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Abstract

In this paper, a normalized thoracic coordinate system (NTCS) is defined for rapidly mapping the 4D thoracic organ atlas into indi-
vidual CT volume images. This coordinate system is defined based on the thoracic skeleton. The coordinate values are normalized by the
size of the individual thorax so that this coordinate system is universal to different individuals. For compensating the respiratory motion
of the organs, a 4D dynamic torso atlas is introduced. A method for mapping this dynamic atlas into the individual image using the
NTCS is also proposed. With this method, the dynamic atlas was mapped into the clinical thoracic CT images and rough positions
of the organs were found rapidly. This NTCS-based 4D atlas mapping method may provide a novel way for estimating the thoracic
organ positions in low-resolution molecular imaging modalities, as well as in modern 4D medical images.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Anatomical structure information is useful for many
applications in molecular imaging. For example, in the case
of bioluminescence tomography (BLT), the position and
the shape of the major organs are used to reduce the imag-
ing problem to an inverse source problem [1]. Generally,
the estimation of the organ position and the organ shape
is achieved by registering an anatomical atlas into the indi-
vidual image. However, registration is always computa-
tionally expensive. One idea of solving this problem is to
map the atlas into the individual image using a body-based
coordinate system. The body-based coordinate system is
defined according to the anatomical features and it gives
a universal anatomical description to the population.
Using the body-based coordinate system, atlas mapping
is simplified as the transformation of voxel coordinates,

hence, it is much faster than conventional registration
algorithms.

There are many kinds of body-based coordinate sys-
tems. The Talairach space [2] and the MNI space [3] are
two successful brain-based coordinate systems. Some local
organ coordinate systems are also developed, such as the
‘‘consistent cardiovascular system of rectangular and
spherical coordinates’’ [4], the ‘‘spine-based coordinate sys-
tem’’ [5], the ‘‘local coordinate system (LCS) for the femo-
ral and tibial cartilage boundaries’’ [6], and the ‘‘thoracic
cage coordinate system for recording pathologies locations
in lung CT volume data’’ [7]. However, none of these coor-
dinate systems can define the entire thorax.

There are some difficulties for defining a thoracic coor-
dinate system. The first difficulty is due to the different tho-
racic sizes among the population. Another difficulty is that
the thoracic organs are moving during respiration. Consid-
ering these difficulties, a normalized thoracic coordinate
system (NTCS) is defined in this paper. In this coordinate
system, the coordinate values are normalized by the indi-
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vidual thoracic size so that it is universal to the population.
As for solving the problem of organ motion, the 4D
NURBS-based cardiac-thorax (NCAT) phantom [8–11]
developed at University of North Carolina is used as a
dynamic atlas, which can adjust the organ positions
according to the respiration phase.

2. Methodology

This section is comprised of two parts: the definition of
the NTCS and the method for mapping the dynamic atlas
into individual image using the NTCS.

2.1. Definition of the NTCS

2.1.1. Definition of the origin and the z-axis

In order to define a body-based coordinate system, some
anatomical landmarks should be selected from the human
body. In the Talairach space, the anterior and posterior
commissures (AC and PC) are selected as key landmarks
[12]. However, in thoracic region, the organs and the ribs
move during respiration. So, landmarks should not be
selected from these structures. Only the spine is stationary
during respiration. Therefore we can select the landmarks
from the thoracic vertebras.

Two landmarks (A and O) are selected at the geometri-
cal centers of the 5th and the 10th thoracic vertebras (T5
and T10), respectively. The reason of choosing T5 and
T10 is that they are not adjacent to the cervical vertebras
or the lumbar vertebras. Therefore, the effect of neck
motions or waist motions on T5 and T10 can be neglected.
Another reason is that the line passing the center of T5 and
T10 is roughly parallel to the longitudinal axis of human
body.

The origin of the coordinate space is defined as land-
mark O. The z-axis is defined as the axis that points from
O to A:

z ¼ OA

kOAk ð1Þ

where z is the base vector of z direction. OA is the vector
pointing from O to A, iOAi denotes the Euclidean distance
between landmarks O and A. Fig. 1a is a sagittal CT spine
image which demonstrates landmarks A, O, and the z-axis.

2.1.2. Definition of the xoz plane and the y-axis

The xoz plane is defined as the sagittal mid-plane of the
human trunk (see Fig. 1b) because this plane is stationary
during respiration. Then, the base vector of y direction (y)
is defined as the normal vector of the xoz plane, which
points from the left to the right side of the human trunk.

2.1.3. Definition of the x-axis

The base vector of x direction (x) is defined as the cross
product of y and z:

x ¼ z� y ð2Þ

Fig. 1c is a picture showing half-part of a human trunk
that is cut by the xoz plane, the x-, y-, and z-axes are indi-
cated on it.

2.1.4. Definition of the standard lengths

As derived from above sections, a Cartesian coordinate
system of the human thorax can be defined. However, the
Cartesian coordinate system cannot give a universal ana-
tomical criterion to different thoracic sizes. It should be
normalized to become independent of the thoracic size.
The Talairach space is a proportional brain system which
is universal to different brain sizes [3]. Learning from the
Talairach space, we also make our thoracic coordinate sys-
tem ‘‘proportional’’. The key idea is to define three stan-
dard lengths (Lx, Ly, and Lz), which represent the
thoracic sizes in x, y, z dimensions. Then, the Cartesian
coordinate value (x,y,z) is normalized by the standard
lengths:

x0 ¼ x=Lx

y0 ¼ y=Ly

z0 ¼ z=Lz

ð3Þ

where (x 0,y 0,z 0) is the normalized coordinate value, which
is independent of the thoracic size. Lz is defined as the
Euclidean distance between landmarks O and A, namely
iOAi, it presents the height of the thorax. The definition
of Lx and Ly is more complicated. While breathing, the
rib pairs rotate about their costal necks, changing the ante-
rior–posterior diameter of the thorax. Meanwhile, the
intercostal muscles also draw up and down the middle part
of the rib-body to change the lateral thorax diameter.

Fig. 1. The definition of the normalized thoracic coordinate system
(NTCS). (a) The positions of landmarks A and O; (b) the xoz plane which
is defined as the sagittal mid-plane of human trunk; (c) half of the human
trunk cut by the xoz plane; (d) the standard lengths of the NTCS in x and
y directions.
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Nevertheless, although the diameters of the thorax change
distinctly, the diameters of the first and second rib pairs al-
most keep fixed [13]. Therefore, we can fit an ellipse to the
second rib pair, then Lx and Ly are defined as the trans-
verse and lengthwise diameters of the ellipse, respectively
(see Fig. 1d).

2.1.5. Definition of the NTCS

As a result of previous definitions, the normalized tho-
racic coordinate system (NTCS) is defined as the Cartesian
coordinate system normalized by the standard lengths (Lx,
Ly, and Lz). In order to construct the NTCS in a thoracic
volume image, the following key parameters are needed to
be determined: landmarks A and O, the xoz plane, x,y,z,
Lx, Ly, and Lz.

2.2. Method for atlas mapping using the NTCS

2.2.1. The dynamic atlas

The dynamic atlas which we adopted is the 4D NURBS-
based cardiac-thorax (NCAT) phantom developed at the
University of North Carolina in Chapel Hill. This is a com-
puterized dynamic thorax phantom for providing a realistic
and flexible model of the human anatomy and physiology
[8–11]. This phantom can simulate the respiratory motion
of the organs. Therefore, it is used to compensate the respi-
ratory motion of the individual organs.

2.2.2. Extraction of the thoracic skeleton

For mapping the NCAT phantom into the individual
image, the NTCS should be constructed in both the phan-
tom and the individual image. Since the definition of the
NTCS is based on the thoracic skeleton, we need to extract
the 3D thoracic skeleton from both the phantom and the
individual CT image. The thoracic skeletons of the NCAT
phantom and the individual CT image are segmented by
single gray-value thresholding.

2.2.3. Construction of the NTCS

A user-interface is developed for constructing the NTCS
on the 3D thoracic skeleton. Through the user-interface,
two axial slices are manually located to pass the centers
of T5 and T10, respectively (see Fig. 2a). Fig. 2b and c
shows the two cut images of these axial slices, landmarks
Aand Oare manually located at the centers of the vertebrae
in the two cut images, respectively.

After landmarks A and O are located, the symmetric
axis passing each of these landmarks are detected in the
cut images. Let l(u) be a line rotating about the landmark
(A or O) in one of cut images. u is the angle between l(u)
and the row direction of the cut image. S(u) measures the
symmetry of the two half-images divided by l(u),

SðuÞ ¼
X

ði2PÞ and ð�i2P Þ
ðV ðiÞ � V ð�iÞÞ2 ð4Þ

where i is an arbitrary pixel in the cut image, �i is the sym-
metrical pixel of i about l(u), P is the set of all the pixels

inside the cut image, V(i) is the pixel value of pixel i.
(i 2 P) and (�i 2 P) means both pixel i and �i are inside the
cut image.

According to Eq. (4), the minimum value of S(u) is
obtained when l(u) is the symmetric axis of the rib pair.
Therefore, the angle of the symmetric axis is

uopt ¼ arg
u

min½SðuÞ� ð5Þ

Fig. 3a and b show the detected symmetric axes in the
two cut images. lA denotes the symmetric axis passing land-
mark A, lO denotes the symmetric axis passing landmark O.
lOA is the z-axis. lA, lO, and lOA roughly form the xoz plane,
which is named plane P in Fig. 3c. Therefore, the xoz plane
is fitted from lA, lO, and lOA using the plane-fitting method

Fig. 2. The selection of landmarks O and A. (a) The user interface
demonstrating the selection of the two axial slices that pass the
geometrical centers of T5 and T10, respectively; (b) the axial cut image
that passes the geometrical centers of T10. Landmark O is located at the
geometrical centers of T10; (c) the axial cut image that passes the
geometrical centers of T5. Landmark A is located at the geometrical
centers of T5.

Fig. 3. The detected symmetric axes and the fitted xoz plane. (a) The
symmetric axis that passes landmark O; (b) the symmetric axis that passes
landmark A; (c) the xoz plane is fitted from lA, lO, and lOA.
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proposed by Shen and Shao [7]. Then, x,y,z and Lz are cal-
culated according to positions of landmarks O, A, and the
xoz plane.

Through the use-interface, an oblique plane passing the
second rib pair is manually located (see Fig. 4a), and a 2D
cut image of the second rib pair is also obtained, as shown
in Fig. 4b. Morphology thinning is implemented to the cut
image to obtain the centerlines of the ribs (see Fig. 4c).
Finally, an ellipse is fitted on the centerlines (see Fig. 4d)
using the direct least square ellipses fitting method [14].
Lx and Ly are calculated as the transverse and lengthwise
diameters of this ellipse.

2.2.4. Dynamic atlas mapping

After the NTCSs of the NCAT phantom and the indi-
vidual image are constructed, the respiration phase of the
NCAT phantom is adjusted to coincide with the individ-
ual’s respiration phase. W. Paul Segars introduced the
equations for describing the respiratory motion of the
abdominal organs in his NCAT phantom [9]. These equa-
tions have a single independent variable t, which represents
the respiration phase. The respiratory motions of abdomi-
nal organs are simplified as sinusoidal translations of t in
three directions (forward, lateral, and vertical directions).
Therefore, we simply adjust the value of t to make the res-
piration phase of the NCAT phantom coincide with the
individual’s respiration phase. Then, the organ regions in
the phantom are mapped into the individual image at the
position of the same NTCS coordinate value. Fig. 5 dem-
onstrates the mapping results before and after the adjust-
ment of the respiration phase of the phantom. The
highlighted contours in the images are the boundaries of
the mapped organ. In Fig. 5a, the individual image is in
deep inspiratory phase, while the phantom is set to deep
expiratory phase, therefore the mapped lungs are shorter
than the individual lungs and the mapped liver is posi-

tioned upper than the individual liver. In Fig. 5b, the phan-
tom is adjusted to deep inspiratory phase, generating a
much more accurate mapping result than Fig. 5a.

3. Experimental results

We chose four organs of the NCAT phantom for map-
ping, i.e. lung, heart, liver, and spleen. The clinical data sets
consisted of 10 normal thoracic CT volumes. The imaging
range of these volumes covered from the neck to the upper
abdomen. The CT volumes were reconstructed from the
clinical CT axial series which were imaged by PHILIPS
Brilliance CT 40-slice scanner. The size of every axial slice
was 512 · 512 pixels. Each CT volume contained 120–150
slices. The axial spatial resolution was 0.98 mm and the
slice thickness was 3.40 mm.

The proposed method was applied to map the four cho-
sen organs of the phantom into the clinical thoracic CT
volumes. The mapping procedure for each individual vol-
ume took only a few seconds. In order to compare the com-
puting time of the proposed method with the conventional
registration method, a global atlas registration method
based on affine transform and mutual information was also
performed to the same CT volumes. The registration
method spent nearly one minute for each CT volume.
The proposed method appeared much faster because it
only computes coordinate transformations, while the regis-
tration method needs many calculations to optimize the
similarity measure (i.e. the mutual information) between
the atlas and the individual image.

The mapping accuracy of the proposed method is mea-
sured using the overlapping rate between the mapped
organ region and the ground truth organ region. The
ground truth segmentation is assumed to come from man-
ual labeling of human expert. The overlapping rate is
defined as follows:

R ¼ N m\g

N g

ð6Þ

where Ng is the number of the voxels inside the ground
truth organ region, Nm\g is the number of the voxels inside
both of the ground truth and the mapped region. The aver-
age overlapping rates across the test images is reported in
Fig. 6. It is indicated that the average overlapping rates

Fig. 4. The calculation of Lx and Ly. (a) The oblique plane which is
manually selected to pass the second rib pair; (b) the cut image of the
oblique plane in (a); (c) the centerlines of the cut-image in (b); (d) an ellipse
is fitted to the centerlines in (c).

Fig. 5. The adjustment of respiration phase for dynamic atlas mapping.
(a) Atlas mapping result with incorrect respiration phase; (b) atlas
mapping result after adjustment to correct respiration phase.
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of the lung, the heart and the liver are more than 0.5, which
means that most parts of these mapped organs overlap
with the ground truth area. The overlapping rate of the
spleen is relatively small, only 0.3337, which implies that
the spleen may not be suitable for atlas mapping, because
its position varies too significantly.

For visualization of the mapping results, the mapped
surfaces were highlighted inside the individual CT image.
Fig. 7 shows six slices of the atlas mapping results, demon-
strating in axial, coronal, and sagittal views, respectively.
We can see that the reconstructed surfaces roughly align
with the edges of the individual organs.

For validation of the intra- and inter-rater variability,
two raters were invited to perform atlas mapping for five
of the CT volumes. Every rater separately did landmarks
locating and respiration phase selection. For each volume,
every rater performed twice. The surfaces of the mapped
organs were extracted and saved as triangular meshes.
Then the intra- and inter-rater variability was measured
using the Hausdorff distances between these triangular
meshes.

The definition of the Hausdorff distance is described as
follows. Let A = {a1, . . . ,am} and B = {b1, . . . ,bm} denote
the vertex sets of two triangular meshes. Then the Haus-
dorff distance between A and B is defined as

HðA;BÞ ¼ maxðhðA;BÞ; hðB;AÞÞ ð7Þ
where hðA;BÞ ¼ max

a2A
min
b2B
ka� bk ð8Þ

Hereby h(A,B) is called the directed Hausdorff distance
from set A to B. ia � bi denotes the Euclidean distance
between vertices a and b.

Table 1 reports the indices of the intra-rater variability
for the four organs. Each entry of Table1 reports the aver-
ages, minima, maxima, and standard deviations of the
Hausdorff distances across the test images. R1 relates to
rater 1, R2 relates to rater 2.

From Table 1, it can be observed that the maximum
Hausdorff distances between intra-rater results is con-
trolled below 21 mm, which is much smaller than the ana-
tomical size of the target organs. It can also be observed
that the intra-rater variability of rater 1 is smaller than
rater 2, this is because rater 1 practiced more times than
rater 2 before the test. Thus we may conclude that more
skilled raters produce more stable mapping results.

Table 2 reports the indices of inter-rater variability for
the four organs. Rij indicates the mesh generated by rater
i at the jth time of atlas mapping (i={1,2}, j={1,2}). Each
entry in the table reports averages, minima, maxima, and
standard deviations of the Hausdorff distances between
the meshes generated by different raters.

It can be observed from Table 2 that the inter-rater indi-
ces between rater 1 and rater 2 are larger than the intra-
rater indices of rater 1 (the skilled rater), but close to the
intra-rater indices of rater 2 (the unskilled rater). This
implies that the inter-rater variability is similar to the
intra-rater variability of a unskilled rater. We can also con-
clude from Table 2 that the inter-rater variability is irrele-
vant to the target organ, as the indices of the four organs
appear similar to each other.

Fig. 6. Mapping accuracy of the NTCS-based atlas mapping algorithm.

Fig. 7. Slices of the atlas mapping results. The highlighted contours are
the surfaces of the mapped organs. The mapping results are demonstrated
in axial, coronal, and sagittal views, respectively.

Table 1
Intra-rater variability indices for lung, heart, liver, and spleen (mm)

R1 R2

Lung 4.12, 2.10, 7.37, 2.04 9.44, 6.80, 16.29, 3.89
Heart 3.03, 1.43, 5.78, 1.64 7.05, 6.37, 8.08, 0.71
Liver 4.49, 2.32, 8.03, 2.24 9.88, 5.93, 20.69, 6.18
Spleen 3.66, 1.90, 7.28, 2.36 10.00, 5.82, 16.33, 3.97
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4. Discussion and conclusion

In this paper, a normalized thoracic coordinate system
(NTCS) for atlas mapping in 3D CT image has been
defined. The definition is based on the position of the tho-
racic vertebras and the sagittal mid-plane of the human
trunk. The NTCS is independent of the respiratory move-
ment and it is universal to different thoracic sizes. A
method for constructing the NTCS in the 3D CT thorax
image is also presented in this paper.

An experiment of atlas mapping has been done to test
the feasibility of the NTCS. The 4D NCAT phantom is
introduced as a dynamic atlas to be mapped into the clin-
ical thoracic CT images. Results indicate that the NTCS
is effective for estimating the rough position of the organs.
However, due to the anatomical differences among the
population, the same organ of different individuals may
vary in size, shape, and location. Simple atlas mapping
via the NTCS cannot eliminate theses anatomical differ-
ences. In order to deal with the anatomical differences
and obtain more accurate results, we could use modern
medical image segmentation algorithms, like fuzzy-con-
nectedness [15] and deformable models [16]. The NTCS-
based atlas mapping provides the initial guess of the organ
positions, then these segmentation algorithms start from
the initial positions to obtain more accurate results.

One thing should be emphasized is that the purpose of
NTCS-based atlas mapping is obtaining the approximate
organ positions as quickly as possible, rather than reaching
voxel-level mapping accuracy. Modern segmentation algo-
rithms may yield voxel-level or even sub-voxel-level accu-
racy, but they are more complicated and need much
longer time. For those situations in which mapping accu-
racy is not highly demanded, atlas mapping using the
NTCS provides a faster way. For example, in the case of
bioluminescence tomography (BLT) of small animals,
approximate positions of the major organs are used as
prior anatomical information for the reconstruction algo-
rithm. Wang and Cong used a semi-automatic deformation

method to register the animal atlas with the individual
micro-CT image and obtained the approximate positions
of the major organs [1]. This registration procedure is time
consuming and needs many user-interventions. Comparing
to the registration-based algorithms, the NTCS is faster
and easier for implementation. Using the NTCS, approxi-
mate anatomical information can be obtained within sec-
onds, therefore the reconstruction procedure of BLT
imaging can be remarkably sped up. Another possible
application of the NTCS is in the field of organ segmenta-
tion [17–25], in which the NTCS-based atlas mapping
could rapidly estimate the rough location and shape of
the target organs. This may offer useful initial information
to the segmentation algorithms.

As for future work, we may apply the NTCS to estimat-
ing the positions of the major organs in the micro-CT
images of the small animals. This work may provide useful
anatomical structure information for the molecular imag-
ing of small animals, such as bioluminescence tomography
(BLT) [1], fluorescent molecular tomography (FMT) [21],
and etc. Furthermore, the NTCS-based dynamic atlas
mapping method can also be extended to tracing the organ
positions in 4D medical images, such as dynamic cardiac
images.
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