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Abstract. In this paper, an airway labeling algorithm that allows for
gaps between the labeled branches is introduced. A bottom-up approach
for arriving to an optimal set of branches and their associated labels
is used in the proposed method. A K nearest neighbor based appear-
ance model is used to differentiate the different anatomical branches.
The proposed method was applied on 33 computed tomography scans
of different subjects, where an average of 24 anatomical branches were
correctly detected out of a total of 29 anatomical branches. Additionally
the proposed method was also evaluated on trees with simulated errors,
such as missing branches and having falsely detected branches, where we
showed that such errors have little or no effect on the proposed method.

1 Introduction

Airway labeling is the task of assigning anatomical labels to a given airway
tree. These anatomical labels correspond to the branches in, roughly, the first
six generations of the human airway tree, where similar topology is observed
across subjects [1]. Airway labeling algorithms have been commonly used in
virtual bronchoscopy to aid navigation, as well as in the segmentation of the
lobes and pulmonary segments, as shown in [2]. Another important usage of
airway labeling algorithm is in quantification of airways, where airway labeling
algorithms are used to match airway trees from different subjects, thus making it
possible to directly compare measurements obtained from the airway branches,
e.g. dimensions of lumen and wall.

Despite the importance of airway labeling, relatively little work has been
done in this area as compared to airway segmentation. Tschirren et al. [1] uses
manually labeled trees for constructing the relationship between the labels, and
assumes that the geometrical features of the different anatomical branches are
independent Gaussian distributions. The geometrical features used for describ-
ing the different anatomical branches include segment length, spatial orientation,
distance between parent and child branches, and angle difference between branch
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segment. Labels are assigned by finding the maximum clique in a weighted as-
sociation graph based approach that is constructed based on the learned normal
distributions. Van Ginneken et al. [3] uses a similar normal distribution based
model as in [1], but proposed to iteratively look for the most probable branches
with a labeled parent. Mori et al. [4] proposed to label airway branches by com-
paring orientation of their children to the ones in the training set, where the
labels assigned are the ones with the children that give the best matching.

In this paper, we propose an airway labeling algorithm that allows for “gaps”
or unlabeled branches between the labeled branches. One of the advantage of
allowing gaps is that it enables anatomic variations to be handled naturally, with-
out the need for intermediate labels that may differ between subjects. Besides
natural variations, the problem of extra generations or intermediate branches
caused by falsely detected branches (false positives) from segmentation algo-
rithms can also be solved by simply treating them as gaps.

Because of the natural anatomical variations in the topology of the airway
trees between different subjects, it is quite logical that the underlying distribu-
tion of the geometrical features of the anatomical branches should be multimodal
as well, such that features from a particular type of variation should cluster to-
gether. For this reason, a K nearest neighbor (KNN) model is used to model the
geometrical characteristic of the anatomical branches for the proposed method,
in contrast to e.g. a Gaussian based model [1] that assumes a single mode dis-
tribution.

The proposed method also features a searching scheme that goes through all
combination of possible solutions before arriving to the final best solution, thus
making it unlikely to be trapped in a local minima in the solution space. It may
seem as if the idea of going through all combinations can be very complicated
and impractical to compute. However, because of the various constraints and
certain properties unique to the problem, it is possible to subdivide the problem
into multiple small sub-problems, where the solution can be obtained efficiently
via a bottom-up approach.

This paper is organized as follows: We start by explaining the methodology
of the proposed airway labeling algorithm in Section 2, where details of the KNN
based appearance model and the bottom-up labeling scheme is described. Exper-
iment results based on manually assigned labels from 33 CT scans from different
subjects are presented in Section 3. The paper finally ends with discussion and
conclusions in Section 4.

2 Methodology

The proposed method assumes that segmented airway trees from both the tar-
get scan and the training set scans are provided, with the individual branches
extracted for each of the airway trees. Information about the centerline and ra-
dius are available for each of the branches, as well as anatomical labels for the
branches in the training set. With these data available, the proposed method
starts by constructing models of the anatomical branches that we would like
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Fig. 1. (a) Block diagram of the labeling process. (b) Renderings of the reference
standard for a particular tree, with the labels assigned shown in different colors, and
unassigned branches shown in translucent white. (c) Renderings of the result from the
proposed method on the untampered tree. (d) Rendering of the result with an added
falsely detected branch, highlighted with dashed outline. (e) Rendering of the result
with the children of an intermediate branch removed, with the region where branches
are removed highlighted in the circle.

to label from the training set. An iterative labeling scheme, which consists of a
bottom-up searching procedure and a branch position correction procedure at
each iteration, is used to assign labels to the most plausible branches according
to the constructed models. The iterative labeling scheme stops once the labeled
branches in the current iteration are the same as the ones in the previous itera-
tion. Figure 1(a) presents a block diagram of the proposed method.

We define L = {l1, l2, ..., ln} as the set containing all the anatomical la-
bels that we are interested in. We represent a tree in the form of a set B =
{b1, b2, ..., bm}, where the elements bi are the individual branches of the seg-
mented tree.

As mentioned earlier in the introduction, a unique approach of this work is
that there is no need for a parent and child relationship between the labeled
branches. In order to indicate a certain sequence or relationship between the
labeled branches, the terms “precede” and “succeed” will be used in the following
text instead. To give an example of the new terminology, when we say that a
labeled branch b1 is preceded by a labeled branch b2, we mean that b1 is a
descendant of b2 and that the nearest ancestor of b1 with a label assigned is b2.
The same concept also applies to “succeed”.
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2.1 KNN based appearance models for the anatomical branches

The proposed KNN based appearance model is based on the mean distances
of K nearest neighbors. An advantage of the KNN distance measure is that it
accounts for clusters in features space, thus as long as a point in feature space
is near to a cluster, the distance measure will be relatively small. This is in
contrast to, for example, taking the distance the from the mean of all samples in
feature space, where there is a possibility that the mean could in actual be far
away from the individual clusters, causing the distance measure to not reflect
the actual distribution of the data.

In order to take into account the distribution of the data in feature space, the
Mahalanobis distance is used as a distance measure for the KNN distance. Given
Φ as the covariance the samples from the training set, we define the probability
for a feature vector x to belong to this particular distribution as

P (x) = exp

(
− 1

K|x|
K∑
i=1

(D (x,qi;Φ))
2

)
, (1)

where (D(x,qi;Φ))
2 = (x− qi)

T (Φ)−1(x− qi) is the Mahalanobis distance, q1,
q2, ..., qK are the K nearest neighbors of x from the training samples based on
D(., .;Φ), and |.| denotes the cardinality of a given set.

Two appearance models using the KNN based model are constructed to de-
cide which of the different anatomical labels in L a given branch is more similar
to. The two models consist of a local appearance model that describes the ap-
pearance with respect to the whole tree, and a relative appearance model that
describes the difference in appearance between branches from labels that precede
each other.

Prior to the construction of the appearance model, the scans in the train-
ing set are first rigidly registered to the target scan to establish a standard
frame of reference for all the scans. The transformation, from the rigid regis-
tration, is then applied to the segmented airway trees associated to each of the
registered scans in the training set. For a scan j in the training set, we define
Bj = {bj,1, bj,2, ..., bj,mj

} as the tree for scan j after transformation is applied,
where bj,i, with i = 1, 2, ...,mj , is a branches in B. For convenience, from here
on we will refer to a branch in Bj with the anatomical label l ∈ L as bj,l.

After completing the registration process, we can now compute the following
features from any given branch b in a segmented airway tree:

– The starting point, x(b) ∈ �3, of the centerline of b,
– the distance, dl(b), between the starting point of b to the starting point of

the root of the tree measured along the centerlines,
– a unit vector, v(b) ∈ �3, representing orientation of branch b,
– assuming an elliptical profile at the cross-section (perpendicular to the cen-

terline) of a branch, the average radius of a branch is stored in the form of
a vector, r(b) ∈ �2, which contains the average radii measured along the
major and minor axis of b.
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The first appearance model is the local appearance model, that describes the
features of an anatomical label by looking only at the features computed from
branches in the training set belonging to this label, with respect to the root of
their respective tree. Given broot as the root of the tree, the following features
are used to describe the local appearance of a branch b:

– Starting coordinates with respect to the root, xa(b, broot) = x(broot)− x(b),
– Euclidean distance and the distance measured along the centerlines with

respect to the root, da(b, broot) = [‖xa(b, broot)‖2 (dl(b)− dl(broot))],
– orientation v(b),
– average radius measured at the major and minor axis r(b).

The computed features are then stored in the form of a feature vector f(b, broot) =
[xa(b, broot) da(b, broot) v(b) r(b)]

T . The covariance, Φl, associated with label l is
computed from the feature vector of the branches belonging to l in the training
set, with the assumption that xa, da, v and r are independent of each other.
Given a new feature vector g obtained from some branch in a tree and following
(1), the probability of the new feature belonging to label l is computed as follows:

Plocal(l|g) = exp

(
− 1

K|g|
K∑
i=1

(D (g, fi;Φl))
2

)
, (2)

where f1, f2, ..., fK are the K nearest neighbors of g from the feature vectors
collected from the training set.

The second appearance model is the relative appearance model that describes
the difference in the features between branches from two labels that precedes
each other. Features for the relative appearance model are computed based on a
current labeled branch bc and its preceding labeled branch bp, and is as follows:

– Difference in distance from root, dr(bc, bp) = [‖x(bp) − x(bc)‖2 (dl(bc) −
dl(bp))],

– difference in orientation, vr(bc, bp) = v(bp)− v(bc),
– difference in radius, rr(bc, bp) = r(bp)− r(bc).

The computed features are then stored in the form of a feature vector f ′(bc, bp) =
[dr(bc, bp) vr(bc, bp) rr(bc, bp)]

T . Similar to the local appearance model, the co-
variance, Flc,lp , for branches belonging to lc that precede by branches belonging
to lp is constructed from the training set by assuming independence between
dr, vr and rr. given a new feature vector g′ computed from two branches that
precedes each other, the probability of the new feature belonging to label lc with
a preceding label lp can be computed as:

Prel(lc|lp,g′) = exp

(
− 1

K|g′|
K∑
i=1

(
(
D

(
g′, f ′i ;Φlc,lp

))
)2

)
, (3)

where f ′1, f
′
2, ..., f

′
K are the K nearest neighbors from the training set.
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2.2 A bottom-up searching scheme

Given a branch with a known label, the aim of the searching scheme is to obtain
a combination of branches and labels among the descendants of the given branch
that results in the best overall confidence according to the appearance models,
subjected to the following constraints: (1) The succession and precedence among
the branches with labels assigned must exists in the training data; (2) A label
can only be assigned to a single branch and vice versa; (3) Labels assigned to
branches at the “leaf” level, or labeled branches that are not succeeded by any
other labeled branches, cannot be removed if the confidence is sufficiently high.
The overall confidence is defined as the average confidence of all the assigned
labels.

We use the notation (b, l) to represent the notion of assigning a label l ∈ L
to a branch b ∈ B, which we refer to as a “branch label pair”. To indicate that
a branch label pair (bc, lc) is succeeded by another branch label pair (bp, lp), we
use the notation (bc, lc, bp, lp), which we refer to as “branch relationship pair”.
Based on the constructed models given in (2) and (3), we define the confidence
for a given branch relationship pair (bc, lc, bp, lp) as

conf(bc, lc, bp, lp) = Plocal(lc|f(bc, broot)) + Prel(lc|lp, f ′(bc, bp)) (4)

where broot is the root branch of the current tree.
Rephrasing the overall problem, the aim of the searching scheme is to find a

set of branch relationship pairs from all possible combinations, subjected to the
constraints mentioned earlier, which results in the highest average confidence.
More generally, provided with a branch relationship pair ηc,p = (bc, lc, bp, lp), we
can define the optimal set of branch relationship pairs, W(ηc,p) for the subtree
of (bc, lc) as

argmax*

W(ηc,p)⊂Hc,p

⎛
⎝ 1

|W(ηc,p)|
∑

ηx,y∈W(ηc,p)

conf(ηx,y)

⎞
⎠ , (5)

where Hc,p is the set containing all valid combinations of branch relationship
pairs within the subtree of (bc, lc) and argmax*(.) is an argument of the max-
imum that takes into account of the constraints mentioned in the beginning of
this section. Additionally, the overall confidence of the subtree for ηc,p can be
defined as

c(ηc,p) =
1

|W(ηc,p)|+ 1

⎛
⎝conf(ηc,p) +

∑
ηx,y∈W(ηc,p)

conf(ηx,y)

⎞
⎠ . (6)

Let N(ηc,p) be a set of branch relationship pairs in W(ηc,p) that directly
succeed ηc,p. It is quite obvious that N(ηc,p) can be solved as follows:

argmax*

N(ηc,p)⊆hc,p

⎛
⎝ ∑

ηx,c∈N(ηc,p)

c(ηx,c)

⎞
⎠ , (7)
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where hc,p is the set containing all possible branch relationship pairs that suc-
ceeds ηc,p. Subsequently, (6) can now be rewritten into

c(ηc,p) =
1

|W(ηc,p)|+ 1

⎛
⎝conf(ηc,p) +

∑
ηx,c∈N(ηc,p)

(|W(ηx,c)|+ 1)c(ηx,c)

⎞
⎠ , (8)

and (5) into

W(ηc,p) =
⋃

ηx,c∈N(ηc,p)

W(ηx,c). (9)

What the series of equations in (7), (8) and (9) showed is that W(ηc,p) can
actually be solved in a recursive manner, where each iteration only involves the
current branch relationship pair, ηc,p, being evaluated and all combination of
succeeding branch relationship pair hc,p.

Additionally, since W is no longer needed for computing the confidence as
in (6), branch label pairs can also be stored instead of branch relationship pairs,
which is a simpler data structure that also reflects on how a tree is labeled.

In the following, we will describe the algorithm to perform the search and
show in details how (7) is solved. The searching scheme consists of two algo-
rithms, a first algorithm that generates all possible valid combination of branch
relationship pairs and a second algorithm that uses a bottom-up approach to
obtain the optimal set of branch label pairs.

Generation of all possible valid combination Given an initial branch rela-
tionship pair (binit, linit, 0, 0), the algorithm starts by generating all valid (that
existed in the training set) branch relationship pairs that directly succeed it. The
same process is then repeated for all the generated branch relationship pairs and
continues until no more valid branch relationship pairs can be generated. To keep
the number of combination to a manageable size, we limit the distance between
succeeding branch label pairs to no more than Dsearch generation apart. The
initial and generated branch relationship pairs are all stored in the form of a set
S, which is to be used in the next part of the searching scheme.

Bottom-up approach for obtaining the optimal set of branch label
pairs The aim of this algorithm is to solve (7), and compute (8) and (9). The
algorithm starts by processing the branch relationship pairs in S that are in the
leaf level, where c in (8) and W in (9) can be computed directly without the
need to solve (7). When computing branch relationship pairs at leaf level, a value
of negative one is assigned to c if their confidence is lower than Tc to indicate
rejection.

In the next iteration, the algorithm moves on to the branch relationship pairs
that precede the previously processed branch relationship pairs. During this iter-
ation, if a branch relationship pair is still at the leaf level because all succeeding
branch relationship pairs are rejected, the same treatment as mentioned above
is applied. For the branch relationship pair that is no longer at leaf level, we
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now need to solve (7). Let (bc, lc, bp, lp) be the current branch relationship that
is being evaluated, (7) can be solved by iteratively selecting a succeeding branch
relationship pair (bm, lm, bc, lc) with the highest c that also fulfills the following
criteria:

– bm and lm are not in any of the branches from the selected branch relation-
ship pairs and their associated W,

– bm is neither a descendant nor an ancestor of the branches from the selected
branch relationship pairs.

This selection process ends once no more branch relationship pair can be se-
lected. Additionally, to ensure a sufficient number of branch relationship pairs
are selected, the labels of the selected branches and their associated W are com-
pared to a set Lfreq, which contains labels that frequently (>50% occurence
in the training set) succeeds lc. If the set of selected branch relationship pairs
and their associated W do not contain all the labels in Lfreq, then the selection
process is repeated on permutations of the current selected branch relationship
pairs being marked for exclusion. If the branch relationship pairs that contains
all labels in Lfreq still cannot be found, then all the selected branch relation-
ship pairs will be marked, and whole process is repeated again on the remaining
unmarked branch relationship pairs. The process is repeated until an optimal
set of branch relationship pairs containing all the labels in Lfreq are found, or
if all succeeding branch relationship pairs are marked, the results from the first
selection process will be used.

The algorithm iterates through all the branch relations pairs in S until it
reaches the initial branch parent pair (binit, linit, 0, 0), where the solution for the
optimal set of branch label pairs is then W(binit, linit, 0, 0).

2.3 Branch position correction

A problem with the bottom-up searching scheme is that the branch selected for a
particular anatomical label may not be the root of the actual anatomical branch.
Therefore there is a need for a correction process to move the labeled branch as
near as possible to the preceding labeled branch.

GivenW as a set of branch label pair for a tree, the branch position correction
procedure starts by processing the branch label pair belonging to the trachea,
and then move on to its children until the leaf branch label pairs are reached.
Let (b, l) ∈ W be the branch label pair that is currently being processed. The
processing for (b, l) will be skipped if it only has a single succeeding branch label
pair. If it has more than one branch label pair, then for each succeeding branch
label pair, (bi, li), we allow it to keep moving up the generation as long as the
following conditions are fulfilled:

– conf(b−i , li, b, l) ≥ Tc only if (bi, li) is at the leaf level,
– b−i is not an ancestor nor a descendant of the other succeeding branches,
– (b−i , lw) /∈ W, ∀lw ∈ L,
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where b−i is a parent branch that it is moving to. If a move is allowed, bi will be
updated with the new branch that it moved to in W. Subsequently, all descen-
dants of bi in W will be removed from W.

Once all the branch label pairs in W are processed, the searching procedure
is repeated again using the branch label pairs in W at the leaf level as the initial
set of branch label pairs.

2.4 Detection of trachea and main bronchi

The bottom-up searching scheme described above requires a starting branch with
a known label. In this work, both the left and right main bronchi are used as
starting branches for the searching scheme.

The process for obtaining the left and right main bronchi starts by identify-
ing Ntrac candidate branches with the highest probability for belonging to the
trachea, according to (2), where each branch is a broot itself. For each of the
trachea candidates, two branches with the highest confidence according to (4)
are selected, subject to the constraints that they are neither ancestors nor de-
scendants of each other. Let btrac be the candidate branch for the trachea, blmb

and brmb be the selected branch for the left and right main bronchi respectively,
we define the overall confidence score of these three branches as

q(btrac, blmb, brmb) =2Plocal(btrac, T rac)

+ conf(blmb, LMB, btrac, T rac)

+ conf(brmb, RMB, btrac, T rac).

The candidate branch, along with its associated left and right main bronchi with
the highest q is selected. The final left and right main bronchi is obtained after
applying the branch position correction algorithm on those from the selected
candidate trachea, with Tc set to zero.

3 Experiment and Results

A total of 33 clinical computed tomography (CT) scans of different subjects from
a clinical trial were used in this work. The in plane resolution of the scans range
from 0.6 to 1 mm, with the slice thickness ranging from 0.5 to 1 mm. A total
of 29 anatomical airway branches up till the segmental level (Trachea, LMB,
RMB, LLIB, LLLB, LSUB, LULB, RILB, RLLB, RMLB, RULB, LB1+2, LB3,
LB4, LB5, LB6, LB7+8, LB9, LB10, RB1, RB2, RB3, RB4, RB5, RB6, RB7,
RB8, RB9, RB10) were manually identified in the scans by two experienced chest
radiologists.

Segmentation of the airway trees in the scans were obtained using the method
presented in [5, 6], which combines a voxel classification based appearance model
and similarity between orientations of the airways with nearby vessels. For split-
ting a segmented airway tree into its individual branches and also obtaining the
centerlines, a fast marching based algorithm that detects bifurcation as splitting
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fronts as presented in [7] is used. The lumen (defined by the segmented airway
tree) radii measured along the major and minor axis were obtained for each
point by applying principal component analysis on the segmented region that
lies within a plane perpendicular to the centerline.

It should be noted that, our experiments were conducted only on the branches
extracted by the segmentation algorithm. Branches that were identified by the
radiologists but were not in the segmentation were excluded from the experi-
ments. Because of the way anatomical labels for airway branches are defined, it
is possible for multiple branches in a tree to share the same label. For such cases,
only the label of first encountered branch is retained, with the rest treated as
gaps.

Two fold cross validation was used for evaluating the performance of the
proposed method, where the scans were divided into group A and group B that
consist of 16 and 17 scans respectively. The scans from group A is then used as
training set, with scans from group B as testing set in the first fold, and vice
versa in the second fold.

3.1 Parameters and settings

The elastix [8] registration package was used to performed the rigid registra-
tion, where the registration was applied with Gaussian image pyramid (without
down sampling) and a mutual information based cost function4. Additionally,
to save computation time, the scans were also down sampled to 1.5 × 1.5 × 1.5
mm prior to registration.

Three sets of appearance models, including both local and relative appear-
ance model, were constructed in this work. The first set, containing the trachea,
left and right main bronchi, was constructed using the trachea as root. This set
of models was used for obtaining the branches belonging to the trachea, and the
left and right main bronchi, as described in Section 2.4. The second and third set
were constructed using the left and right main bronchi as root respectively, and
contains only anatomical labels that come after the left and right main bronchi
respectively. Both sets were used to obtain the labels of the subtrees of the left
and right main bronchi respectively, as described in Section 2.2. A value ofK = 4
was used to compute both Plocal and Prel in (2) and (3). When computing the
covariances of the appearance models, the eigenvalues of the covariance matrix
were capped to a minimum value of 0.01% of the mean.

For extracting the trachea, left and right main bronchi, the number of tra-
chea candidates, Ntrac, was set to 20. In the bottom-up searching scheme, the
maximum distance between a labeled branch and its preceding labeled branch,
Dsearch, was set to 5. The threshold for the minimum confidence an end branch
can have, Tc, was determined automatically by performing leave-one-out exper-
iment on the training set, where the threshold that assigns the most number of
labels correctly was selected.

4 Parameters settings are available at
http://elastix.bigr.nl/wiki/images/1/1a/Par0003.affine.txt
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3.2 Results

Two evaluation measures were used to evaluate the performance measures of
the proposed method, which are true positive rate (TPR) and precision. TPR is
defined as the number of labels assigned correctly divided by the total number
of labels in the reference. Precision is defined as the number of labels assigned
correctly over the total number of labels assigned. Due to the nature of the
reference and the method, which contains gaps between labeled branches, a label
is said to be correctly assigned if it is assigned to either the same branch as in
the reference or to one of the branches in the “gaps” between the actual labeled
branch and its succeeding labeled branches in the reference.

Average TPR and precision of the proposed method in the two fold cross
validation experiments is 0.83 and 0.87 respectively. If we only limit the evalu-
ation to the labels at the segmental level, we have an average TPR of 0.77 and
an average precision of 0.83.

To study the effects of falsely detected and missing branches on the proposed
method, a series of experiments were conducted on a randomly selected scan
from the 33 scans, with the remaining 32 scans served as training set. The
rendering of the reference standard for the selected scan is shown in Figure 1(b).
From the segmented airway tree of the selected scan, we generated 8 tampered
trees with a fake branch added to one of the anatomical branches in each tree
to simulate a falsely detected branch. The fake branch added is a cylinder of
20 mm in length, departing at a random angle no more than 100 degree from
the originating branch and with a radius that is determined randomly according
to the radius of the originating branch. To simulate missing branches, another
8 tampered trees were generated by removing the children of an intermediate
branch in each tree. Without tampering, both the TPR and precision of the of
proposed method for the selected scan is 1, with all 29 labels assigned correctly,
as shown in Figure 1(c). The average TPR and precision remain the same for
the cases where a fake branch is added. For the case with children of a branch
removed, the average TPR remain unchanged, however we do observe a slight
drop in average precision, which is 0.99 and 0.98 for all branches and branches
at the segmental level respectively. Figure 1(d) and 1(e) show renderings of the
results of a case from each of the two types of tampered trees.

4 Discussion and Conclusions

Promising results were obtained from the proposed method, with an average
TPR of 0.83 in the two fold cross validation, which amounts to an average of 24
out of 29 branches being detected. Although a lower TPR of 0.77 was observed
for branches at the segmental level, it is still an average of 14 branches detected
out of a total of 18 branches. The overall precision of the proposed method is
0.87, which is at most 5 out of 29 branches labeled wrongly on average.

The experiments were performed using a 2.67 GHz PC. It took between 1
to 2 minutes to register a scan in training set to the target scan. After the
registration, the whole labeling process took no more than 15 seconds per scan.
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Although it was only tested on the segmented tree from a single scan, it seems
that fake branches have no effect on the results of the proposed method, which
is as expected. Additionally, removal of children of a branch has also very little
effect on results the proposed method, with the main error lying in the proposed
method assigning one or two extra labels that are wrong in a few cases.

The overall TPR and precision presented here seems lower than other works [4,
1, 3]. However, it should be noted that we only have 29 labels in total, which is
less than those used in other works, where the number can go up to more than
40 labels, with most of the extra labels belonging to the intermediate branches.

To summarize, we proposed an airway labeling algorithm that has the fol-
lowing features: (1) Allow gaps between labeled branches to better handle topo-
logical variations; (2) A KNN based appearance model to take into account a
clustered feature space distribution; (3) A bottom-up searching scheme that re-
sults in a globally optimal solution, with decisions made at a subtree level and
rejection occurring only at the leaf level. The proposed method was evaluated
on 33 CT scans from different subjects and on segmented trees with simulated
errors with promising results.
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