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Abstract

Central-chest lymph nodes play a vital role in lung-cancer staging. The definition of lymph nodes
from three-dimensional (3D) multidetector computed-tomography (MDCT) images, however,
remains an open problem. We propose two methods for computer-based segmentation of the
central-chest lymph nodes from a 3D MDCT scan: the single-section live wire and the single-click
live wire. For the single-section live wire, the user first applies the standard live wire to a single
two-dimensional (2D) section after which automated analysis completes the segmentation process.
The single-click live wire is similar but is almost completely automatic. Ground-truth studies
involving human 3D MDCT scans demonstrate the robustness, efficiency, and intra-observer and
inter-observer reproducibility of the methods.
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1 Introduction

The central-chest lymph nodes play a vital role in lung-cancer staging [1-3]. The standard
lymph-node staging procedure involves identification of suspect lymph nodes in a chest CT
scan followed by bronchoscopic nodal sampling. Modern MDCT scanners provide detailed
high-resolution 3D images of the anatomy [4, 5]. Even though MDCT has become a
standard tool for lung-cancer staging, partial-volume effects and limited dynamic range in
discriminating different soft tissues make it difficult to define soft-tissue structures in a 3D
MDCT image. In particular, the definition of lymph nodes proves especially difficult,
because lymph nodes vary greatly in size, shape, and gray-scale consistency. They also often
have undiscernible boundaries with surrounding soft-tissue structures such as airways and
vessels (Figure 1). We propose two methods for computer-based segmentation of the
central-chest lymph nodes in a 3D MDCT scan.

Regarding past efforts at devising computer-based methods for defining lymph nodes in CT
chest images, Vining et al. relied on manual image “painting” of individual 2D MDCT
sections to define 3D lymph nodes, as did McAdams et al. [6,7]. Honea et al. proposed 2D
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and 3D methods for lymph-node segmentation based on active contour models, but they
only evaluated their methods on synthetic images and did not consider realistic situations [8,
9]. Yan et al. presented an edge-based matching method, but gave no evaluation results [10].
Kiraly et al. presented a method for labeling preidentified and presegmented central-chest
lymph nodes, but did not offer a segmentation method [11]. Feuerstein et al. proposed an
automatic method for detecting candidate lymph nodes, but did not put forth a follow-on
method for segmenting the detected candidates [12]. Finally, researchers have considered
lymph-node segmentation in other domains, such as the abdomen, pelvis, and neck, but it is
unclear if these methods could be applicable to the chest and 3D MDCT and they again
sometimes require human interaction [13, 14]. Thus, central-chest lymph-node segmentation
from 3D MDCT images remains an open problem.

Our two methods are motivated by the general paradigm of active contour analysis and draw
upon the recently proposed notion referred to as the live wire [15-19]. For the first method,
referred to as the single-section live wire, the user first applies the standard 2D live wire to a
single 2D section of a given 3D MDCT image, after which automated analysis completes the
segmentation process. The second method, referred to as the single-click live wire, is very
similar to the single-section method but is almost completely automatic. The methods
constitute part of a general Lymph-Node Station Mapper System (LNSM) we have been
devising for nodal station analysis and procedure planning [20-22]. The methods have also
been used extensively in our efforts for the planning and follow-on guidance of lung-cancer
assessment procedures [23-25]. Section 2 describes the methods in detail, Section 3 presents
experimental results, and Section 4 offers concluding remarks.

2 METHODS

Given an input 3D MDCT image I, the goal is to arrive at a 3D segmentation B of a lymph
node of interest. For both the single-section and single-click live-wire methods, the user
provides some form of initialization information on a selected 2D reference section I..
Automated analysis then completes the segmentation of B on the remaining 2D sections of |
(i<randi>r).

2.1 Overview of the 2D Live Wire

Before proceeding, we first overview the live wire, which is central to both methods. The
live wire has become well established as a robust rapid means for defining accurate
boundaries of arbitrary regions [15-19]. A user interactively guides the boundary-definition
process by moving the computer mouse along a region's boundary, while a free-running
automatic background process (the “live wire”) computes a suggested boundary. In this way,
not only can a boundary be rapidly computed, but the user can guide the process over
problematic portions exhibiting weak or uncertain boundaries.

The live wire casts the boundary-detection problem as an optimal graph search via local
active contour analysis. To begin the process on 2D section I, the user selects a starting seed
pixel s; roughly situated on the desired boundary B, and then hovers the mouse over a
succeeding candidate seed s, (Figure 2). The live wire then employs Dijkstra's graph-search
algorithm and the cost function

L(p,q) =wifo (@) +w, [, (@) +wa, [, (P, @) +w,, [, (P.q) )

to interactively suggest a locally optimal path between all 8-connected pairs of pixels (p, Q)
between s and s, and contained within a prespecified working area [15,16,18,26]. If the
user is satisfied with the suggested path, he/she clicks on s, to keep this result and then
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moves the mouse to the next candidate seed s3. This process continues until the desired
closed boundary contour B,, having aggregate cost

c= > 1(p.g,
(p.q)EB, (2)

is defined, where (2) accumulates the costs I(p, q) of all successive connected pairs (p, q)
along the complete boundary By. In (1), I(p, q) defines the local cost between pixel pair (p,
q), f2(0), fs(q), fol(p, 9), and fp2(p, q) are cost components depending on image gradient
and gradient-direction features, and wg, Wz, Wp; and wp, are user-specified weights. Please
refer to [18] for complete detail on the 2D live-wire algorithm and cost function (1).

A fundamental assumption made by both of our 3D segmentation methods is that the
boundary of B changes little between successive 2D sections of I; i.e.,

B; ~ Biyy 3)

where B;j C I; and Bj+1 C lj4+1. Relation (3) is a reasonable assumption for MDCT-based
chest image analysis, since target lymph nodes typically have dimensions > 10 mm (e.g.,
Figure 1), while the 3D MDCT chest images we consider have 2D section spacing Az = 0.5
mm and transverse-plane sampling intervals Ax = Ay < 1.0 mm (Section 3). Sections 2.2 and
2.3 describe our proposed methods, and Section 2.4 discusses miscellaneous issues.

2.2 Single-Section Live Wire

Figure 3 schematically illustrates the flow of the single-section live-wire method. Basically,
the user first selects a suitable reference 2D section I, C I and then defines B, the lymph
node's boundary on Iy, using the standard 2D live wire. Next, initialized by the results for I,
automatic analysis completes the 3D segmentation of lymph node B for the remaining 2D
sections of 1. Per Figure 3 and the example of Figure 4, the complete method is the
following:

1. User Interaction:

€)] The user interactively scrolls through 2D sections of | in the vicinity of
lymph node B and selects a section I, approximately central to B's
volume.

(b)  The user draws a rectangular working area, which loosely bounds B,
and then runs the interactive 2D live-wire process on I, to define 2D
reference boundary B, (Figure 4ab).

2. Automatic Analysis:
€)] Begin processing sections I;, i > r, by letting i =r + 1.

(b) Project the reference boundary B, onto I;. Create the list

L= {Phpz-'“ ’pNB'} (4)

consisting of the pixels pj € B, ordered sequentially, where Ng, denotes
the number of pixels constituting B;.
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(©) Initialize the intermediate boundary cost . for B; to a large value, where
B; denotes B's 2D boundary on I;. Also, in preparation for the automatic
live-wire process of step (d), form an initial seed set S; for B; by

selecting M evenly spaced pixels p; € L to serve as the seeds; i.e.,

Si={s1,52,-+, 5} (5)

where each seed s; is given by

j—1)-N,
(]—B")H j=1,--- M,
M

sj=pl, where l=int(

(6)

int(-) returns the integer part of its argument, and M < Ng,. In addition,
compute a working area by determining the minimum bounding
rectangle about B, and expanding this rectangle by W pixels in all
directions (Figure 4c).

(d) Using S; and the working area (e.g., Figure 4b), apply the 2D live wire
automatically to sequentially connect seeds in S; using the same order
(clockwise or counter-clockwise) as for By. This gives candidate
boundary B; with cost c; per (1-2).

€ I

| ¢ —¢i] <c /100 %)

(i.e., the cost has converged), stop the process. Otherwise, replace seeds
in S; with pixels € Bj that are midway between each successive pair of

seeds (sj, Sj+1) In S;, let ¢ =¢,, and repeat steps (d)—(e).

()] Unless a stopping condition is met (e.g., Figure 4d; see below), proceed
to the next section by letting i =i + 1, B, = B, and returning to step (b).

(9 Perform automatic analysis similar to steps (a)—(f) for 2D sections I;, i
<, but proceed in the opposite direction; i.e., leti=r — 1, etc.

The final output B consists of all computed 2D contours B;.

For our ongoing lung-cancer assessment research (and the results in Section 3), we have
used 3D regional nodal stations automatically computed by the LNSM to help cue the user
interaction tasks of step 1 (Figure 5) [20, 22]. These stations abide by the anatomical
definitions of the international standard TNM lung-cancer staging system (T = tumor; N =
lymph node; M = distant metastases) [1, 3]. In particular, to select the reference section I, in
step 1(a), the LNSM focuses the user's attention to a 3D subvolume of | corresponding to a
particular station, as shown in Figure 5. In addition, after the user decides on I, the LNSM
automatically provides the requisite rectangular working area for step 1(b). If a facility such
as the LNSM is not available, however, interactive graphical functions can easily be devised
for selecting I, and defining working areas [27].

Step 2 involves automatic iterative 3D live-wire analysis. For step 2(b), computation of a
new boundary B; begins with a seed set derived from pixels on the projected Bj—;. This is in
line with (3), whereby the boundary of B is assumed to change little from one section to the
next. Nevertheless, during the automatic iterative live-wire process of steps 2(d—e), if an
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early iteration of boundary B; has inconsistencies, the live wire's optimal search strategy
coupled with the iterative adjustment of seed set S (step 2(e)) generally enables convergence
of B; to a satisfactory contour.

The automatic live wire of step 2(d) performs the bulk of the computation in arriving at a
boundary B; for section I;. For this operation, we use a slightly modified version of the
automatic graph search algorithm given explicitly in the 2D/3D live-wire work of [18]. In
particular, the automatic live wire involves the following:

1. Foreach pair of consecutive seeds (Sj, Sj+1), j = 1, 2,...,M — 1, in §;, apply the
automatic graph search given by Figure 2 of [18], letting s = sj and p = Sj+1.

2. To give the final closed boundary B, apply the graph search to seed pair (Sy, S1)-

For step 2(f), automatic processing terminates in a given direction if any of the following
stopping conditions are met:

e The cost varies greatly between successive sections:

lei = ciy1l>ci/10. (8)

where c; and cj+1 are the final costs & for computed contours on I; and lj+4.

*  The boundary of B contains too few pixels:

Ny <M )

i.e., pixel list £ in (4) consists of fewer than M pixels.

e The region of support of B; is too small:

B:-s interior consists of fewer pixels than B;-s boundary (10)

*  The gray-scale distributions of pixels vary too greatly between successive sections:

1 , ,
>—of B;s pixels have values outside the range spanned by B;_; s pixels

2 (11)

Condition (8) is motivated by (3), whereby the boundaries between adjacent sections are
expected to differ little. Note that, as analysis progresses through I, the number of pixels on
list £ in (4) naturally varies from section to section, while the number of seeds M
constituting seed set s, per (5) in step 2(c) remains the same. Thus, per (6), the spacings of
seeds sj typically vary from section to section. Conditions (9-10) both terminate the process
if the support of B becomes too small, as is often expected since a lymph node naturally
tends to taper off near its ends. Finally, condition (11) addresses the expected gray-scale
consistency of a lymph node between adjacent sections. A large gray-scale distribution
change per (11) typically indicates that the target node has vanished and a new region
appears.

2.3 Single-Click Live Wire

As demonstrated in Section 3, a significant number of lymph nodes appear as regions that
are reasonably well distinguished from their surroundings; i.e., all 3D boundaries of a node
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can be defined properly by the automatic live-wire process driven by the gradient-based cost
function (1). For such nodes, the single-click live wire is typical effective.

The method, illustrated in Figure 6, is identical to the single-section live wire in all steps
except for steps 1(b) and 2(a):

»  For step 1(b), the user only needs to select a single cue pixel inside the desired B on
I, (Figure 6a). Automatic processing will later define the reference boundary B;.

» Step 2(a) is modified as follows. Cued by the selected reference section I, and cue
pixel, an automatic ray search casts rays in M directions from the cue pixel (Figure
6b). The pixels with the largest gradient magnitudes along their respective rays then
serve as initial seeds sy, Sy, ..., S\, for s; (Figure 6c¢) for automatic live-wire-based
computation of B,. Processing then proceeds onto section I;, where i =r + 1.

All other processing operations (steps 2(b—g)) are the same as for the single-section live
wire.

Figure 6 shows a complete example of applying the single-click live wire to define a station
4 lymph node in a 3D MDCT image.

2.4 Method Comments

Both the single-section and single-click methods are straightforward to learn and use. In our
experience, technicians become proficient in applying the methods after a short training
session. The single-click method is especially easy to use, as the user need only click any
point inside a region. As demonstrated in Section 3, it is often useful to run repeat trials of
the single-click method to improve segmentation results; this creates little undue burden
given the ease of the single-click method. Furthermore, the results of Section 3 attest to the
relative insensitivity of the methods to the selection of the reference section I, and working
areas, as well as the definition of B, for the single-section method and the selection of the
cue pixel for the single-click method.

For all of our tests, we used M = 8 seeds for seed set g, and W = 15 pixels as the working-
area expansion amount for step 2(c) of both methods. These choices are in line with
expected node sizes and MDCT sampling intervals (Az, Ay, Az). Furthermore, these values
allow valid node cross-sections to be as small as 9 pixels (3x3 neighborhood) per stopping
conditions (9-10), and give very liberally-sized working areas. Also, for cost function (1),
we used the weights wg = 0.4, w7z = 0.17, wpg = 0.33, and wp, = 0.1 — these are the same
weights used for more general 3D MDCT chest image efforts of [18].

Our proposed methods improve upon the iterative live wire proposed by Souza et al. [17].
The idea behind of the iterative live wire is to progressively converge toward an object
boundary using the 2D live-wire method and several initial seeds on or near the boundary.
Souza's method, however, adjusts seeds by picking midpoints from segments between pairs
of successive seeds used in a previous iteration. The seeds used to construct the final object
boundary of current section |; are then passed on directly as the initial seed set for l;+1. Thus,
locations of initial and adjusted seeds for lj;+1 are roughly correlated to the seed set of I;. As
a result, the initial seed set for lj+1 completely relies on the previous section ;. Segmentation
errors, therefore, could accumulate over sections. Furthermore, Souza et al. did not describe
clear stopping conditions for segmenting 3D objects.

3 RESULTS

This section presents test results evaluating the performance of the proposed methods.

Comput Biol Med. Author manuscript; available in PMC 2012 September 1.
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For the first test, a human observer ¢, was given the task of segmenting 50 central-chest
lymph nodes present in a series of 5 MDCT scans (10 nodes per scan). The scans were
drawn from a database of human 3D MDCT chest scans constructed under a previous IRB-
approved protocol [21, 22, 27]. The scans were produced under our University medical
center's standard lung-cancer management protocol using either a Siemens Sensation 16,
Emotion 16, or Sensation 40 MDCT scanner (Table 1). In addition, as part of the same IRB
protocol, a chest radiologist, pulmonologist, and imaging scientist worked in collaboration
to locate and painstakingly segment the central-chest lymph nodes in each scan. These
segmentations served as ground truth.

The 50 test lymph nodes had typical characteristics, as summarized in Table 2. They
appeared in TNM stations 1-2 (highest mediastinal and upper paratracheal), 3 (prevascular/
retrotracheal), 4 (lower paratracheal), 5 (subaortic), or 6 (para-aortic); these stations are
especially challenging for lymph-node segmentation as they contain an abundance of
potentially distracting major vessels and airways [1]. All tests were run on a Dell Precision
650 workstation, using dual Intel Xeon 3.2GHz processors, 3 GB RAM, and Windows XP.

Observer 0, applied each proposed method over two separate trials, spaced at least one
week apart, with the scans and nodes presented to the observer in random order during a
trial. For this test and the test to follow, we used the automatically computed 3D regional
nodal stations provided by the LNSM to help direct the observer in choosing a reference
section I, for a particular node (Figure 5). The LNSM station also provided the working area
for the single-section method, while, for the single-click method, the observer interactively
defined the working area on I.. The observer could repeat the single-click method for a
given node if he found the segmentation produced by a particular attempt to be
unsatisfactory; a segmentation was judged unsatisfactory if the automatically derived B, on
the reference section appeared incorrect. We permitted up to 3 attempts of the single-click
method for a given node. Note that, for any given node, I, could differ from one trial to the
next.

We measured the accuracy, intra-observer reproducibility, processing time, and success rate
over all trials. We used the same accuracy and intra-observer reproducibility measures
considered in [16, 18]. Accuracy measures how the segmentation B, ofanode B during trial
7 relates to the ground-truth segmentation G and is defined as

IB, ®G|
B, |+IG|’ (12)

a(B,G,7T)=1-

where "' is the exclusive-OR operator and *|-|' denotes the sum of the pixels (volume)
constituting its argument. Intra-observer reproducibility measures how segmentations of B
compare over separate trials, - and 7, and is defined as

B, @B,

Tinta (B, 71, 72) =1 — ;
intra |B'r| |+[BT2| (13)

where B, and B,, are the segmentations of B over trials, 7, and 7. The measures (12-13)
take on values in the range [0, 1], where a (B, G, 7) =1 implies that a segmentation B
perfectly matches ground truth G, while 5, (B, 77, 7>) =1 means that the segmentations
done over two trials are identical (but not necessarily accurate!). Processing time includes
the time required to perform the interactive operations of step 1 for a node. The processing
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time of the single-click method for a given node combines the times of all attempts
performed.

Finally, we defined a successful segmentation B, , as one where @ (B, G, 7") = 0.60. We
justify this measure of success as follows. Note that the 50 lymph nodes processed for the
test are in fact small relative to image resolution: the long-axis lengths varied from 5.5 mm
to 20.1 mm and the volumes varied from 63 mm3 to 970 mm3. In particular, the first test
node G, of scan 21405-64 had long-axis = 10 mm, short axis = 6 mm, and volume = 280
mm3 — an average-sized node per Table 2. This corresponds to a ground-truth volume Gy ~
9x9x15 = 1215 pixels. If the segmented node B is smaller by just 1 pixel layer in all
directions giving a Bq of size 7x7x13 = 637 pixels, then this would give a maximum
possible accuracy equal to

578
=0.69

B.Gy, =1 - —
a(B1,G1,T) 352

per (12). For nodes below average size, this accuracy value would be smaller still if a
similarly mild segmentation deviation occurred, and it is an expected outcome for small
discretized regions where the boundary constitutes a major part of the volume. Hence, our
definition for success is reasonable and, in our experience, admits acceptable segmentations.

Table 3 gives numerical results, while Figure 7 gives 3D renderings of successfully
segmented lymph nodes and Figure 8 gives examples of failed segmentations. The results
show that both methods effectively segment lymph nodes in challenging circumstances. In
fact, for the first time, we report success in computer-based segmentation of central-chest
lymph nodes depicted in 3D MDCT images.

The single-section method successfully segmented 90% of the nodes over all trials, while
the single-click method achieved an 81% success rate. In addition, both methods exhibited
an intra-observer reproducibility near 90% and a mean interaction time < 20 seconds,
implying that the methods typically enable efficient production of consistent results over any
given trial. As expected, the single-click method, which required a mean of 2 attempts to
complete a segmentation (range 1-3 attempts), needed more user interaction time than the
single-section method. This is partially offiset by the ease of running the single-click
method. Furthermore, these results attest to the robustness of the methods to both the choice
of reference section I, and, in the case of the single-click method, the choice of cue pixel.

Regarding failed segmentations per trial on a given scan (10 nodes per scan trial), 8 of 20
scan trials resulted in 0 failed segmentations (5, single section; 3, single click), 5 of 20 scan
trials resulted in 1 failed segmentation (3, single section; 2, single click), 1 of 20 scan trials
resulted in 2 failed segmentations (single section), and 6 of 20 scan trials resulted in 3 failed
segmentations (1, single section; 5, single click). Neither method failed to segment any node
of scan 21405-67. On the other hand, 0, never successfully segmented 1 node of scan
21405-64, 2 nodes of scan 20349-3-3, and 1 node of scan 20349-3-15 with either method.
(The impact of contrast agent was inconclusive in this test.)

Note that the single-click method always failed to segment a node if the single-section
method also always failed (Figure 8). This is because the single-click method is only cued
by a single point to define the reference boundary By; thus, if the reference section I, has a
weak boundary, meaning that the automatically computed By is likely to be in error, then the
method will fail. Conversely, the single-section method has a complete, and presumably,
satisfactory B, provided interactively by the observer before automatic analysis proceeds.

Comput Biol Med. Author manuscript; available in PMC 2012 September 1.
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In an effort to measure inter-observer variability, we next had a second observer o, apply
the proposed methods to the 20 nodes of scans 20349-15 and 21405-67. 0, performed this
test under the same conditions followed by O1 earlier; i.e., two trials on each scan spaced at
least one week apart, nodes and scans presented in random order. We computed the
accuracy (12), intra-observer reproducibility (13), success rate, and processing time for 0,.
In addition, we also computed the inter-observer reproducibility [16, 18]

B, ®B,|

Tinta (B, 01, 02) =1 — ,
intra |B()‘ |+|Bozl (14)

where B, and B,,, are the segmentations of B by observers, 0, and 0,, over a given trial, to
compare how diffierent observers segment the same nodes.

Table 4 summarizes the results. Both observers exhibited essentially indistinguishable robust
performance. In addition, for both methods, the observers produced an inter-observer
reproducibility near 90%, attesting to the observer independence in applying the methods.

4 DISCUSSION

In our previous work, we proposed a general 3D live-wire-based segmentation scheme [18].
Both of the new methods proposed now — the single-section and single-click live-wire
methods — require significantly less user input than this previously proposed method, while
also employing an automatic version of the live wire. The new methods have proven to be
especially effective for segmenting central-chest lymph nodes in 3D MDCT scans. This is
because lymph nodes, by their anatomical nature, generally appear as isolated soft-tissue
structures. Our results indicate a success rate of 90% for the single-section method and an
81% success rate for the single-click method, with inter-observer and intra-observer
reproducibilities both near 90%.

Both methods are user friendly and easy to use, with typical interaction times under 20
seconds. Also, the methods are general and could conceivably be applied to other 3D
segmentation tasks and image types [27], but we have not verified this conjecture in great
detail.

Furthermore, the methods work effectively within our large Lymph Node Station Mapper
system, an interactive system for TNM-based nodal station analysis and lymph-node
definition [20,22]. Note that the single-section method is slightly more accurate and robust
than the single-click method, because the single-section method starts with a complete
interactive live-wire-based reference contour By, while the single-click method only starts
with a pixel known to be contained within By. In addition, in our implementation of the
single-click method, we have generally required the user to define a more stringently
restricted working area on reference section I, than that used for the single-section method.
We believe this is easily modified, however, by improving the ray search for I,.

The methods can fail for lymph nodes that have blurry or nonexistent boundaries, as can
happen in soft-tissue structures depicted in 3D MDCT scans. Significantly, we have applied
our methods only to MDCT chest images reconstructed with so-called “soft” reconstruction
kernels; i.e., those that exhibit a lower noise level while having blurrier region boundaries
than those presented by images reconstructed with “sharp” kernels. We have experimented
briefly with the use of edge-preserving filters, such as a 5x5 median filter, as a
preprocessing step to sharpen edges and reduce noise, and we have found such filters to be
helpful in some cases exhibiting weak boundaries [27,28].

Comput Biol Med. Author manuscript; available in PMC 2012 September 1.
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Nevertheless, when preparing for a lung-cancer staging bronchoscopy, it is absolutely
imperative that a desired diagnostic lymph node be defined correctly. Hence, to supplement
our proposed segmentation methods, the LNSM system contains interactive tools, such as
region painting and erasing and the standard live wire, for repairing portions of poorly
segmenting nodes.

Note that a typical staging bronchoscopy only involves 1 to 4 candidate nodes; hence, the
interaction suggested by our methods places no undue burden on the procedure-planning
task. 3D MDCT chest images, however, typically depict upwards of 50 or more lymph
nodes, as verified in some of our recent work [21]. In addition, Feuerstein et al. have made
inroads toward automatic detection of all central-chest nodes, but they report only a 14%
detection rate [12]. Clearly, fully automatic segmentation of chest lymph nodes is a much
harder problem and further research would be helpful in this direction. Such research in
computer-aided detection and segmentation could facilitate more exhaustive procedure
planning and ultimately better disease staging [2, 3].

5 SUMMARY

Central-chest lymph nodes play a vital role in lung-cancer staging. The standard lymph-node
staging procedure involves identification of suspect lymph nodes in a chest CT scan
followed by bronchoscopic nodal sampling. The three-dimensional (3D) definition of lymph
nodes from multidetector computed-tomography (MDCT) images, however, remains an
open problem. This is because of the limitations in the MDCT imaging of soft-tissue
structures and the complicated phenomena that influence the appearance of a lymph node in
an MDCT image. We propose two methods for computer-based segmentation of the central-
chest lymph nodes from a 3D MDCT scan. For the first method, referred to as the single-
section live wire, the user first applies the standard interactive two-dimensional (2D) live
wire to a single 2D section after which automated analysis completes the segmentation
process. The second method, referred to as the single-click live wire, is very similar to the
single-section method but is almost completely automatic. In ground-truth studies involving
human 3D MDCT scans, the single-section method successfully segmented 90% of the
designated lymph nodes, while the single-click method gave an 81% success rate. In
addition, both methods gave intra-observer and inter-observer reproducibility results near
90%. Furthermore, both methods are efficient in that a typical lymph node can be segmented
in under 20 seconds. The methods constitute part of a general computer-based system for the
planning and guidance lung-cancer staging procedures.
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(b) |

Figure 1.

Examples of central-chest lymph nodes in a 3D MDCT scan. (a) Example transverse-plane
(x-y) section. Three TNM station 4 (lower paratracheal) lymph nodes, labeled 4-1, 4-2, and
4-3, are indicated [1, 3]. (b) Example coronal-plane (x—z) section depicting the same nodes.
These nodes vary greatly in morphological characteristics and are adjacent to surrounding
similarly appearing soft-tissue structures, such as major vessels (aorta, azygos vein) and
airway walls.
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Figure 2.

Example application of the 2D live wire process on a given 2D section |,. (a) To begin, the
first seed s1 (black dot, added for emphasis) is selected and the mouse cursor is hovered over
candidate seed s (indicated by arrow). The background automatic live wire process then
computes the optimal path (red contour) between s; and s, by considering only those pixels
within the predefined working (blue box). (b) The user continues this process, with the
desired contour gradually being pieced together (four user-selected seeds are highlighted).
(c) Final completion of the live-wire process results in a connected contour between the final
seed sg and initial seed s;. (Case 20349-3-11-B31, magnified portion of transverse-plane
section lygs.)
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Figure 3.

Schematic view of the single-section live wire. The standard live wire (Figure 2) is first used
to define the reference contour B, on section I;.B, is then projected onto 2D section I+, and
an initial seed seed S = {51, Sp,..., Sm} is defined based on the pixels constituting B,. An
automatic live-wire process then uses S and a working area to make an initial estimate of
lymph node B's 2D boundary By.1. An adjusted seed set S is then defined based on pixels
constituting B+ and the automatic live wire iterates until convergence or a stopping
condition is reached. The process repeats for section I, until all sections I;, i > r, have been
considered. Automatic processing then occurs for sections I;, i <r.
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()

Figure 4.

Use of the single-section live wire to define a station 4 (lower paratracheal) lymph node B.
(a) Reference section I, and working area (red box), defined automatically in this case by
our LNSM system [20, 22]; target node indicated. (b) Reference boundary B, defined by the
user with the standard 2D live wire on I,. (c) Automatically computed working area for next
section 1, defined by finding the minimum bounding rectangle (MBR) about B, and
expanding this box by W = 15 pixels in all directions (dotted box). (d) Stopping condition
(11) occurs, whereby the pixels in the expected nodal region differ greatly in gray scale than
the pixels found for node B on the previous section. (e) Final 3D surface-rendered version of
node B.
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Figure 5.

Example display of the Lymph Node Station Mapper (LNSM) for scan 20349-3-3 [20,22].
The automatically computed 3D volume for TNM regional nodal station 4 is indicated by
the red boxes in the various views: upper left - transverse section 186, upper right - coronal
section 192, lower left - sagittal section 279, lower right - 3D surface rendering of airway
tree with complete 3D station 4. A particular lymph node in the three sectional views is
indicated by the red cross. When using the proposed live-wire methods, this station
information helps focus attention for finding a reference section I, and specifies a working
area (red boxes on various views). In the figure, the 3D surface rendering depicts all lymph
nodes ultimately found for this scan, color coded following the Mountain-based TNM
labeling scheme [1].)
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(b) : (d)

Figure 6.

Illustration of single-click live wire applied to same lymph node considered in Figure 4. (a)
On selected reference I, the user defines a rectangular working area and selects a cue pixel
inside the node. Parts (b—d) then show results of automated analysis (magnified views about
target node). Automated analysis (b) casts M rays from cue pixel (M = 8 in this example)
and (c) identifies the pixel along each ray having the largest gradient magnitude to serve as
seeds s;j,i =1, 2,...,M. (d) Automated live-wire process uses the seed set to define the
boundary B,. The final segmented 3D region is similar to that depicted in Figure 4.
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(a)

Figure 7.

Lymph nodes successfully segmented by ¢, using both proposed methods. (a) Scan
20349 3 3 -8nodes. (b) Scan 21405 _64 - 9 nodes. The surface renderings depict the
segmented airway tree and centerline (for reference) and the segmented lymph nodes. The
colors of the rendered nodes abide by the color scheme of the TNM regional nodal station
standard [1]: Blue — stations 1-2 (highest mediastinal and upper paratracheal); Magenta —
station 3 (prevascular and retrotracheal); orange — station 4 (lower paratracheal); purple —
station 5 (subaortic); red — station 6 (para-aortic).
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Figure 8.

Two nodes from scan 20349_3_3 where observer ¢, produced failed segmentations. (a)
Transverse-plane section ly3; depicting a station 4 node, which is located in the lower right
corner of working area (red box). (b) Successful segmentation of node (a) via the single-
section live wire. (c) Failed segmentation of node (a) via the single-click live wire. (d)
Transverse-plane section l1g4 depicting station 5 node, which is located in the upper middle
region of working area. (b) Failed segmentation of node (d) via the single-section live wire.
(c) Failed segmentation of node (d) via the single-click live wire.
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Characteristics of the 3D human MDCT chest scans used for the tests. All scans had section spacing Az = 0.5

mm with (AXx, Ay) representing transverse-plane sampling intervals. Scan 20349-3-27 employed contrast
agent, while the others did not.

Dimensions (mm)

# of sections

Scan A X Ay in scan
21405-64 0.64 0.64 702
20349-3-3  0.72 0.72 578
20349-3-15 0.68 0.68 757
20349-3-27  0.67 0.67 752
21405-67 0.69 0.69 716
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Morphological properties of the 50 lymph nodes considered in the tests. SD = standard deviation.

Property mean+SD

short-axis length 5.8+ 1.5 mm
long-axis length  10.5 + 4.0 mm
volume 256 + 210 mm?

number of pixels 1089 + 861
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Table 3

Summary of segmentation results for observer ©,. 0, applied each of the proposed methods to fifty lymph
nodes over two trials. The unit of measure for Accuracy and Intra-Observer Reproducibility is percentage (%).
The unit of measure for Processing Time is seconds.

Single Section Single Click

mean+=SD range mean+SD range

Accuracy 81+ 7 67-97 79+ 8 60-93
Intra-Observer Reproducibility 88+ 7 74-98 86+ 9 61-96
Processing Time 16+ 4 7-30 20+ 5 7-35
Success Rate 90% (90/100 nodes)  81% (81/100 nodes)
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