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Congenital diaphragmatic hernia (CDH), which has a prevalence of 1 in 2,000-3,000 newborns
and leads to approximately 8% of the known major congenital anomalies, is a severe birth defect of the
diaphragm. In recent clinical practice, it has been reported that severe CDH could be treated in utero by
a minimally invasive surgery (MIS) called fetoscopic tracheal occlusion (FETO), which places a
detachable balloon into the fetal trachea to prevent pulmonary hypoplasia by increasing the pressure of
the chest cavity. In order to perform an FETO surgery, the surgeon inserts a fiber endoscope having a
diameter of 1.3 mm within a cannula (Karl Storz) having a diameter of 3.3 mm into the amniotic cavity
through the abdominal and uterine walls, towards the fetal mouth and trachea, being navigated by 2D
ultrasound (US) images and fetoscopic images. However, this operation is so difficult and risky that

high-level surgical skills are required.

To facilitate the FETO surgery, a flexible wire-driven surgical tool, whose posture can be
transformed to fit the internal structure between the fetal oral cavity and trachea, has recently been
developed by Zhang et al., but the operation of this surgical tool is still difficult without an automatic
navigation system. A prospective FETO surgical navigation system should be able not only to guide the
surgical tool to the fetal trachea by analyzing medical images such as 3D US images and fetoscopic
images, but also to provide the surgeon and control module with feedback information obtained by the
medical image analyses. Among different technologies needed for achieving the prospective surgical

navigation system, this thesis focuses on the following three main topics:
(1) 3D fetal face detection from 3D US images;

(2) Surgical tool location from 3D US images and fetal mouth tracking in real-time from

fetoscopic images;

(3) Estimation of fetal trachea’s position in 3D tracking space (the world coordinate system of 3D

electromagnetic (EM) tracking system).

As described below, new methods for the three topics are proposed and explored. In addition,
basic technologies (a) to (c), which are needed for the above-mentioned (1) to (3), are dealt with by this

thesis as follows:

(a) Medical image segmentation, which is a pre-process for detecting the fetal face and head by

(1), and is a pre-process for (b) also;



(b) Ellipse detection, which is needed for detecting the fetal head by (1) and fetal mouth by (2),

and is needed for (¢) also;

(c) 3D US calibration, which obtains transformation matrix between 3D US image coordinate

system and the EM world coordinate system, and is needed for (1) to (3).
The contents of each chapter of this thesis are as follows.

Chapter 1 describes the background, related work, purpose, outline of the proposed approach and
organization of this thesis. The background overviews image-guided procedures (IGP), congenital
diaphragmatic hernia (CDH) and its treatments including fetoscopic tracheal occlusion (FETO). The
related work reviews IGP systems, medical imaging and image process, and current navigation systems

for the FETO surgery.

Chapter 2 overviews some existing IGP systems, which include tomographic image overlay
systems, fluoroscopic X-ray systems, CT and MR based systems, and video based augmented reality
systems. Related technologies on medical image processing are illustrated, where technologies on
enhancement, segmentation, feature extraction, registration, visualization, and human computer

interaction are included.

Chapter 3 elaborates on the prospective surgical navigation system and its related technologies,
where one section explains the technologies needed for the navigation system, and the other section

explains about three main topics (1) to (3).

Chapter 4 proposes new methods for (a) to (c) and studies their validities experimentally, as
follows: (a) An improved Kernel-based fuzzy C-means algorithm is proposed for more accurate image
segmentation than conventional methods. Experiments using synthetic gray-scale images, simulated
brain MR images, and fetal 2D US images show that the proposed method has a strong robustness
against image noise, and also achieves a better segmentation performance than the conventional
methods. (b) An improved iterative randomized Hough transform algorithm is proposed for accurate
ellipse detection despite occlusions and discontinuities. Experiments using clinical fetal US images
demonstrate that the proposed method achieves more robust and accurate results, and has a better
efficiency than conventional methods. (¢) A novel 3D US calibration system using 24 fiducial points
obtained by resin cones is proposed for more accurate calibration. Experimental results are comparable

to those obtained by conventional methods using electromagnetic tracking.



Chapter 5 proposes a new method for (1). Specifically, a novel boosting traversal scheme based
on the spatial relations between each facial feature in 3D US images is presented for detecting the fetal
face and locating five key facial features, which involve nose tip, two eyes’ inner corners, nose upper
bridge and upper lip. Experimental results indicate the proposed approach is efficient and robust for 3D
fetal face detection and feature location. The accuracy of locating the key features is 100% as a result of
testing 72 images of 6 subjects, and the location error 3.18+0.91 mm of the detected upper lip can be
tolerated by the FETO surgery. It turns out that the system could complete the entire detection process

within approximately 625 msec on a quad-core 2.60 GHz computer.

Chapter 6 proposes new methods for (2): locating the surgical tool and tracking the fetal mouth.
Each of the 15 points on the surgical tool is located in 3D tracing space (the world coordinate system of
3D EM tracking system) based on a 3D skeleton extraction technology and the 3D US calibration
system. Experimental results show that an average TRE (target registration error) of 1.99+0.49 mm and
a maximum TRE of 2.614+0.49 mm are achieved, which satisfy 3.85 mm, the requirement of the FETO
surgery. The fetal mouth is tracked from a fetoscopic video sequence via the AdaBoost algorithm, the
Camshift algorithm, and the improved iterative randomized Hough transform algorithm. Experimental
results demonstrate that the proposed approach can automatically and accurately detect and track the

fetal face and mouth in real-time in the fetoscopic video sequence.

Chapter 7 proposes a method for (3): estimating the position of the fetal trachea. First, a 3D fetal
model with oral cavity and airways is reconstructed. Second, the 3D fetal facial surface is extracted
from 3D US images. Third, the reconstructed 3D fetal model is registered with the extracted 3D fetal
facial surface using sparse and dense matching, and is localized in the 3D tracking space based on the
3D US calibration system. Finally, the position of the trachea is estimated in the 3D tracking space
based on the geometric relationship between the internal organs and the 3D fetal facial surface in the
3D fetal model that can be known based on their design. In experiments, a mean TRE of 1.554+0.46 mm
is achieved for the location accuracy of the 3D fetal facial surface extracted from 3D US images, and
mean location errors of 2.51+0.47 mm and 3.04+0.59 mm are respectively achieved for the location

accuracies of the pharynx and the trachea entrance, which satisfy the requirement of the FETO surgery.

Chapter 8 concludes this thesis and states future work.
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