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Abstract

An automatic multi-organ segmentation pipeline is presented.
The segmentation starts with stripping the body of skin and
subcutaneous fat using threshold-based level-set methods.
After registering the image to be processed against a stan-
dard subject picked from the training datasets, a series of
model-based level set segmentation operations is carried out
guided by hierarchical shape priors. The hierarchical shape
priors are organized according to the anatomical hierarchy
of the human body, starting with ventral cavity, and then
divided into thoracic cavity and abdominopelvic cavity. The
third level contains the individual organs such as liver, spleen
and kidneys. The segmentation is performed in a top-down
fashion, where major structures are segmented first, and their
location information is then passed down to the lower level to
initialize the segmentation, while boundary information from
higher-level structures also constrains the segmentation of the
lower-level structures. In our preliminary experiments, the
proposed method yielded a Dice coefficient around 90% for
most major thoracic and abdominal organs in both contrast-
enhanced CT and non-enhanced datasets, while the average
running time for segmenting ten organs was about 10 min-
utes.

1 Introduction

Automatic segmentation of anatomical structures has great value for both clinical and epidemiolog-
ical studies. Some common examples include using a brain segmentation tool for quantitative mea-
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surements of brain structure changes to study Alzheimer’s disease [FSB*02], using an automated
lung segmentation method to define the region of interest for computer-aided diagnosis (CAD)
methods for more efficient screening and earlier detection of tumors, and using liver segmentation
for surgery planning to achieve more precise and better cancer treatment [HVGST09]. Besides
these single organ applications, the multi-organ segmentation methods have broader applications,
such as radiotherapy planning and semantic image segmentation and content retrieving [SKM™10].
Many automated organ segmentation methods have been proposed in the literature, such as the
active shape model (ASM) [CTCG95], atlas-based methods [I[SR*T09] and machine-learning-based
methods [ZBGT08]. The robustness of these single-organ approaches is usually unsatisfactory.
This is related to the fact that the boundary between two organs may be inadequately defined
due to limited resolution and intensity similarity. Even with the help of shape priors, most algo-
rithms still have difficulties in discriminating between another organ and anatomical variation of
the same organ. Recently, a number of multi-organ segmentation approaches have been proposed,
thanks to the improving performance of modern computers and the increasing recognition of the
advantages of considering multi-organ simultaneous in the image models. Okada et al. proposed
a hierarchical organization of organ ASMs [OYH"08], where the inter-organ position changing is
decoupled from the individual organs morphological variations. Promising results were obtained in
their upper-abdominal organ segmentation in contrast-enhanced CT scans. Wolz et al. proposed
a hierarchical atlas registration and weighting scheme, which sequentially picks the close-looking
atlases, best-matching organ atlases and best-fitting segmentation patches in a three-level coarse-
to-fine registration pipeline [WCM™12]. A few machine learning based methods were also reported
[MSW*11, KSZT11]. In [WS14], we proposed an automatic multi-organ segmentation method us-
ing hierarchical-shape-prior guided level sets. The hierarchical shape priors are organized according
to the anatomical hierarchy of the human body, so that the major structures with less population
variation are at the top, and smaller structures with higher irregularities are linked at a lower level.
The segmentation is performed in a top-down fashion, where major structures are segmented first,
and their location information is then passed down to the lower level to initialize the segmentation,
while boundary information from higher-level structures also constrains the segmentation of the
lower-level structures. The proposed method delivered relatively accurate results in non-enhanced
CT datasets [WS14]. In this paper, we extend the framework to process both non-enhanced and
contrast-enhance CT datasets, by introducing an iterative organ intensity estimation step.

2 Methods

Figure 1 summarizes the processing pipeline of the proposed segmentation framework, which can
be roughly divided into three phases: preprocessing, hierarchical shape model guided multi-organ
segmentation and iterative organ intensity estimation. Detailed descriptions of these phases are
given in the following sections.

2.1 Preprocessing

A skin and subcutaneous fat stripping step is first carried out to remove the large variation of the
subcutaneous fat distribution among the population. This is done with a two-step threshold-based
level set segmentation combined with mathematical morphology operations. First, the surface of
the human body is segmented with a threshold of 300 HU and an initial seed region set to cover the
whole volume. The resulting mask is then processed with an erosion operator to remove the skin.
Finally a second round threshold-based level set segmentation is carried out with the threshold
set to 0 HU. After subcutaneous fat stripping, the musculoskeletal figure of a patient tends to
vary less from patient to patient. A straightforward rigid registration is carried out between the
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Multi-organ segmentation using
hierarchical-shape-prior guided level sets

Figure 1: The processing pipeline of the proposed multi-organ segmentation framework.

unseen patient and a selected standard subject. This standard subject (common-looking subject)
was manually selected by visually comparing the appearance among the sample group. The air-
filled lung areas in both datasets are set to the fat tissue intensity to reduce their influence on the
registration, so the skeletons are better aligned. The transformation matrix from the registration
step is used to initialize the position of the hierarchical shape model. For non-enhanced CT datasets,
a cropping step is introduced to limit the remaining processing to the torso. The largest torso cross-
section area is estimated by finding the largest connected region (2D) within the musculoskeletal
figure among all axial slices. The starting and ending slice of the torso is then defined as the
first slice, on either side of the largest torso cross-section slice, in which the width of the largest
connected region (2D) is below half the width of the largest torso cross-section area.

2.2 Hierarchical shape model guided multi-organ segmentation

The hierarchical shape model used in this study is shown in Figure 2. To generate statistical shape
priors for individual structures, all segmentation masks of the corresponding organ are registered
to the common-looking subject. To link a statistical shape prior to its parent structures space, the
statistical mean shape is registered against a trust zone created by thresholding the probability
atlas of that anatomical structure in the upper-level structures space. More detailed description of
building the hierarchical shape priors can be found in [WS14].

The segmentation is performed in a top-down fashion, i.e. ventral cavity is first segmented, and
then divided into thoracic cavity and abdominopelvic cavity. The third level contains the individual
organs such liver, spleen and kidneys. The location information of a higher level structure is
passed down to the lower level to initialize the segmentation. Within the same level, structures are
segmented sequentially from left to right as the order listed in Figure 2. Segmented regions are set
to different empirically defined likelihood values to guide the following segmentation.

2.3 Iterative organ intensity estimation

In the proposed hierarchical-shape-prior guided level set framework, the external speed function is
an intensity mapping function, which is similar to the threshold function in the threshold-based
level set method proposed by Lefohn et al. [LCWO03]. In [WS14], the upper and lower thresholds
are empirically defined beforehand for different structures. Since the intensity of some organs in
contrast-enhanced CT scans can vary depending on the circulation rate and acquisition timing,
we introduced an iterative approach to estimate the intensity range of heart, liver, kidney and
spleen. An organs upper and lower threshold are estimated to be M + 1.50 and M — 1.50, where
M and o is the mean and standard deviation of the voxel intensity within the current segmented
area. All voxels with intensity lower than 30HU are excluded from the calculation of M and o.
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Figure 2: The hierarchical shape model used in this study

The intensity estimation is repeated every 15 iterations of the model fitting process. The iterative
intensity estimation stops when the changing rates of M and o are both lower than a threshold (5
HU). The fixed thresholds reported in [WS14] are used as the initial setting for these organs in the
beginning of organ segmentation.

2.4 Model-guided level set using coherent propagation

In this study, the model-based level set method proposed by Leventon et al. [LGF02](Leventon,
Grimson, and Faugeras 2002) is adapted for individual structure segmentation at different levels.
Making this method efficient and accurate is essential for the usability and robustness of the whole
framework. In our earlier papers [WFS11, WFS14]), we proposed a fast level set method using
coherent propagation, which achieved 10100 times speed-up in various segmentation tasks when
compared with the sparse field level set algorithm. In [WS14], we extended the coherent propagation
method to model-based level sets, which can not only speed up the level set propagation, but also
reduce the frequency of shape-prior registration by taking advantage of the convergence detection
of the coherent propagation. In this new framework, the model fitting operation is only repeated
if the contour has moved a certain distance from the previously estimated model.

3 Results

.The proposed method was trained on 7 training CT datasets and tested on 5 non-enhanced CT
datasets and 5 contrast-enhanced CT datasets. These CT images are down-sampled to 333 mm
resolution, whereas the segmentation results are up-sampled to the original resolution for evalua-
tion. All these datasets were obtained from the Visceral Benchmark 1 site (visceral.eu) [HML112].
Overall, the proposed method yielded a Dice coefficient around 90% for most major organs. De-
tailed results are listed in Table 1. The average processing time for segmenting all ten major organs
is about 10 minutes (excluding the resampling steps) on an 8-core Mac Pro (2.26GHz). Figure 3
shows an example of the segmentation results at different stages from one testing dataset.
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Table 1: SEGMENTATION RESULTS

Organ Non-enhanced CT Contrast-enhanced CT
Name Dice Average Dice Average
coefficient | Hausdorff | coefficient | Hausdorff
(%) distance (%) distance
Liver 0.904 0.46 0.887 0.65
Spleen 0.887 0.45 0.842 0.87
Left lung 0.971 0.07 0.956 0.15
Right lung 0.972 0.06 0.942 0.20
Left kidney | 0.729 3.63 0.896 0.27
Right kidney | 0.777 1.21 0.890 0.28
Bladder 0.806 0.78 0.738 1.59

Figure 3: Segmentation results at different stages. A, segmentation result after skin and subcu-
taneous fat stripping; B, segmentation result of the ventral cavity; C, segmentation result of the
second level structures; D, segmentation results of the third level structures.

4 Discussion and Conclusion

The proposed segmentation method has a number of limitations. First, the statistical shape priors
for different structures were trained on 7 subjects, which can over-constrain the segmented area (cf.
liver segmentation in Figure 3D). Second, as the top-down strategy suffers from the accumulated
error being passed down along the hierarchy tree, a bottom-up feedback path should be added
to allow the lower structure to recover the higher level errors. Future work also includes improv-
ing segmentation accuracy by using more edge-based image terms and extending the framework
to handle MRI images. In conclusion, a multi-organ segmentation framework using hierarchical
shape priors is presented. This method gradually improves the estimation of the organ location by
first segmenting out large and regular-shaped structures. The appearance of organs is iteratively
estimated based on statistical analysis of preliminary segmentation results. Preliminary results on
non-enhanced and contrast-enhance CT datasets are encouraging.
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