurcations at LB1+2+3 and RUL
were of tripod type, while trifurcations at LLB and BronInt were mostly of fork type. This
shows not only the requirement of two trifurcation templates in the method but also
topological features of trifurcations in the central airway of the human lung from an
anatomical point of view.

The distribution of trifurcations in the central airways of 16 normal subjects can be
compared with the observations by Boyden (1949) and Zhao et al (2009). In the present
study, 25%, 31%, and 81% of subjects had a trifurcation at LB1+2+3, LLB, and RUL,
respectively. Boyden (1949) investigated the trifurcations in the upper lobes in 50 subjects to
find a trifurcation at RUL in 46% of the subjects, while Zhao et al (2009) examined the
structure of the left lung in 216 subjects to observe the existence of a trifurcation at
LB1+2+3 and LLB in 23% and 18% of the subjects, respectively. The difference between
the frequencies of trifurcations in the present and previous studies was not significant at
LB1+2+3 (p= 0.87) but significant at LLB (p=0.049) and at RUL (p <0.01). These
differences may be attributed to the criteria that are used to define trifurcations and the
sample size. Both the present and previous studies agree that LB1+2+3, LLB, and RUL are
frequent locations of trifurcations in the central airways of the human lung.

4.3 automatic construction of geometry

Several studies have developed methods to construct the 3-D geometry of vessel and airway
trees from 1-D trees. Felkel et al (2004), Volkau et al (2005), and Wu et al (2011) used
piecewise smooth subdivision surface generators to construct the surface geometry of vessel
trees for visualization purpose, but it is not clear if one can use the surface geometry to
automatically generate computational meshes (feature (iii) listed above). Zhang et al (2007)
constructed the geometry of vessel trees using NURBS. This method uses three levels of
resolution for control nodes depending on the difference between the diameters of ‘master’
and ‘slave’ branches, and five types of trifurcation depending on the topology of
trifurcations. However, they did not provide the quantitative criteria to automatically identify
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trifurcation types and associated resolutions, which is crucial for automatic construction of
geometry (feature (i)). In addition, the classification of trifurcations into five types was
based on the topology of the human vascular tree, thus it is not clear whether it is applicable
to airway trees. van Ertbruggen et al (2005) and Tian et al (2011) constructed the geometry
of airway trees by combining units of bifurcation geometry whose dimensions were
determined empirically. They did not describe the method to automatically construct the
geometry (feature (i)), and their models do not include trifurcations (feature (ii)). The
method proposed by Marchandise et al (2013) automatically constructs and meshes the
geometry of branching structure including trifurcations (features (i)—(iii)), but their method
uses surface geometry as input (feature (iv)).

4.4 Potential applications and limitations

The straight-CL, curved-CL, and fitted-surface models can be used in various applications,
e.g., visualization and CFD simulations of gas flow in the human airway. The fitted-surface
method can construct a realistic airway model, while the straight-CL and curved-CL
methods can construct idealized models with any skeletons and/or diameters including the
airways beyond imaging resolution for a test of any hypothesis related to airway structure.
As an example, we simulated aerosol transport in the fitted-surface model. The results
agreed well with the CT-based model in our previous study with the overall average error of
less than 5%. In contrast to the CT-based model, the proposed CL-based method is able to
automatically partition the model branch-by-branch, identify trifurcations, and mesh the
model. These features allow us to efficiently specify boundary conditions for branches, and
analyze air-flow and particle data branch by branch to find CFD-based phenotypes. Thus,
the proposed method can greatly facilitate a population-based analysis toward individualized
medicine (Lin et al, 2013).

The current methods do not account for branching points with more than three child
branches. Quadfurcations exist in the human lung, although the frequency was only 4% of
the frequency of trifurcations in this study. With the current method, if there exists four child
branches, then one child branch needs to be removed or the skeleton needs to be
manipulated so that it becomes one trifurcation and one bifurcation. Nevertheless, for future
work, one of the three rings at the distal end of the trifurcation templates could be further
split into two rings to make quadfurcation templates.

5 Conclusions

We developed a method to automatically construct 3-D geometric models of human airways
that can be applied to, e.g., visualization and CFD simulations, given a CT-segmented
airway skeleton and surface. The method was successfully applied to multiple normal and
diseased subjects, and the accuracy of the reconstructed geometry was about 10% of the
average image voxel size. We also demonstrated the construction of a 3-D geometric model
including CT-unresolved branches, and an example application of CFD-based aerosol
simulation. The method offers four significant features. First, as the method is automatic, it
can greatly facilitate analysis in population-based studies. Second, the method is capable of
constructing trifurcations, which existed in more than 90% of normal and SA subjects
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considered in this study. Third, the reconstructed geometric models have sufficient quality
and information to automatically generate 3-D CFD meshes including boundary conditions.
Fourth, the method can construct a geometric model using only a skeleton and diameters,
which allows geometric models with idealized skeleton and/or diameters.
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A Appendix

A.l Identification of associated bifurcaitons for direction of v-axis

The direction of v-axis is defined as follows. If the branch is not a child branch of the
previous bifurcation (red line and circle in Fig. 16(a)), i.e., the trachea, the nearest
bifurcation in the positive CL direction (red arc in Fig. 16(a)) is associated. If the branch is a

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Miyawaki et al.

Page 16

child branch of the previous bifurcation as well as the parent branch of the following
bifurcation (thick black line and circle in Fig. 16(b)), both bifurcations (black arcs in Fig.
16(b)) are associated. If there is no bifurcation in the positive CL direction (blue line and
circle in Fig. 16(a)), i.e., ending branches, the nearest bifurcation in the negative CL
direction (blue arc in Fig. 16(a)) is associated.

A.2 Coordinates of crux nodes around trifurcations

At a fork-type trifurcation, the coordinates of A and #;, or A, are determined by the two
nearest child branches. At a tripod-type trifurcation, e.g., whose child branches are right,
left-front, and left-back child branches, the coordinates of ~; are determined by the left-front
and left-back child branches. The coordinates of A5 are the averages of two intersections of
the child branches: the one between right and left-front child branches (the curve 2,5 in
Fig. 6(d)) and the one between right and left-back child branches (the curve PP in Fig.

6(d))-
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Fig. 1.

Overview of the proposed method. The segmented airways are colored pink in the CT image
(a) and white on the extracted surface in (b). The proposed methods in (d) through (f) are
highlighted by red, and the reconstructed airway models are shown in pink.
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Fig. 2.
Automatic segmentation of (a) the trachea, (b) the right lateral and posterior basal bronchi

(RB9 and RB10), and (c) branches in left upper lobe by Apollo. Automatically segmented
regions are filled with pink, and manually identified airway lumens are surrounded by green
dashed curves. The pixel size (px) of this slice is 0.68 x 0.68 mm.

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 April 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Miyawaki et al.

(a)

Fig. 3.

Page 19

\

(d)

-

Examples of (a) an intrinsic trifurcation, (b)(c) extrinsic trifurcations, and (d) double
bifurcations. The red spheres and lines show the location of centerline nodes and centerlines
of interest, respectively.
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(b)

Fig. 4.
Twisted airway surface due to a short branch: (a) 1-D tree around a branching point, (b) 3-D

geometry around the branching point, and (c) 3-D geometry of the short branch. The short
branch is colored by red in (b). The twisted region is indicated by a blue dashed circle in (b)
and (c).
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Fig. 5.

(a;gA geometric template in both global (OXY 2) and branch (ouvw) coordinate systems,
where the red dash-dotted line denotes CL Cjand red spheres denotes centerline nodes MV
and N,. (b) The definition of ring nodes (black spheres: Pgaround A4 and P;around Ab), -
curve (blue solid curves: S; xaround Ay and S; ;jaround A), and s,-curve (green dashed

lines: ;).
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Fig. 6.
The CNs in a geometric template for: (2) straight airway, (b) bifurcation, (c) fork-type

trifurcation, and (D) tripod-type trifurcation. The control nodes (CNSs) P, P, Ps, Py, FPs, and
Py are the right, front, left, back, crux, and left crux nodes, respectively. 7, and /, are the
radius and length of the parent branch, respectively, and 7, 7.1, and 7, are the radii of the
child branches. The solid and dashed curves are s;- and s-curves, respectively. The arrows
labeled with , v, windicate the directions of the ¢+, v~, and wsaxes in the first segment of
each geometry. In (c) and (d), the left crux node (/) is inserted to split the left child branch
in (b) and make the trifurcations, but the right crux node (P5) would be used if the right child
branch in (b) is split at different branching points.
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(b)

Fig. 7.

(a?Schematic of the parameters used to identify trifurcations due to potentially short left
branch as an example and (b) 3-D extrinsic trifurcation (dotted lines) with 1-D double
bifurcations (dot-dashed line) that shall be treated as a trifurcation (bold solid line). The
solid lines are the airway walls, and the dash-dotted lines are the CLs. In (a) A5 is the crux

node, and /; is the length of the left child branch, [, (= /; (radius of the right child branch)) is
the directional distance from As to the cross-section at the distal end of the left child branch,

and r, is the radius of the left child branch (N, z'c is negative when the distal end of the left
child branch is located between the branching point () and A. In (b) 1-3 show the order
of child branches at the trifurcation.
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1,3

Fig. 8.

Tr?e definition of the relative angle &;;between " and /7 child branches in a trifurcation for
classification of trifurcations looking from (a) an arbitrary direction and (b) a direction
parallel to the plane defined by the first and third child branches. The trifurcations have: (c)
r'or23 (= 0.61) below the threshold value of 0.81 and (d) rg123 (= 0.89) above the threshold
value of 0.81 looking from a direction parallel to the plane defined by the first and third
child branches. The black and red lines show the CLs of parent and child branches,
respectively, and 1, 2 and 3 show the order of child branches at the trifurcation.
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Fig. 9.

Tr?e fitting of (a) AVb, (b) Pi(7=1,2, 3, 4), (c) Pi(i=1, 3,5), and (d) intermediate control
nodes (CNs) to image-based surface. The arrows indicate fitting directions. In (a), black
dashed line denotes the straight centerline (CL) of a branch; red solid polygon denotes the
partially fitted CL; and red dash-dotted curve denotes the curved CL. In (b), black dashed
curve denotes the circular cross-section; red solid curve denotes the partially fitted cross-
section; and red dash-dotted curve denotes the cross-section of the image-based surface. In
(c), black solid curves denote the image-based surface; black dash-dotted lines show CLs. In
(d), black dashed curve denotes the cross-section after ring nodes are fitted; red solid curve
denotes the partially fitted cross-section using intermediate CNs; and red dash-dotted curve
denotes the cross-section of image-based surface.
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Fig. 10.
The cumulative relative frequency of failed branches as a function of the threshold value for
©) z:':z; /r.and (b) rg103 = 613= (612 + 63). The relative frequencies are based on (a) 35

normal and 46 severe asthmatic branches with 0_0<1j§'<0.7 and (b) 45 normal and 34 severe
asthmatic branching points in the central airways of 16 normal and 16 severe asthmatic
subjects.
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BronlInt

Fig. 11.
The four most frequent locations of trifurcations: the left upper division bronchus

(LB1+2+3), left lower lobar bronchus (LLB), right upper lobar bronchus (RUL), and right
intermediate bronchus (Bronint).
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(d)

Trachea

LMB

Fig. 12.
The surfaces of (a) centerline (CL), (b) curved-CL, and (c) fitted-surface models and (d)

computed tomography (CT)-based surface around the first bifurcation. d is the radial
distance between the surfaces of each model and the CT-based surface, and R is the branch
radius. LMB and RMB are left and right main bronchus, respectively.
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Fig. 13.
The distributions of (a) branch diameter and (b) surface error. The numbers of branches

considered for normal and severe asthmatic (SA) subjects were both 727. Branch diameter
was normalized by average voxel size (vx) of 0.6 mm, and the surface error was normalized
by each branch radius. The error bars show the standard deviation. Summation of the
products of frequency and surface error gives average surface error.
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Fig. 14.
(a) Three-dimensional multiscale geometry of arbitrary five paths in a normal subject

including CT-resolved (white) and CT-unresolved (red) branches. (b) The geometry of a path
in right upper lobe.
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Fig. 15.

(a) Density distribution of 20-zm particles on airway wall (77 in particles per mm?2)
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predicted with the fitted-surface model, (b) illustration of the branches partitioned with the
fitted-surface method, and (c) automatic computation of branch deposition efficiencies.
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(a) (b)

Fig. 16.
The bifurcations that are associated with branches to determine the direction of v-axis in

OXY Zat: (b) a branch that does not have neighboring bifurcations in the negative centerline
(CL) direction (red), a branch that does not have neighboring bifurcations in the positive CL
direction (blue), and (c) a branch that have neighboring bifurcations in both negative and
positive CL directions (black). Solid lines denote the branches of interest, circles denote the
rings at the distal end of branches, and arcs denote the bifurcations associated with the
branches.
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