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Abstract. A nomenclature labeling algorithm for the human bronchial tree
down to sub-lobar segments is proposed, as a means of inter and intra subject
comparisons for the evaluation of lung structure and function. The algorithm is
a weighted maximum clique search of an association graph between a reference
tree and an object tree. The adjacency between nodes in the association graph is
defined so as to reflect the consistency between the bronchial name in the refer-
ence tree and the node connectivity in the object tree. Nodes in the association
graph are weighted according to the similarity between two tree nodes in the re-
spective trees. This algorithm is robust to various branching patterns and false
branches that arise during segmentation processing. Experiments have been per-
formed for nine airway trees extracted automatically from clinical 3D-CT data,
where approximately 250 branches were contained. Of these, 95 % were accu-
rately named.

Introduction

Isotropic volume data acquisition for medical imaging is now rapidly spreading in
clinical use due to the technological progress in multi-detector CT scanners. 3D image
processing techniques have enabled precise structural analysis of living organs. Ana-
tomical nomenclature is an important step in sharing a common understanding of or-
gan structure. Inter-individual and intra-individual comparisons are meaningful only
when accurate nomenclatures are applied to the structures. Accuracy of nomenclature
is also critical for diagnosis and surgical planning. However, anatomical knowledge
used for establishing the nomenclature of biological structure is challenging when
seeking to construct robust computational algorithms, because of the nature of bio-
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logic complexity and diversity. Discrepancy of anatomical nomenclature even be-
tween experts is not uncommon.

The human airway tree is a typical example of the difficulty of nomenclature and
labeling because of its hierarchical properties and the considerable variations of
branching pattern. Mori et al reported a knowledge-based labeling method of the
bronchial branches and applied it to seven cases of CT images with a slice thickness
of 2 or 3 mm [1]. In their experiment, the number of extracted branches for each sub-
ject was about thirty, and none of extracted trees from the seven cases had all seg-
mental bronchi. By the use of modern multi detector CT scanners, more than a hun-
dred bronchial branches can be extracted. The increase in the number of branches
identified increases the complexity of establishing a robust labeling scheme.

In this paper, we first explain how the bronchial nomenclature is constructed in
terms of graph theory, and introduce an algorithm based on a weighted maximum
clique search of an association graph between a reference tree and an object tree. We
demonstrate its performance by volumetric human lung CT data sets. We believe the
proposed algorithm will be applicable to tree systems not only in the lung but also in
other organs and across species.

2 Principles of Bronchial Nomenclature

2.1 General Aspects of Bronchial Nomenclature

The human airway tree begins from the trachea and repeatedly branches into smaller
and smaller bronchi, ending in the terminal bronchioles, whose diameter is about 0.5
mm. The total number of the airway branches is over 50,000 in the normal adult hu-
man [2], and the bronchial nomenclatures are defined to 74 proximal branches down
to sub-segmental bronchi [3], [4 ], [S ]. Currently, the most clinically important no-
menclatures include 32 branches down to segmental bronchi. Peripheral bronchi that
lie downstream from a segmental bronchus are usually named using the nomenclature
of the parent segmental bronchi. The bronchial nomenclature is assigned according to
the region of the lung to which a bronchus supplies air. There is a clear definition for
the spatial division of the lung as shown in Figure 1. Classes of lobe, segment, and
subsegment construct a hierarchic structure, and a set of all members in the same class
is equal to the whole lung without overlapping. There is an exact one-to-one corre-
spondence between a branch and the lung region supplied air by the branch, because
there are no loops in the airway tree. Therefore, the bronchial nomenclatures are
based upon the regional nomenclatures: lobar bronchus, segmental bronchus, and so
on.

The most common way to mathematically describe the airway tree is by a graph
representation using a rooted tree. However, for the purpose of bronchial nomencla-
ture, a tree representation can lead to confusion, because the hierarchy of the rooted
tree does not correspond to the nomenclature hierarchy. Figure 2 shows a standard
branching pattern of the human bronchial tree [3], where thick lines indicate bronchi
having anatomical nomenclatures. In this branching pattern, levels of segmental bron-
chi across from 3" to 7th. Furthermore, as shown in Figure 3, there are differences in
branching patterns even across normal subjects. It is obvious that the same nomen-
clature does not mean the same level in the tree representations of different branching
patterns.
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Fig. 1. Hierarchy of space division of the lung. Fig. 2. A typical example of the human
s: lung segment. ss: sub-segment bronchial tree. s: segmental bronchus
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Fig. 3. Branching patterns of segmental bronchi arising from the right upper lobar bronchus
(UB). Frequencies for respective branching patterns are according to [3]
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Since there are only five lobar bronchi and there is little variation in the branching
pattern, nomenclatures for lobar bronchi are not difficult. On the other hand, deter-
mining nomenclatures for segmental bronchi are much more difficult because of a
large variety of branching patterns.

2.2 Nomenclature of the Segmental Bronchus

There are ten lung segments in the right lung and eight segments in the left lung. The
names of lung segments describe their locations within the lung. For example, there
are apical, lateral, and anterior segments of the right upper lobe. For simplicity, num-
bers from 1 to 10 are used for distinguishing locations. Both the right and left lower
lobes sometimes have accessory segments called sub-superior segments, which are
often located below the superior segmental bronchus (B6). They are usually expressed
as the symbol of asterisk (*) instead of number [3], [4], [5]. Since branchpoints in the
bronchial tree have only one upward branch, it is reasonable to assign bronchial no-
menclatures to branchpoints, as shown in Figure 4.

As shown in Figure 4, each segmental bronchus is located neither upstream nor
downstream from other segmental bronchi, since their supplying regions are inde-
pendent of each other. In addition, the segmental bronchi are always located distal to
their parent lobar bronchi regardless of the branching order, because each lobe is
comprised of its member segments. These two relationships appear trivial but are very
important for clarifying the node connectivity in a rooted tree in terms of graph the-
ory. Meanwhile, intermediate branches between lobar and segmental bronchi have no
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anatomical names because of their ambiguous relationships. These relationships do
not change even if a tree contains false branches or missing true branches due to im-
age processing steps including segmentation and skeletonization. Errors occurring in
the segmentation and skeletonization steps of image processing algorithms serve as a
primary source of difficulty when seeking to automatically label the bronchial tree.
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Fig. 4. Scheme of the bronchial nomenclatures. Each segmental node is connected upward to
the segmental bronchi. Some of lobar nodes presented here are different from the traditional
definitions. See the text in 3.3

There is one more important characteristic of the bronchial nomenclature that can
provide node attributes in the airway tree. Each lung segment is supplied air by its
corresponding segmental bronchus, and all branches within the segment are ancestors
of the segmental bronchus. Therefore, the position and the direction of a segmental
bronchus correspond to the position and the central axis of its associated lung seg-
ment. The segmental bronchial nomenclature is defined according to this correspon-
dence, regardless of its branching order.

3  Bronchial Nomenclature Algorithm

Automated bronchial nomenclature and labeling can be viewed as a tree matching
problem between an object tree and a standard airway tree. The nomenclature labeling
is then applied to give the same name to a node in the object tree as that of its corre-
sponding node in the reference tree. The algorithm is based on a weighted tree
matching method proposed by Pelillo et al.[6]. Their method seeks the maximum
weight clique in a tree association graph (TAG), equivalent to the maximum similar-
ity subtree isomorphism between two trees. We modify the definition of adjacency of
TAG nodes and construct a similarity measure between a reference tree and an object
tree according to the property of the bronchial nomenclature explained in the previous
section. Before explaining our algorithm, Pelillo’s original method is briefly de-
scribed.
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3.1 Weighted Tree Association Graph by Pelillo et al.

Let G = (V, E) be a graph, where V is the set of nodes and E is the set of edges. Let

=(V,,E,) and T,=(V, E,) be two rooted trees and let u, v, € V, and u, v, € V, be
dlstlnct nodes of the respectwe trees. The tree association graph (TAG) 0f T and T is
the graph G = (V, E) where V=V, x V,, and TAG nodes (u, u,) and (v, v,) are adJa-
cent when the connectivity between u, and v, is equivalent to that of u, and v,. Pelillo
et al define equivalence between two sets of nodes in respective trees by comparing
path length and level difference in the tree hierarchy. By this definition, there exists
one to one correspondence between maximal subtree isomorphism and maximal
clique of the TAG from the two trees. Searching for the maximal clique in TAG is
equivalent to tree matching.

Next, let 7(V, E, ) be an attributed tree, where« is a function which assigns an at-
tribute vector ¢ (u) to each node u € V Let o be a similarity measure in attribute
space. Subtree isomorphism with the largest similarity is called “maximum similarity
subtree isomorphism”. The weighted TAG (WTAG) of two attributed trees 7, and 7,
is the weighted graph G = (V, E, ), wherew is a function which assigns a positive
weight to each node z = (u, v) € V as follows:

oz) = alu, v) = (e, (u), &,(v)).
Weight matrix W= (m,) is defined as follows:
m,=1- 050'mm/a)(u) if i=],

m, =1 if i #j and u, are adjacent to u,
0< m,<1-0.50, /(&(u)+ (u)) otherwise,

min

where 0, denotes the minimum value of the similarity measure, o.
Pelillo et al. used the following method to search for a maximum clique from
weighted TAG. Let G = (V, E, w), be an arbitrary weighted graph of order n. The
characteristic vector of any subset of nodes C c V, denoted x', is defined as follows:
X, = au)) C), ifue C

=0, otherwise,

where (XC) is the total weight on C. It has been proved that C is a maximum weight
clique of G if and only if x° is a global maximizer of the function x'Wx, where x de-
notes matrix transposition [7], [8]. Pelillo et al used replicator dynamic system to
seek the maximizer [9].

3.2 Modification of Weighted TAG for Bronchial Nomenclature

Pelillo et al. defined TAG-node adjacency as an exact agreement between the con-
nectivity of two nodes in one tree and that of their corresponding nodes in the other
tree [6]. We propose an alternative definition of TAG-node adjacency to be con-
structed for the purpose of bronchial nomenclature. Here, a relationship function r
between nodes u, v, and w in a rooted tree is defined as follows:
When u is located upstream from v,

r(u, v) =1,

r(v, u)=-1
When u is located neither upstream nor downstream of w,

r(u, w) =r(w, u) = 0.
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Another relationship function, ¢ in a reference tree is defined as follows:
The basic relationship is the same as r, however, when u and v are segmental nodes,
q(u, v) =q(v, u) =2,
When u is a node having no nomenclature,
qu, v) = q(v, u) =3
Both of those relationship functions are applicable to multiple branching. From two
relationship functions, the adjacency of TAG nodes A is defined as follows:
A=1 if g<2and r=gq,
A=1 if g=2and r=0,
A=0 if g=2and r#0,0r g<2and r#gq,
A=0 if g=3

The definition of the lobar node in the algorithm is slightly different from the ana-
tomical definition of the lobar bronchi. The bilateral lower lobe bronchi are very
short, and sometimes the superior segment bronchi of the lower lobe (B6) arise from
the right intermediate bronchus and left main bronchus. Therefore, instead of the
lower lobe bronchi, the basal bronchi are used in the algorithm. The reference tree is
indicated in Figure 4. There are 30 branches having anatomical names excluding two
lower lobe bronchi.

The node attribute vector « (u) of a tree is constructed by the position of a node,
denoted P, and the direction of the upward edge, denoted V,, The similarity measure
G is defined as follows:

c(au), a))=1-,0-V,V,))-B,IP,-P,l

o6(uv)=0, ,if o(uv)<o
where B, B,, and 6, (>0)are determined experimentally as 0.5, 0.1/cm, and 0.1, re-
spectively. In order to compare node positions in different trees, size normalization
and approximate registration are necessary. The practical methods are described in
the next section.

min”

3.3 Correction of Labeled Node

In the above algorithm, a descendent of a true segmental node is labeled as the seg-
mental node when its similarity is higher than that of the true segmental node. There-
fore, it is necessary to check whether there is a true segmental node in ascendants of a
labeled node. Since all descendents of a segmental node are not those of any other
segmental nodes, a sibling of a segmental node should have at least one different
segmental node in its descendents including itself. Therefore, if the sibling does not,
one of its ancestors should be the true segmental node. Thus, correction of a segmen-
tal node is performed by replacing the segmental node upwards until a sibling having
at least one segmental node is found. If the parent is labeled as a lobar node in spite of
the fact its sibling does not have any segmental node, the sibling and its descendents
are regarded as belonging to an unknown segmental node. If there are unknown seg-
mental nodes after checking all labeled segmental nodes, a nomenclature which has
the highest similarity of the unknown node is labeled.

Proximal branches beyond segmental nodes are relabeled using a relationship be-
tween lobes and segments as shown in Figure 1. For example, if a node is located
upstream of all unilateral segments, the node is assigned as the main bronchus. When
false branches are generated in a proximal branch, the above algorithm does not rec-
ognize all parts of the branch. However, by adding this step, all proximal branches are
obtained excluding the false branches.
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4 Experiments

Nine 3D-CT data sets of the human lungs were used for testing. Scanning occurred
with lung volume held near total lung capacity and with subjects lying in the supine
posture. The slice thickness was 1.25mm with 0.6mm spacing, and the pixel size
ranged from 0.58 mm to 0.72 mm. All subjects were studied under an approved Uni-
versity of Iowa IRB protocol. Segmentation and skeletonization of the airway was
performed by a method reported by Kiraly et al. [10] and Palagy et al. [11], respec-
tively. More than 190 branches were extracted for each case. In most cases, there
were several false branches in the proximal portion of the tree, which could be auto-
matically recognized as false branches. However, in some cases, there were several
clusters of numerous false branches in the peripheral lung regions distal to segmental
bronchi. These peripheral false branches were due to incorrect segmentation at the
periphery, and they could not be automatically recognized as false. Therefore, periph-
eral false branches were manually recognized and excluded from the evaluation. False
branches located at the proximal part were evaluated whether they were labeled cor-
rectly “false” or not. The gold standards for the bronchial nomenclatures were given
by careful observation of the CT images by one of the authors who was a pulmonolo-
gist expert at chest CT images.

An existing 3D mathematical model of the human airway tree [12] was slightly
modified and used as a reference tree. The branching pattern was designed to repre-
sent a standard airway tree [3], and bilateral sub-superior segmental bronchi were
added as shown in Figure 4. Since the maximum thoracic width of this model is fixed
at 30 cm [12], size normalization was performed according to the maximum thoracic
widths in CT images. The approximate registration was performed by matching the
carina point in a normalized object tree to that of the reference tree. Automated detec-
tion of the carina point was performed by finding the longest branch located at the
center of the thorax. Only branchnodes in an extracted airway tree were subjected to
the nomenclature-labeling algorithm, and terminal nodes were labeled later. The rea-
son is that the extracted branches extended peripherally to segmental bronchi.

Table 1 shows the number of extracted branches, labeled branches, and correctly
labeled branches for each subject. Almost all branches were accurately labeled except
for subject 3. Overall accuracy for nine cases was calculated as 95 %.

Table 1. Result of automatic labeling of the bronchial tree extracted from 3D-CT data

Subject 1 2 3 4 5 6 7 8 9 Total
Extracted
Branches 245 197 203 245 192 327 268 195 301 2,173
Labeled
branches 245 197 203 244 192 327 266 195 298 2,167

Correctly
Labeled 245 169 148 244 192 327 266 195 288 2,074
Accuracy

(%) 100 96 74 100 100 100 99 100 96 95

Figures 5, 6, and 7 show bronchial trees in subjects 1, 2, and 3, respectively. In
these figures, segmented bronchial regions and their skeletons are superimposed.
Each segmental bronchus and its descendents are distinguished by color. Proximal
branches beyond segmental bronchi are colored white. Incorrectly labeled branches
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are colored gray. In Figure 5, even though there were several false branches at proxi-
mal bronchi, the nomenclature was successfully performed with an accuracy of 100
%. False branches in the proximal bronchi are correctly labeled as false. The left sub-
superior bronchus (B*) was correctly labeled.

Fig. 5. Labeled bronchial tree in subject 1. Anterior view (left), right lateral view ( middle), and
left lateral view (left). All branches are correctly labeled including false branches

Fig. 6. Labeled bronchial tree in subject 2. Fig. 7. Labeled bronchial tree in subject 3.

There are two mislabeled sub-segmental bronchi ~ The right main and intermediate bronchi
are unlabeled. Half of right segmental
bronchi are mislabeled

There were several incorrectly labeled branches in subject 2. Mislabeling occurred
at the level of the sub-segmental bronchus as shown in Figure 6. Two sub-segmental
bronchi of the anterior segmental bronchi of the left lower lobe (B8) arose without
having a common trunk in this case. One sub-segmental bronchi were correctly la-
beled as BS§, but the other was labeled as the lateral segmental bronchi of the left
lower lobe (B9) as shown by an arrow in Figure 6. One of sub-segmental bronchus of
the apico-posterior segmental bronchus of the left upper lobe (B1+2) were mislabeled
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as the anterior segmental bronchus of the left upper lobe (B3), because the true B3
arose at the lower position than usual, the apical sub-segmental bronchi of B1+2 was
first labeled as B3 as shown by an arrow head. Causes of mislabeling in subjects 7
and 9 are due to lack of a common trunk of sub-segmental bronchi as left B8 in sub-
ject 2.

Subject 3 had a very rare variant branching pattern where the apical segmental
bronchi of the right upper lobe (B1) arose from the right main bronchus as shown in
Figure 7. Since the right upper lobe was much larger than usual, positions and direc-
tions of other branches were different from those in a usual airway tree. Therefore,
only half of the branches in the right lung were correctly labeled. The right main
bronchus and the intermediate bronchus were unlabeled, as colored gray in Figure 7,
because of inconsistency of the relationship between lobe and segments. This indi-
cated that the branching abnormality occurred at the level of the main bronchus.
There were two unlabeled branches in the left lung. The reason is that they were ter-
minal branches in the extracted tree although they were sub-segmental bronchi.

5 Discussion

The experimental results indicate that the proposed algorithm is useful for bronchial
nomenclature labeling up to the segmental level of the airway tree in human CT im-
ages with 95 % accuracy.

The lowest accuracy is seen in subject 3, where a very rare branching pattern was
observed. According to Yamashita [3], such a pattern did not occur in 170 specimens
studied. It is unlikely that automated methods for labeling nomenclature will be suc-
cessful in such cases, and manual correction by an expert will be required. The pro-
posed algorithm can alert the user when such unusual patterns are encountered by
labeling no nomenclatures to proximal bronchi.

Except subject 3, the accuracy of nomenclature was 98 %in average, which is con-
sidered satisfactory for practical application. The main cause of mislabeling was the
lack of a common trunk of sub-segmental bronchi. Although the mislabeled bronchi
in the left lower lobe in subject 2 was recognized as a sub-segmental bronchus of B8
by one of the authors, other experts may name it a sub-segmental bronchi of B9 or
B*. Branching patterns of bronchi at the sub-segmental level are more varied than at
the segmental level [3], and hence the difficulty of labeling of sub-segmental bronchi
is much higher. In order to solve this problem, the extension of the proposed algo-
rithm to the level of sub-segmental level will be useful.

There are three parameters in the weighted TAG that determine the similarity be-
tween the reference tree node and an object tree node. Although fixed values were
used in the experiment, optimal values should be investigated as the number of clini-
cal cases increase. Accuracy of the nomenclature labeling is also influenced by gener-
ality of a reference tree. We used a model-derived tree [12] as a reference in the ex-
periment. The model-derived tree consists of the most common branching pattern in
respective lobes and contains accessory segmental bronchi, which will rarely be found
in real cases. Refinement of the reference tree is expected by statistically analyzing
morphometric data of the airway trees in 3D CT images as we continue to study addi-
tional subjects.

Mori et al. proposed a knowledge-based labeling method of the airway tree. No-
menclature labeling in their method is executed in the direction of the periphery from
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the trachea with the depth first search [1]. However, as they discussed in their paper,
the depth first search propagates proximal mislabeling into the periphery. Searching
for a global solution, as in our algorithm, may be more suitable for bronchial nomen-
clature labeling. Krass et al. reported that they performed automated bronchial label-
ing based on graph theory[13], but details of the algorithm was not described in their
paper.

Automated nomenclature labeling of the airway tree in 3D-CT images is a prom-
ising technique for both clinical and fundamental imaging investigation. One can
easily begin to recognize branching patterns and to catalogue the spatial distribution
of the airway tree. Although it is difficult to obtain precise segmentation of peripheral
small airways, it is possible to label pulmonary arteries adjacent to labeled airways
and to track more peripheral branches of pulmonary arteries. Arterial labels can likely
be transferred to their adjacent airways. These processes will provide better under-
standing of segmental anatomy of the lung.

6 Conclusion

We have proposed a bronchial nomenclature labeling algorithm that is robust to vari-
ous branching patterns and false branches that arise during image segmentation and
skeletonization. The results show very accurate labeling for more than 200 branches.
This technique will be useful for both of clinical and fundamental imaging investiga-
tions of the lung.
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