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University of Washington
Abstract

ORGAN VOLUME ESTIMATION FROM
MAGNETIC SENSOR BASED 3D
ULTRASOUND DATA: APPLICATION IN
GASTRIC EMPTYING

by Jing-Ming Jong

Chairperson of the Supervisory Committee: Professor Chi H. Chan
Department of Electrical Engineering

The study of gastric emptying requires measuring the change of stomach volume with time
after a meal. A series of cross-sectional images of the stomach were acquired with
conventional ultrasound imaging. The position and orientation of each image in 3D space
was registered by using a magnetic sensor which was attached on the ultrasound scanhead.
The borders of the stomach on the images were outlined to identify a set of contours
representing the surface of the stomach. The contours often intersect one another because
of the curvature of the abdomen surface, the deep position of the stomach inside the
abdomen, and the tilting of ultrasound scanhead.

Two algorithms were developed for computing the volume of stomach from intersected
contours. The first algorithm built a wireframe by sorting the connections between
contours with vector dot-product of the connections and the central long axis of the
stomach. The second algorithm deformed a pre-built wireframe to approximate the
stomach of interest based on least square criterion. Both algorithms used Green and
Gauss's theorem to compute the stomach volume, which is equivalent to dividing the
whole volume into tetrahedra with respect to a spatial point and summing their signed
volumes.

The accuracy of the methods was evaluated by scanning an in vitro porcine stomach filled
with different volumes. Thereafter, fourteen male volunteers were studied at various time
point before and after ingestion of a S00-ml broth. The mean absolute difference between



the estimated volumes of the porcine stomach and the true volumes in water displacement
was 0.7% = 0.4% (SD) with the dot-product sorting algorithm. Both methods were
applied to the gastric emptying data. The average stomach volume after ingestion was
expressed as (462.23ml) - (11.97ml) x (minutes after ingestion), r=0.986, SEE=22.65 ml,
with half emptying time of 21.9 + 4.5 minutes. The mean absolute difference between the
two algorithms is 4.1% + 2.8% (SD) . The deformation algorithm performs slower and
less accurately than the dot-product sorting algorithm, however, it has the potential of
handling more irregular shaped organs. Both algorithms are also applicable to compute the
volumes of other organs scanned with freehand 3D ultrasound.
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Chapter 1
Introduction

1.1 Significance of Stomach Volume Computation

The measurement of the change of stomach volume with time after a meal (gastric
emptying) has many research and clinical applications. It has been used to investigate
the physiology of the stomach in normal subjects [1, 2]. Many drugs in clinical practice
delay gastric emptying, thus induce symptoms of bloating, belching, nausea, and even
vomiting. Gastric emptying measurements can provide an index to these side effects.
Stomach surgery usually produces side effects associated with abnormalities of gastric
emptying, such as dumping, diarrhea, and gastric retention. Emptying measurements
have been used to compare newer, more selective procedures with older, established
operations. Furthermore, sequential emptying measurements during the first yeai' after
gastric surgery have been useful to evaluate the progress of an individual patient [3].
Various kinds of dyspepsia (indigestion) have uncertain pathogenesis, yet strong'
correlation with delayed gastric emptying. Emptying measurements may help the
diagnosis of these symptoms [4, 5]. In addition to studying gastric emptying,
ultrasound imaging of the fetal stomach has been used for the diagnosis of congenital
duodenal obstruction in utero [6]. It was found that the fetal stomach with duodenal
obstruction becomes extremely enlarged with advancing gestation, although the general
shape is about the same as normal fetal stomach.

1.2 Anatomy of Stomach

The stomach is a pouchlike organ which hangs under the diaphragm in the upper left
portion of the abdominal cavity. Itis partially surrounded by the ribs and lies to the left
of the liver. The length of the stomach is about 25-30 cm, and the capacity is typically
about one liter but can be more. The stomach is an approximately J-shaped organ, but
some individuals may have a more enlongated stomach, like a fishhook, and some may
have a shorter stomach, like a steer horn. Also, depending on the position of the body
and the degree of filling, the form and size of the stomach may vary considerably [7, 8].

Beginning with the innermost tissues, the stomach wall consists of four distinct layers:
mucous membrane (mucosa), submucosa, muscular layer, and serous layer. The
mucosa is characterized by many broad folds and numerous tubular gastric glands. The
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glands secret gastric juice to digest food. Alkaline mucus is also secreted to form a
protective coating to prevent the stomach from digesting itself. The mucosa of the
stomach is not well adapted to absorb digestive products. Only small quantities of
water, glucose, and alcohol may be absorbed. The submucosa contains loose
connective tissue as well as blood vessels, lymphatic vessels, and nerves. The vessels
nourish the surrounding tissues and carry away absorbed materials. The muscular layer
is responsible for the movements of the stomach. There are two major layers of muscle:
an inner circular layer and an outer longitudinal layer. When the fiber of the circular
layer contracts, the diameter of the local stomach decreases; when the fiber of the
longitudinal layer contracts, the stomach is shortened. Some parts of the stomach have
another inner layer of oblique fibers. By coordinating the contraction of these layers of
muscle, the stomach produces mixing action and emptying action (peristaltic waves).
The mixing action disperses food with gastric juice and helps to break food down into
small particles; the emptying action pushes the mixed content toward the duodenum, the
first part of small intestine. The serous layer secrets fluid to keep the stomach outer
surface moist, so that the stomach can slide freely against the other organs [7].

The upper part of the stomach is usually called the proximal stomach or fundus, and the
lower part is called the distal stomach or antrum. The stomach, especially the proximal
part, can dilate to accommodate the incoming food from the esophagus with little
increase in intragastric pressure. The secretion of gastric juice actually starts on sight or
smell of food prior to food ingestion, and the incoming food further stimulates
secretion. Following a meal, mixing and emptying actions are produced by the
aforementioned gastric contractions which occur about three times per minute [7, 9].

The rate at which the stomach empties can depend on many factors [8]:

1. Tonus of the stomach. Classified by motor and secretory activities of every
individual, there are four principal functional types of stomach: hypertonic, orthotonic,
hypotonic, and atonic (from the fastest to the slowest emptying).

2. Character of the food. Starch empties rapidly, protein empties at intermediate rate,
and fat empties slowly.

3. Consistency of the food. Liquids empty rapidly, semisolids empty at intermediate
rate, and solids empty slowly.

4. Hunger. Hunger accelerates emptying.
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5. Exercise. Mild exercise accelerates emptying, and extreme exercise retards emptying.
6. Body position. The emptying is stower in the supine position than in the standing or
sitting position.

7. Emotion. Aggressive emotions (hostility, resentment) accelerate emptying, and
depressive emotions (sorrow, fear) retard emptying.

8. Pain. Severe or sustained pain in any part of the body retards emptying.

L3 Previous Work on_Gastric Emptying

The earliest methods of measuring gastric emptying required nasogastric intubation.
Hunt, et al. pioneered a serial meal test in 1951 [1], in which normal volunteers ingested
an identical liquid meal every day for several consecutive days, and all the gastric
contents were aspirated via a nasogastric tube after a different time period on each day,
so that the emptying rate could be determined. George invented a dye dilution and
sampling method in 1968 [10] which adds, mixes, and samples colored dye in the
stomach at 10-minute intervals, and the gastric volume was computed from the dye
concentration in the samples. Without entirely pumping out the gastric contents at each
sampling, this technique needs only one intubation for each study. However, both
methods require nasogastric intubation which is considered as a stressful procedure that
influences the normal gastric activity [11, 12].

In clinical practice, barium X-ray is routinely used to examine the digestive tract,
including the stomach, for the presence of ulcers, tumors, strictures, and other
abnormalities [13]. The barium mixture (chalky liquid) coats and fills in the hollows of
the digestive tract after being drunk. Because X-rays do not pass through the barium
mixture, an X-ray picture reveals the silhouette of the shape of these organs. Although
the image quality is superior to other imaging modalities, such as nuclear imaging and
ultrasound, barium X-ray was found to be unsuitable for measuring gastric emptying,
because barium may separate from the test meal and leave the stomach at a different rate
(14].

In current practice, nuclear imaging is considered the gold standard for measuring
gastric emptying. Radioisotopes are added in the test meal, so the silhouette of the
stomach can be recorded by a gamma camera. Both solid and liquid food can be
studied, so the test meal simulates normal daily meals better and there is little
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interference with normal gastric activity. However, this technique subjects the patient to
ionizing radiation. Furthermore, subtlety is required in handling the error introduced by
the scattering of radiation. Because the recorded image is a three-dimensional (3D) to
two-dimensional (2D) projection, the small intestine occasionally overlaps with the
stomach in the image and the emptying will appear delayed [3].

Ultrasound imaging utilizes high frequency sound waves to observe internal organs.
Usually, both the transmitter and receiver transducers are built in the same scanning
probe, and the echo of the sound waves are detected to form a 2D image in real time. It
is a very popular imaging modality because it offers cost-effective cross-sectional
images in real time, and it is non-invasive and free from ionizing radiation. However,
because bone and air interfere with the penetration of high frequency sound waves, the
proximal stomach usually has been considered inappropriate for ultrasound imaging due
to its location behind the ribs and the possible presence of an air pocket in the top
portion of the stomach. Thus, most gastric emptying research using ultrasound had
been limited to the distal stomach portion [4, 15-18], which is valid only if the volume
of the meal is less than 200 - 300 mI (Volumes exceeding the antral capacity wiil extend
into the proximal stomach) [19]. Recently, Dr. Odd Gilja, et al. developed a new
sonographic method (test meal, scanning protocol, etc.) which makes it possible to '
consistently monitor the area of a standard sagittal section in the proximal stomach [20].
This dissertation has evolved from a joint research with Dr. Gilja, and the sonographic
method was adapted to acquire multiple sagittal sections of both the proximal and distal
stomach for computing the total stomach volume.

1.4 Why 3D Ultrasound?

Anatomic structures are spatially three dimensional; therefore, volume computation
performed using conventional 2D ultrasound imaging has been based on sampling the
length, width, and depth of the structure, and assuming a regular geometric model, such
as ellipsoid [21, 22]. While this approach is attractive because of its simplicity, it may
introduce significant errors or large variations in computing the volume, especially with
more irregular shaped organs. Previous studies on bladder volume measurements have
demonstrated errors from 15% to 95% using 2D ultrasound [23]. The stomach's shape
is more elongated and irregular, which makes it more difficult to estimate the volume
based on geometric assumptions. In previous gastric emptying studies based on 2D
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ultrasound, the area of a standard cross-section in the antrum was used to represent the
volume [4, 16, 19]. This expedient method is not only subject to large errors and
variations, but it is also valid only if the volume of the meal is less than 200 - 300 ml, as
mentioned in the previous section.

Three-dimensional ultrasound does not rely on any particular standard cross-sectional
image and geometric assumptions. Usually, the whole anatomic structure of interest is
sampled, and the surface or solid of the structure is reconstructed. Several research
groups independently reported that the volumes or ejection fractions of cardiac ventricles
based on 3D surface reconstruction had approximately half the variability of 2D
ultrasound [24-26]. Another recent report demonstrated that the bladder volumes based
on 3D solid reconstruction had a mean absolute error of 4.3% +3.7% versus

27.5% +17.8% for the 2D ultrasound [27]. Gilja, et al. also reported high accuracy on
measuring the stomach volume in vitro [28], however, they only measured the volume
of gastric antrum in vivo [29]. The proximal stomach was not scanned because of the
limited acoustic window in their motor driven 3D scanhead. The method employed in
this doctoral study is based on a magnetic position and orientation sensor. This
magnetic sensor based 3D ultrasound system allows freehand scanning, thus there is
less limitation on the acoustic windows, and the whole stomach can be scanned.
(Different 3D ultrasound systems are reviewed in Section 2.2.)

Besides quantitative measurement, 3D ultrasound may also improve data acquisition and
visualization. Two-dimensional ultrasound imaging is a real-time modality, and the
images are usually interpreted while the patient is on the examination bed. The images
become very difficult to interpret afterwards, because the spatial relationship among
images is no longer available. In contrast, 3D ultrasound imaging preserves the spatial
relationship, so the data sets can be explored and analyzed after completed the
examination. The display and manipulation of 3D data in geometric viewing eliminates
the mental effort of synthesizing the anatomy based on memorized 2D images. Various
types of 3D data visualization methods, such as wireframe, surface rendering, volume
rendering, and slicing [30-33] can be utilized.



1.5 _Overview of Problems and Solutions

In our magnetic sensor based 3D ultrasound system, a small sensor (6bmm x6mmx9
mm) is attached on the scanhead for detecting the position and orientation of each
acquired image. Because of the receiver's small size, the scanhead can be held as usual
and operated with high flexibility. However, as with other freehand 3D ultrasound
systems [34], the acquired images may intersect one another, and the anatomic structure
becomes difficult to reconstruct. Figure 1.1 depicts a freehand scan of the proximal and
distal stomach from an anterior view. The distal stomach was scanned stepwise from
left to the right to acquire short-axis cross-sections. Because ultrasound waves cannot
penetrate bone, the proXimal stomach was scanned by positioning the scanhead under
the ribs, tilting cranially to image the most superior part of the stomach, and moving
stepwise from left to the right to acquire longitudinal cross-sections. Despite our attempt
to acquire parallel cross-sections, the sections often intersected one another, especially in
the distal stomach. Figure 1.2 depicts this phenomenon with a transverse section of the
abdomen. The scanhead was moved stepwise from left to the right along the abdomen
surface, and total 10 images were acquired sequentially. Images 4 and S intersected
each other, and images 6, 7, and 8 were out of sequence. Apparently, the curvature of
the abdomen surface, the deep position of the stomach inside the abdomen, and the
tilting of scanhead all contributed to the intersection of images.

The intersection of each image plane with the stomach can be viewed as a contour. An
example of a 3D view Of the stomach in contours is shown in Figure 1.3(a). The main
topic of this dissertation is to investigate the methods of computing the total volume of
the stomach outlined by these types of contours. Because the contours may intersect
one another or be acquired out of sequence, a volume computation method must take
this into account and not simply calculate the total volume by summing the volumes
between consecutive contours in acquisition order.

Two new approaches for computing the stomach volume are reported in this
dissertation. The first method is to construct a wireframe from the contours as shown in
Figure 1.3(b) with the volume enclosed by the wireframe computed as the total stomach
volume. The second method is to deform a pre-built wireframe to match the stomach of
interest with the volume of the stomach being that enclosed by the deformed wireframe.
The details of these two methods are described in Chapter 4 and 5, respectively.



(b)

Figure 1.1 Freehand 3D ultrasound scan of (a) distal part of the stomach, and
(b) proximal part of the stomach (anterior view).



ultrasound scan of distal stomach

Figure 1.2 A transverse section of the abdomen showing the possible cross
contours in ultrasound scan.
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(a) (b)

Figure 1.3 3D view of the stomach in (a) contours, and (b) wireframe.



Chapter 2
Ultrasound Systems

2.1 _Basic Ultrasound Physics and Image Formation

The basic concept of ultrasound physics and image formation pertinent to this research is
briefly reviewed in this section. More detailed descriptions can be found in many
sources, for example [35-38].

Ultrasound waves are high frequency acoustic waves (5 MHz in this research) generated
by exciting a piezoelectric transducer with a spike of high voltage applied across the
transducer. The voltage causes the transducer to vibrate and emit a burst of acoustic
waves. The transducer is sealed in a hand-held scanhead, and the acoustic waves are
coupled to the internal tissues of the patient by placing the scanhead in contact with the
skin. The ultrasound waves observe the laws of mechanics and can undergo refraction,
diffraction, and absorption as well as scattering reflection. When the waves encounter
tissue interfaces with changes in characteristic acoustic impedance, echoes are reflected
back (o the transducer. After the ransmit puise is applied, the role of the transducer
switches to a detector for a period of time to continuously detect the echoes coming from
different depths. The detected echoes are converted to electric signals, then amplified,
processed, and displayed.

Assuming the ultrasound waves propagate through tissue at a constant velocity, the
distance between the transducer and the echo producing tissue interface is given by
g=Ct
2
where d is the distance, c is the speed of sound in the tissue, and ¢ is the time between
the transmit pulse production and echo reception. The speed of sound varies with tissue
type and temperature, e.g. fat = 1450 m/sec, muscle = 1585 m/sec, and blood = 1570
m/sec for human tissue at 37°C [35, 39]. The generally accepted value for the average
speed of sound in human tissue is 1540 m/sec.

As the ultrasound waves travel through the tissue, much of the energy is dissipated by
attenuation due to tissue absorption, scattering, and beam divergence. The attenuation is
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generally around 1 dB per centimeter per megahertz for soft tissues. Since about 70 dB
of round-trip attenuation in tissue can be tolerated, the maximum depth into the body that
can be imaged by ultrasound is about 230 wavelengths [40]. In ultrasound instruments,
the attenuation is usually compensated by increasing the gain of the echo-receiving
amplifiers according to the time when the echo is received (the length of time is
approximately proportional to the depth).

Specular (angle dependent) reflection will occur if the surface interface between two
media, e.g. two different tissues, are large and smooth compared to the wavelength.
The reflectivity depends on the difference in characteristic acoustic impedance between
two media. The higher the reflectivity, the stronger the echo is and the less acoustic
energy is transmitted through the interface. The characteristic impedance of a material is
equal to the product of its density and the speed at which ultrasound propagates within
it. The intensity reflectivity R of an interface is given by

2
R= ZZ_ZIJ
\Z,+Z

where Z and Z, are the characteristic impedances of the two media [37]. Because of
the large mismatch in impedance, the soft tissue and bone interface has a high reflectivity
coefficient which accounts for ultrasound's inability to penetrate bones [35].

Any acoustic energy that is not reflected is transmitted through the interface according to
Snell's Law:

sinf, _sin6,
G G

where 0, is the angle of incidence in medium 1, 6, is the angle of refraction in medium
2, and c is the speed of sound in the respective media [37]. In contrast to specular
reflection and refraction, diffuse reflection (scattering) occurs, when the reflective
surfaces are rough or small (on the order of the wavelength or smaller). Diffuse
reflection from red blood cells is especially important for measuring the blood flow
velocity with ultrasound [35].
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One uitrasound beam represents the received echoes from all depths of interest
associated with one transmitted pulse. One way of achieving a 2D scan is by
electronically steering the beam witha phased array transducer which consists of a series
of small and closely spaced piezoelectric transducer elements aligned linearly. Every
element is pulsed at carefully scheduled timing (nanoseconds before/after the others), so
the phases of the transmitted spherical wavefronts reinforce along a specific direction
according to Huygen's principle [36], as illustrated in Figure 2.1. The echo signal
received from every element is delayed by the same schedule before being summed
together, so the echoes effectively return from the same angle as the transmitted pulse.
Thus, a fan-shaped area can be scanned by electronically sweeping the beam without
moving the scanhead. ‘

Linear Phased Array

Beam

Direction Beam

Direction

Circular Wavefronts

Figure 2.1 The Huygen's principle.

The positions of the scanlines are converted from polar coordinates (8, r) to Cartesian
coordinates (x,y) or (row, column), and the intensities of the scanlines are interpolated
to display the image on the video screen. The image must be reconstructed every 33
msec if new information is to be updated at NTSC video frame rates. Because of the
limitation of the speed of sound, this 33 msec limit causes a trade-off between the
maximum number of scanlines and the maximum depth that can be scanned. For
example, it is limited to about 128 scanlines for the depth of 19.9 cm.



Spatial resolution, the ability to resolve two closely spaced reflecting points, varies
between ultrasound instruments and scanheads. Figure 2.2 shows the convention for
directions (range, lateral, and elevation) related to beam propagation from a transducer.
The range resolution depends on the transmitted frequency and the duration of the
transmitted pulse. The higher the frequency and the shorter the pulse, the better the
range resolution. However, because the attenuation of ultrasound by human tissue
increases with increasing frequency, the maximum frequency is limited by the depth to
which the ultrasound must penetrate to image the desired tissue.

The lateral and elevation resolutions are related to the ultrasound's beam profile (acoustic
intensity field), as shown in Figure 2.2, and are subject to diffraction effects. In the
near field region, the beam width is about the same as the width of the transducer. This
region is characterized by rapid fluctuations of acoustic intensity due to the complex
interaction of the phases and amplitudes of the transmitted pressures arriving from the
different regions of the transducer's face. In the far field region, the intensity changes
gradually and the beam spreads out beyond the width of the transducer. The lateral and
elevation resolutions deteriorate as the beam travels further away from the transducer.
The transition zone between the near field and far field has the best resolution because of
the focus of acoustic intensity (narrow beam profile). The beam width of this focal zone
is usually further narrowed and brought closer to the transducer by applying an acoustic
lens on the surface of the scanhead. The beam profile in lateral directicn can also be
dynamically adjusted by tuning the pulsing schedule of the transducer elements [35, 36].
In contrast, the beam profile in the elevation direction is fixed for a linear phased array,
and the thickness of the image plane is usually ignored in 2D imaging. The lateral and
elevation resolutions are almost always worse than the range resolution, so they are
likely to contribute more to the spatial location uncertainty in 3D ultrasound.

2.2 3D Ultrasound

A true 3D ultrasound scanhead would allow the acquisition of 3D data without moving
the scanhead. There are two types of true 3D scanheads. The first type has a 2D phased
array transducer which allows steering the ultrasound beam in both lateral and elevation
directions [41, 42]. The second type usually has a built-in motor to rotate the transducer
within the scanhead, and multiple 2D images can be acquired at fixed increments of the
rotation angle [29, 43].
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Elevation

/- Linear Phased Array

Beam Profile

Figure 2.2 The convention for directions related to beam propagation and the
beam profile. The range direction is the same as the ultrasound beam direction,
the lateral direction is perpendicular to the beam direction and parallel to the
transducer array, and the elevation direction is the third orthogonal direction.
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Because the beam steering and motor motion automatically follow a preset regular
pattern, true 3D scanheads allow rapid data acquisition, especially with the 2D phased
array transducer which can have multiple receiving beamforming systems (Huygen's
principle) to "listen" to multiple slightly different directions with each transmitting pulse.
Note that the speed of sound still poses a limit as in conventional 2D ultrasound,
because there can only be one transmitting pulse at a time, one must wait to send the
next pulse until all the echoes from the previous pulse have arrived at the transducer.
Another advantage of a true 3D scanhead is the reconstruction of the volume is simple,
because the 3D relationship of the data is known a-priori. It is also easy to keep the
acoustic contact with the patient, because a true 3D scanhead maintains a fixed position
during data acquisition. Consequently, the disadvantage for a true 3D scanhead is the
limitation of the field of view to a single acoustic window, which is not suitable for
scanning large organs such as the stomach [29]. Also, as the complexity of the
scanhead increases, it may become bulky and heavy. Thus, it is difficult and expensive
to manufacture a light and small true 3D scanhead.

A volume of ultrasonically interrogated tissue can be reconstructed from multiple 2D
images, as long as the position and orientation of the scanhead is known for each image.
Thus, a 2D ultrasound system can be economically extended to a 3D ultrasound system
by adding either mechanical constraints to the scanhead's motion or a position and
orientation measurement (POM) device to track the scanhead's motion. The mechanical
constraints usually only allow tilting or linear translation of the scanhead in one degree
of freedom. It can be motor or manually driven {44-46]. A scanhead equipped with a
POM device permits up to six DOF in scanning the patient, so it is called freehand scan.
Mechanical arms[47-49], acoustic [34, 50-52], or electromagnetic (53, 54] POM
devices have been used.

A mechanically constrained scanhead follows a rigid scan path, so the spatial
relationship between images is simple, and the 3D volume is straightforward to
reconstruct. Potentially, it has superior alignment accuracy, because the position error
results along only one DOF. However, an acoustic window of the scanhead with a
tilting constraint is usually too narrow, and the scanhead of a linear translation
constraint may loose acoustic contact with the body surface due to the lack of flexibility
along the scan path.
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As described in Section 1.5, a major disadvantage with freehand 3D ultrasound is the
complex spatial relationship between images, which can make the reconstruction and
volume computation of the anatomic structures difficult. However, only freehand
scanning provides full exploration of acoustic windows which are crucial for scanning
the whole stomach. Furthermore, freehand scanning permits image acquisition of
optimum quality, because the position and orientation of the scanhead can be adjusted
for each acquired image. Thus, a freehand scanning system is the best choice for
obtaining stomach volumes.

The accuracy among mechanical arm, acoustic, and electromagnetic POM devices are
comparable, about 1 - 2 mm of uncertainty in locating a single point in 3D space [34,
48, 49, 55-57]. However, they operate on different principles, and are quite different in
terms of physical size and environmental requirements.

A mechanical arm is an assembly of shafts and gears with potentiometers for measuring
the angle or translation of every moving joint. The scanhead is mounted at the end of
the mechanical arm, so the position and orientaticn of the scanhead can be computed
from the readings of the potentiometers. The accuracy of a mechanical arm is immune to
any environmental interference. However, the operation of the scanhead is still
constrained mechanically. Typical mechanical arms offer only 3 - 5 DOF [47-49], so
they barely qualify as freehand scan systems. Further increasing the DOF not only
complicates the system design, but also potentially increases the measurement
variability.

In an acoustic POM device [34, 51, 52], a trio of spark gaps are attached to the scanhead
to sequentially emit shock waves with various frequency components. A microphone
array over the examination bed is tuned to receive the signals of approximately 100
KHz. The position and orientation of the scanhead are derived from measuring the time
of flight of the shock waves in the air from each spark gap to the microphones.
Although the fixture (a 9 cm diameter plastic disk in [34]) for the spark gaps is not
small, there is no mechanical constraint, and the scanhead can move freely with 6 DOF
(3 DOF for translation, and 3 DOF for rotation). The drawback of acoustic POM
devices is the need of maintaining unobstructed line of sight between the spark gaps and
the microphones, which severely limits the scanhead's orientation. Additionally, the
velocity of sound in air is not constant; random air current and the variation of room
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temperature and humidity all affect the accuracy. Some patients can not tolerate the
crackle and flash of the spark gaps [55, 56].

The magnetic POM system used in this study is based on a pulse-flux magnetometer and
consists of an electronic system control unit, a transmitter, and a receiver. The receiver
picks up the strength of the magnetic field emitted from the transmitter, permitting the
control unit to track of the position and orientation of the receiver relative to the
transmitter. The receiver is attached to the ultrasound scanhead, and the transmitter is
usually attached under the examination bed or behind the examination chair (if the patient
is scanned in a sitting position). Because of the small size of the receiver (6 mm x 6 mm
X 9 mm) and because there is no need to maintain a line of sight between the transmitter
and the receiver, magnetic POM devices offer the highest flexibility in image acquisition.
However, any magnetic or electrically conductive objects, stray magnetic fields, and
electromagnetic noise in the measurement area may distort the magnetic field generated
by the POM transmitter and affect the accuracy of measurement. The examination
bed/chair used in our laboratory is constructed from wood/plastic using brass hardware.
The receiver 1s attached to the scanhead with brass/plastic screws and glue. It was
verified that the induced fields from the signals in the scanhead or the metal parts within
the scanhead does not affect the accuracy [56].

There are three orthogonal coils in the transmitter and receiver, respectively. The
transmitter emits three orthogonal pulses of magnetic fields in sequence, and the receiver
senses the strength of the magnetic fields in its own three orthogonal directions with
respect to each emitted pulse of magnetic field. The relationship between the
transmitter's axis system (X, y, z) and the receiver's axis system (a, b, c) is depicted in
Figure 2.3. After subtracting the ambient field strength, which is measured by an
additional receiver sensing cycle with no fields generated by the transmitter, the distance
and orientation of the receiver's axis system with respect to the transmitter's can be
determined. The distance is reported as the X, y, and z location of the receiver's axis
origin with respect to the transmitter's origin:

R,
R |-
R,



17

The orientation is reported as a matrix of angle cosines; each angle cosine value gives the
unit vector projection of a receiver's axis onto the transmitter axis:

R. R. R,
R, Ry Ry|
RuRIzARa

These twelve parameters are updated in real time by the control unit (100 times per
second in our system).

z

—
Image Plane

-y

Figure 2.3 Axis systems for the POM transmitter, receiver, and the image plane.

Figure 2.3 also depicts the relationship between the receiver's axis system (a, b, ¢) and
the image plane's axis system (r, q), where r and q represent the row and column of the
image plane, respectively. In a similar manner, the distance and orientation of the image
plane's axis system with respect to the receiver's can be represented as
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1.
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Because the receiver is firmly attached on the scanhead, these nine parameters are fixed
for the images with the same range and lateral resolutions which are controlled by the
depth setting in an ultrasound instrument.

The physical 3D location of each pixel on the image plane can be computed through a
two-step process of mapping the image plane's axis system (r, q) into the receiver's axis
system (a, b, ¢), then mapping this result into the transmitter's axis system (X, ¥, z).
The cascade of the two mappings is:

px R‘ Ialx be ch Sa Sn Scp 1
Py |=| R [+|R, Ry R IS, Sy SylP: (2.1)
.J LR LR, Ry R, |S. S. S lip,

where (p,,p,) is the coordinates of pixel p in (r, q) axis system, and (p,,p,. p,) is the

corresponding coordinates in (X, v, z) axis system [S6].



Chapter 3
Review of Volume Computation

3.1 Fundamentals of Volume Computation

The volume of an irregularly shaped object is generally computed based on the principle
of divide-and-conquer: divide the object into multiple simple geometric elements, and
compute the volume of each element. The object's volume is equal to the sum of all the
elemental volumes. Depending on how the object is sampled and what type of algorithm
is used, different shapes of simple geometric elements in different hierarchical levels are
used.

Riccabona, et al. [27] densely sampled the urinary bladder to generate volume data
which filled the sampled space with small cubic elements called voxels. (A voxel in 3D
volume data is analogous to a pixel in a 2D image.) The volume data was manually
masked to exclude all voxels which were outside of the bladder. The volume of the
bladder was then equal to the product of the number of remaining voxels and the unit
voxel volume. Significant computer storage was required for the volume data because
of the dense sampling of the anatomic structure.

The trapezoidal or Simpson's rule [S8] is often used to approximate the volume outlined
by parallel cross-sectional contours based on outlines of borders in the images.
Assuming A, A,, and A, are the areas of three parallel contours, and the distance

between adjacent contours is D. The outlined volume by the trapezoidal rule is

2(a+a)+2(4+4).

The outlined volume by the Simpson's rule is

§(Al +44,+4).

The Simpson's rule is usually more accurate than the trapezoidal rule, because the
former is based on parabolic interpolation, and the latter is based on linear interpolation.
Bolondi, et al. [4, 16] sampled the gastric antrum at both ends and the middie to obtain
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three contours using conventional 2D ultrasound. The contours were assumed to be
parallel, and the volume was computed based on the trapezoidal rule. Fisher, et al. used

Simpson's rule to compute the volume of cardiac left ventricles using parallel and equal-
distance cross-sectional images obtained using intracardiac ultrasound [59].

The total volume of a region is the sum of the individual volumes between every two
consecutive contours, if the cross-sectional contours do not intersect each other (either
using parallel or non-parallel contours). Gilja, etal. [28, 29] and King's research group
in Columbia University [52] resampled each contour into the same number of points
(N), found the centroid of the N points, and generated N wedges or sectors around the
centroid line between every two adjacent contours. Each wedge was then decomposed
into three tetrahedra as shown in Figure 3.1(a). Thus, the volume between two slices
was decomposed into 3 tetrahedra. The volume of a tetrahedron is equal to

3B-h

where B is the basc area, and k is height of the tetrahedron, as shown in Figure 3.1(b).

The volumes of all tetrahedron were summed to yield the total volume.

=

(b)

T

N\

(a

Figure 3.1 (a) A wedge or sector ABCDEF. A and B are two adjacent points in a
contour, and C'and D are the corresponding points in the next contour. E and F are
the centroids of the respective contours. The wedge can be divided into three.
tetrahedra ABDE, BCDE, and CDFE. (b) The volume of a tetrahedron ABCT is

equal to 5 8- h, where B is the area of base ABC, and # is the height from point T to

the base.
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Handschumacher, Jiang, et al. [24, 51] also divided a cardiac ventricle into multiple
tetrahedra for computing its volume using a slightly different approach. The entire
ventricle surface was treated as contiguous triangular patches, each forming a
tetrahedron with the centroid of the ventricle. The limitations of these tetrahedron based
methods are that the centroid must be inside the object, and the tetrahedra may overlap
one another in regions of concavity. These limitations can be overcome by properly
assigning a plus or minus sign to each tetrahedron volume, so that the sum of the si gned
volumes gives the correct total volume of the object. The detailed scheme of using
signed volume is given later in this section (based on Green's and Gauss's theorem).

Instead of dividing the object along latitudes, Moritz, McCabe, and Martin, et al. [34,
60, 61] divided the object (cardiac left ventricle) longitudinally into sections similar to a
citrus fruit. First, the central long axis of the object was derived from linear least square
fitting of all the sampled points on the cross-sectional contours. Then, each contour was
resampled at every fixed angle around the axis, and the area between the central axis and
the resampled points at the same angle was computed for every angle. As illustrated in
Figure 3.2, the shaded region is the area corresponding to an angle, and the volume
computation problem is simplified from 3D to 2D. The total volume is the sum of all the
sectors' area in Figure 3.2 (b):

N
y2lcEol

where N is the number of sectors, r(6) is the longitudinal plane area at angle 6 in
Figure 3.2 (a). This algorithm has been shown to be very accurate in estimating the
volume of the cardiac left ventricle in vitro (average error is 5%) [34, 60]. It can handle
intersecting cross-sectional contours and partially missing border in the contours.
However, a major limitation of this algorithm is that the central long axis must be inside
all the contours in order to resample the contours correctly. Due to the curvature of the
stomach, it is often impossible to find such an axis which is completely within the
gastric cavity.
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(a) ®)

Figure 3.2 The object is resampled at longitudinal planes at every fixed angle
around the central long axis. (a) The area of each plane is computed. (b) The
volume can be computed by summing all the sectors' area.

The relationship between the volume and surface of an object can be established by
Gauss's theorem. It is easier to demonstrate a similar relationship in 2D space between
the length of a contour (or polygon) and the area enclosed by the contour [62]. Green's
theorem states that given continuous functions M(x,y) and N(x, y) having continuous

partial derivatives over aregion R which is enclosed by a contour C,

j{(a—N—iw-dedy=Ichx+Ndy.

If we set M=—y and N =x, we obtain the formula for the area of the region:
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where we assume the contour Cis resampled into n sequential points, p,(x,, AN

i=l--,n,and p,, =p,; 5;‘, is the vector from the origin of the coordinates to point
D;- Because translating the contour does not change its area, the origin of the

coordinates can be arbitrarily defined somewhere close to the contour to increase the
accuracy (the origin does not have to be inside the contour). The area enclosed by the
contour is algebraically equivalent to summing the signed areas of all the component
triangles formed between the origin and every two adjacent points on the contour. This
method is valid even for nonconvex contours. Figure 3.3 illustrates how the signed
areas of the component triangles are summed to give the total area of a nonconvex
contour.

Py

S
=

,

P4
Figure 3.3 Seven points lie in the plane of the paper; the area enclosed by the
contour p,p, p.p,psPs 1s equal to the sum of the signed areas of the six triangles:

IAOPIPZI + IAOpzpsl + lA0P3P4| + |A0P4P5' - |A0P5P5| - IAOpspll' where A is
used to indicate a triangle composed of the following three points, e.g. AOp,p,
is the triangle formed by points O, p,, and p, .

In 3D space, if the contour lies on some arbitrary plane perpendicular to a unit vector N,

A=EI'IN'(Z-0-;;;XOR‘+1]
i=1

Goldman [63] extended the same principle to compute the volume of a polyhedron
which is equal to sum the signed volumes of all the component polyhedra formed
between the origin and every surface patch (polygon) on the polyhedron:

the area can be computed by

. G.1
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3.2)

where B, is the j'th surface patch area (the base area of a polyhedron), and ; is the

signed distance from the origin to the j'th surface patch (the height of a polyhedron),
and j=1---,m. Let

p; = the i'th contour point on the ' th surface patch
N, = a unit outward vector normal to j* th surface patch

= [(pli "Po,')x(Pz,- —pOj)]/l(pll' _POJ)X(Pz; -p°i)|'

From the previous result for contours, equation (3.1):

|
i=1
The signed distance h ; 1s equal to the projection to the normal vector N, of any vector

starting from the origin to any arbitrary point on the surface patch, so

(3.4)

]

hj:opoj-N..

Putting equations (3.2), (3.3), and (3.4) together, the final formula for computing the
volume of a polyhedron is

V=%

{2(517—01 ‘N, )'Ni (2 5;; x OPMJ]}’ 3.5
j=1 i=1

Note that the unit normal vectors of all surface patches need to consistently point
outward or inward. This formula is valid even for nonconvex polyhedra. The
algorithms for computing the stomach volume in this research are based on equation

(3.5).



3.2 Surface Reconstruction

Before applying the divide-and-conquer principle, such as equation (3.5), to compute
the volume of an irregular shaped object, the sampled points usually need to be
resampled (interpolated) and organized (sorted) into a certain sequence. Based on this
sequence, multiple simple geometric elements can be created without overlapping one
another or leaving gaps excluded from the object's volume. The process of resampling
and organizing sampled points is equivalent to surface reconstruction which is a very
active research topic in computer vision and computer graphics. Many algorithms have
been proposed, yet there is no perfect method. Because there is no unique solution, the
surface reconstruction problem is ill-defined in nature. There are always some
pathologic shapes which can fail the most sophisticated method. Which algorithm to use
depends on the source of the data, the shape of the object, and how the surface of the
object is sampled (parallel contours, non-parallel contours, scattered points, elc.).

The organ is scanned in parallel slices in many medical imaging modalities, such as X-
ray CT, MRI, and mechanical constrained linear translation 3D ultrasound. After
outlining the boundary of the organ on every slice, multiple parallel contours in 3D
space are obtained. The surface of the organ can be reconstructed by building surface
patches between contours on adjacent slices, such as triangle patches [30] or curvature
patches based on 2D splines [64]. Usually, a least distance criterion is used to find the
corresponding points between successive slices for building surface patches. However,
the process of finding the corresponding points can be complicated and often requires
manual interventions if the contours on two successive slices are very different [65-67].
For example, the contour line of brain cortex may have different deep narrow
concavities and a different number of contours on two successive slices. Fortunately,
many organs, such as cardiac ventricles, kidney, and stomach, are fairly smooth and
well integrated, so their cross-sectional contours are quite elliptic, and there is only one
contour per slice. [t is usually possible to resample the contours at fixed angles to obtain
equal number of points on each contour for building surface patches [28, 61]. Because
the cross-sectional contours in this stomach research are not parallel and may intersect
one another, the surface cannot be reconstructed simply by building surface patches
between consecutive contours.
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The aforementioned longitudinal sectioning method by Moritz, McCabe, and Martin, et
al. [34, 60, 61] (Section 3.1) can handle intersected cross-sectional contours. There
was also a similar algorithm developed by Brinkley, etal. [50]. The resampled points at
the same angle from all the contours are sorted and connected before computing the area
of the longitudinal plane as shown in Figure 3.2 (a). The sorting is based on a nearest
distance criterion. First, the point closest to the central long axis is selected as the
starting point in a sorted list. Next, the nearest point to the starting point is found and
appended as the second point in the sorted list. Then, the nearest point to the second
point is found and appended in the sorted list. This process iterates until all remaining
points have been sorted and linked in the list. In the sorting process, if the distance
from the first point to the new point is less than the distance from the last point to the
new point, then this indicates that the first point is not an end point. The new point
becomes the first point, and all the previous sorted points descend one position in the
sorted list.

Besides being able to handle intersecting contours, the longitudinal sectioning method is
also capable of handling partially missing border in the contour, because the number of
points does not have to be the same for every sorted list. However, there are two
drawbacks which limit this method in stomach volume applications. The first is that it is
difficult to find a central long axis completely within the gastric cavity because of the
curvature of the stomach, as mentioned in Section 3.1. The second is that the nearest
distance based sorting method is prone to error [60]. Figure 3.4 (a) illustrates a list link
sorted by using the nearest distance criterion. Point A is the first point in the link, point
B follows, etc. Because point E is somewhat far away from the neighboring points,
point E will be incorrectly linked as an end point in the list. The desired list link is
shown in Figure 3.4 (b).

Handschumacher, et al. [51] reconstructs the surface of a cardiac left ventricle by
deforming a spherical template to fit multiple intersecting cross-sectional contours in
both the short and long axes of the cavity. The spherical template consists of evenly
spaced lines of latitude and longitude to provide about 500 grid points. Itis initially
positioned at the geometric center of the cavity. Imaginary rays are extended from the
center of the sphere through the grid points toward the contours to calculate the
corresponding points on the ventricular surface by best fitting to all contour segments



within a conical sector (10.6°) around each ray. Rays without adjacent contour
segments are interpolated from nearest neighbors. This method is suitable for
reconstructing an object which does not differ greatly from a sphere. Because the shape
of the stomach is elongated and curved, the rays could intercept the stomach surface
more than once, which limits its applicability.

Figure 3.4 An error in the sorting based on nearest distance criterion. (a)

incorrect sorting, point E becomes an end point; (b) correct sorting.

Some smooth surface fitting algorithms are developed for Z values given at points
irregularly distributed in the X-Y plane, also called 2 3 D range data [68, 69]. Because
only a single Z value is allowed for each (X,Y) coordinates, a closed surface needs to be
divided into multiple regions. It is possible to build multiple surface patches one by one
using this approach, however, it is not easy to seam all the patches together. Also, the
surface will be very sensitive to the choice of the points for each patch.

Recently, a volume spline based on Green's function was used to reconstruct geometric
models and surfaces from scattered points [70]. It results in the representation of a solid

by an inequality f(x,y,z) 20, and the surface defined by the implicit equation
f(x,y,2) =0. Thisalgorithm can generate highly concave and branching objects
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automatically with the major drawback of its high computation complexity. This
algorithm shows promise, since it can be efficiently paralleled.

Spherical harmonics or other surface harmonics are commonly used in modeling the
surface of the heart [71]. The surface is represented in the form of a linear combination
of orthogonal basis functions, which is conceptually similar to Fourier series. Spherical
harmonics permit the decomposition of the object's shape into simple forms that can be
ordered according to their increasing spatial complexity. Because the shape of the
stomach is more irregular than that of the heart, it may require more than one harmonic
fit.

Various active contour or active surface models have proliferated in computational vision
and computer graphics in the past decade. Kass, et al are the first who elegantly
described an active contour model, called the snake, for edge detection [72]. A snake is
a spline which approaches features such as edges during an iterative energy-
minimization process. Energy is defined as external energy and internal energy, where
external energy is defined as minus one times local gradient. and internal energy is
defined as the weighted sum of spline length and curvature. Thus, the snake approaches
spots with higher gradients, yet a shorter and lower curvature snake is preferred.
Depending on applications and preference, the active model is also called a deformable
model, and the internal energy is dubbed as a constraint, regularization, stablizer, or
spring force. The external energy usually directly corresponds to the objective of the
algorithm, in this case, an edge.

The idea of active contour model has been extended to active surface models [73-78] and
volume deformation models [79, 80] by many researchers for surface reconstruction and
image registration. In active surface models, surface patches or meshes are first built
according to the a-priori knowledge of the general shape of the object. The patches or
meshes are attached to the data points by imaginary springs. The patches or meshes will
move to approximate the shape of the data points, because they are pulled by the spring
forces (external energy). There are also imaginary springs (internal energy) between
patches or mesh points to maintain the continuity and smoothness of the surface. The
surface reconstruction process is equivalent to the time evolution of a physical system
which settles into a stable configuration of minimum potential energy. The volume
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deformation model is based on the same principle to deform an a-priori knowledged
volume to match the shape of the data points in 3D space.

In general, deformable models are very powerful and flexible tools for surface
reconstruction. However, most of the surface reconstruction methods using deformable
models were demonstrated with densely sampled range data or in 3D voxel space; their
accuracy on sparsely sampled data is unknown due to the ill-defined nature of surface
reconstruction.

As stated in Section 1.5, two approaches for computing the stomach volume are
reported in this dissertation. In the first method (detailed in Chapter 4), the concept of
surface reconstruction from cross-sectional contours to a wireframe is inspired by the
aforementioned method of Moritz, McCabe, and Martin, et al. [34, 60, 61]. In the
second method (detailed in Chapter S), a volume deformation model based on Szeliski's
method [79] is used to approximate the stomach surface.



Chapter 4
Computing Stomach Volume with Dot-Product Sorting Method

4.1 Overview

As described in Section 1.5, the proximal and distal parts of the stomach were scanned
from different orientations. The proximal stomach was sampled lengthwise into three to
eight approximately parallel contours, while the distal stomach was sampled in short
cross sections into eight to twelve nonparallel contours. The proximal and distal
volumes could be computed independently, and the sum of these two volumes was the
total stomach volume.

Conceptually, the volume computation method presented in this chapter consists of three
major processes: resampling the contours, rearranging the links between contours, and
computing the volume. It is necessary to resample each contour into the same number
of border points, so that all the contours can be linked together to form a wireframe. A
link is defined as the line segment which connects a point on one contour to a
corresponding point on another contour. A wire is defined as the union of all the joined
links. Figure 4.1 illustrates the definition of contour, link, and wire.

Ps'[\ [\ P1

Ps p2"
j \ 5 contours: C;, G, G3, (4, Cs.

X A 8 links: p;p2. P2P3. P3P4, PaPs
PsP7. P7Ps8. PsPs. PoP1o-
P10 P9 2 wires: p;P2p3PaPs. PsP7P8PoP10-
P Ps
Cs G
¢
3 G &

Fig. 4.1 Contour, Link, and Wire.

The wires in Figure 4.1 are generated by linking the corresponding point in each contour
in the order of the uitrasound scan. Because contours C, and C, intersect each other,

the upper wire has an incorrect zigzag shape. The order of link-points p, and p, must

be exchanged to obtain the correct wire p,p,p, p,ps. Our method for rearranging links
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is based on the vector dot-product, or inner-product: a-b =laljblcos @, where 8 is the
angle between vectors a and b. The value of the dot product is positive, if [|< 90°;
otherwise, it is non-positive. Suppose Figure 4.1 is a part of the distal stomach, and

AX is the central long axis of this part of the stomach. AX - PiP; , AX - PP , and

AX - D4Ds are all positive; only AX - P25 is negative. Thus, we know that the order of
link-points p, and p, should be exchanged. After the exchange, all the links 7:7s ,
D3Pz, P:Ps, and PsPs have positive dot-product value with AX .

[t is necessary to consider two facts for the dot-product method to work in the real

world. First, the stomach is a J-shaped organ, so the central long axis AX needs to be
bent accordingly for it to better represent the trend of the wires on the wireframe.
Second, it is possible to have more than two contours which intersect one another,
which makes the sorting of link-points difficult. The centroids of all the contours are
sorted and linked to form a central wire to simulate the bent central long axis. A bubble
sert algorithm [81] has been used to sort link-points. The terms "Sorting link-points”
and "rearranging links" are actually identical, so they are used interchangeably through
this chapter.

4.2 Procedure for Volume Computation

The al gori'thm of the volume computation consists of the following six steps. Each step
will be explained in each subsection, from Section 4.2.1 to 4.2.6.

Step 1: manually outline the border of the stomach to form a contour from each image.
Step 2: compute the centroids for all the contours.

Step 3: resample the contours to get the same number of samples along each contour.
Step 4: rearrange the centroid-links.

Step S: rearrange the wireframe-links.

Step 6: Computing the volume using the Gauss theorem based method.
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The whole algorithm was programmed using the C language *, and integrated with the
Application Visualization System software package, version 5.01 (Advanced Visual
Systems Inc., Waltham, Massachusetts, USA) running on a DEC Alpha 3000 - 300
workstation. The Application Visualization System was used mainly to provide the user
interface, such as file browsers, slide bars, dials, buttons, and the displays of both 2D
images and 3D geometry.

4.2.1 Manual Outlining

Computerized volume estimation starts with interactive manual outlining with a mouse
on the computer display. The inner echo interface of the gastric mucosa was chosen for
manual outlining in all samples. In cases of the presence of an air pocket in the top
portion of the stomach, the outer border of the air pocket was traced. Example images
of the proximal and distal stomach with manual outlines are shown in Figure 4.2. The
outlined points are in sequential order, i.e. in either clockwise or counterclockwise
order. All the neighboring points are connected with straight line to form a closed
contour (also called polygon).

The two compartments of the stomach were scanned in two separate transducer
movements in this study, so the border region between the proximal and distal stomach
was captured in both scans. To avoid including this overlapping region in the volume
computation twice, this region was excluded in the outlines of the proximal stomach.
The operator was provided with a 3D view of the outlined contours, as shown in Figure
1.3 (a) of Section 1.5, which was updated in real time as the operator traced the
sonongraphic images. (See equation 2.1 in Section 2.2 for the 2D to 3D geometric
transformation.) The distal stomach was outlined first, then the proximal stomach was
outlined based on both the sonongraphic images and the feedback from the 3D view of
the outlined distal stomach contours. The top portion of the proximal stomach image in

* The source code can be obtained by contacting the author through email:
jong@u.washington.edu. '
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Figure 4.2(a) was not included in the outline, because it overlapped with the distal
stomach. The process can be viewed as sewing the proximal stomach outlines onto the
distal stomach, as in Figure 1.3 (a).

(@) (b)

Figure 4.2 A cross section image and outlining of (a) proximal stomach,
and (b) distal stomach.

4.2.2 Computing Centroids

Regarding a contour as a planar 2D polygonal object with uniform density, the centroid
of the contour is defined as the center of mass. The centroids of the contour are
computed for the purpose of resampling the contour. Also, the central wire of the
stomach is constructed by properly linking the centroids of all the contours.

Assume there are n outlined points (x,,y,),i =1,---,n+1, with x, =x, and y =y,,,.
A naive method of computing the centroid (X, ¥) of the polygon enclosed by these n

points is
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X=
n
iyi
- 2=l
y= n

which actually finds the center of mass of a massless polygon with equal point masses at
its vertices. The centroid computed by this method is biased toward any side which is
more densely sampled in the manual outlining. Instead, we applied a rapid and accurate
moment-based method reported in [82], which is reviewed as follows.

Basic physics texts show that the centroid (X,y) of a closed planar region R is given by

__[aws
A

s =y
A

A

=K
A

where A is the area of R, and y, and y, are the first moments of R along the x- and y-

coordinates, respectively. As described in Section 3.1, the area A can be calculated by
equation (3.1):

1
A= 52 a, where a; =XV —xi+lyi

=1
Thus, the task is to compute 1 and M, in order to compute X and .

Green's theorem states that

oN oM
[ .(Mdx+ Ndy)= HR[E; —-gy-)dx dy
where M(x,y) and N(x,y) are continuous functions, and have continuous partial

derivatives over the region R, which is enclosed by a contour C. Letting M =0 and
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N= %xz » the right side of the above equation equals _, and the first moment can be

computed as
= —2 L x“dy.

To compute the right side of the above equation, we can represent the line segments
between each vertex parametrically (with the parameter £) and summing the integrals

over each line segment.

Xi(t) =x+ (xi-'-l - X‘.)[,
Y@ =y, + Yy — Y,

then,

Y[ ERCEI0)

—5|=l

- %—i [J.:(x,. + (X — xx')t)z(}’m - yi)dt]

-~ i=]

1 n
= g;(yi+1 + )’i)' a;.

The moment 4, can be obtained similarly. The centroid (X, ¥) is then transformed to

3D coordinates as by equation (2.1) in Section 2.2.

4.2.3 Resampling Contours

The outlined points are first transformed from Cartesian coordinates to polar coordinates
with the centroid of the contour as the origin of the 2D polar coordinate system.

ro=y(x =D+ (-5,

0. =tan™! Y. =y i=Len
' x-%)
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Then, the contour is resampled at every © (= 15°) into N (= 24) points by interpolating
r; as linear function of 6;. The sampled points (7, é,.) are given by

g:E'L:—;L(é,.-e,)w,, 6.=i0el9,.6,,

Jj+1 J

] and i=1,---,N

The sampled points are then transformed back to Cartesian coordinates (%,,%,) by

o1
il

cos G, + ¥,
HEEB N
in6, +

..‘l -ﬂl

Y

Finally, (%,,y,) are transformed to 3D coordinates as described in Section 2.2.

4.2.4 Rearranging Centroid-links

Assume there are a total of M contours in the stomach compartment being processed,
thus there are M corresponding centroids ¢;, i =1,---,M. We would like to properly

link all the centroids to construct a central wire which represents the trend of the wires
on the surface wireframe. Since the contours may intersect one another, as described in
Section 1.5, the centroids may be also out of order and need to be sorted first. The
proximal stomach consists of approximately parallel contours, and it usually does not
require sorting. Thus, we mainly focus on the sorting of the distal stomach in this
section.

Sorting involves the comparison among elements, and the goal is to arrange the elements
in a desired sequence. We compare points based on the vector dot-product method
described in Section 4.1, and negative dot-product value means that the two points
under comparison are not in a desired sequence. Thus, regular sorting methods can be
modified by replacing the comparison part of the algorithms with the dot-product
criterion. There are many methods for sorting numbers [81]. The bubble sort was
chosen, because it is easy to implement. Also, because the number of points to be
sorted is small, other more complicated sorting methods may be less efficient.
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The bubble sort is briefly reviewed as follows. Assume there is an array of M elements
a;, i =1,---,M. The elements of the array are initially in haphazard order, and we
would like to sort them. in ascending order, i.e. a,_, <a;, i =2,---,M. The pseudocode
for the bubble sort method is:

for j=M to 2 do begin
for i=2to j do begin
if a,_, >a; then exchange a,_, and a,;
end;
end;

The outer loop (index j) controls the range of the comparisons for the inner loop (index
£), and the range decreases by one in each successive pass. The inner loop sequentially
compares pairs of adjacent elements within the range, and exchanges the elements if
necessary. The last element a,, is guaranteed to be the maximum element after the first
pass, and a,,, is the second largest element after the second pass, and so on. The array

is sorted when no exchange is required during a pass.

Initially, the centroid points are either already sorted or almost sorted as illustrated in
Figure 4.3(a). Because the stomach images were always acquired sequentially from left
to right along the abdomen surface, the middle contour was always somewhere near the
middle portion of the compartment. Based on these observations, two reference axes
(dashed lines in Figure 4.3) are derived to serve as an initial rough estimation of the
central wire. (Due to the curvature of the distal stomach, it is sometimes inadequate to
use only one reference axis.) Empirically, the first axis starts from the first centroid c,,

and ends at [4]'th centroid which is designated by c,. The second axis starts from the
¢, and ends at the last centroid c,,. The first half of the links are sorted by applying the

dot-product with the first reference axis c¢,c, ; the second half of the links use the second

reference axis c,c,,. Note that the purpose of reference axes is to provide a rough initial

approximation of orientation, so it is tolerable to have intersecting contours or out-of-
sequence centroids around either end or the middle portion of the stomach.
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(@

(b)

©

(d)

(e)

Figure 4.3 Sorting centroid links using the dot-product based bubble sort. Solid

lines: centroid links; dashed lines: reference axes. Links before ¢, use axis c,c, ;
links after ¢4 use axis (.Tﬁc—u . (a) initial links; (b) after pass 1, step 3, swap s, and
54 (c) after pass 1, step 4, swap s, and s,; (d) after pass 1, step 9, swap s, and s,,;

(e) after pass 2, step 3, swap s, and s,.
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Anarray of M points, s,,i =1,---, M, is used to keep the order of the centroid points
during sorting. The central wire is the union of all the links formed by connecting

M-1
adjacent centroids in that array, i.e. central wire £ ( J5;s,,, , which is depicted in solid

i=l
lines in Figure 4.3. The array is initialized with the original ultrasound scan order, i.e.
s, =¢,, for all {, and unsorted adjacent points are subject to be exchanged during each

pass of the sorting. The pseudocode for the dot-product based bubble sort is as follows.

for i=1 to M do begin
s, =¢;;
end;
for j=M to 2 do begin
for i=2to j do begin
if (i - 1) < [¥] then
if c—‘l?; .flsj <0 then exchange s, and s,;
else
if ccTw ;,Ts: <0 then exchange s_, and s,;
end;
end;

The first three lines of code is initialization, and the rest of code is similar to the bubble
sort reviewed earlier. The direct comparison between two values in the regular bubble
sort is replaced with the vector dot-product here. We also check whether to use either

reference axis c-'l?c or cc,,. Figure 4.3 illustrates an example case of the sorting of
centroid points; {c;,c,,¢;} and {¢,,G, } are initially out of sequence. The pair {c,,c,, }
are sorted after the first pass of the outer loop, and centroid {c;,¢,, ¢, } are sorted after

the second pass.

To facilitate later presentation, sorted centroid links are also denoted as link vectors 1.,
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as shown in Figure 4.4(a). When processing data from in-vivo scans, it is not unusual
for the adjacent link vectors to have somewhat large differences in orientation, which
makes the central wire look jagged. Thus, the link vectors are combined within each 3-
neighborhood to generate a set of smoother vectors called trend vectors ¢t,:

t,=1_ +L+l,, i=L---M-1 (I,21,20)

tM A‘:M—l

as shown in Figure 4.4 (b). The last trend vector is equal to the second last one by
definition, so that there is one trend vector associated with each centroid. The trend
vectors will be the reference vectors used for rearranging wireframe links in the next
section. Figure 4.4 (c) and (d) are the normalized link vectors and trend vectors in
Figure 4.4 (a) and (b), respectively. The normalized vectors are presented only to
demonstrate the smoothing effect, e.g. compare 1, with t; and 1; with t;. Vectors do
not have to be normalized in the process of the dot-product based sorting, because
vectors of different lengths generate the same positive/negative sign in the dot-product
operation.

Many factors may contribute to the jaggedness of the central wire: (1) oblique contours
between adjacent contours (Note that stomach is not a perfect cylindrical shape.), (2)
stomach contraction, (3) patient respiration and body movement, (4) 3D position and
orientation measurement error from the POM device, (5) the error of stomach border
identification during manual outlining.

Smoothing the jaggedness of the vectors within each K-neighborhood is equivalent to
filter out the high frequency noise by convolving the sampled signal with a uniform K-
width window (or kernel) in the terminology of digital signal processing [83]. Assume

g ] Vv, .
v,,i =1,---, K are the vectors within a K-neighborhood, and n, = I—‘-l are their
vl'
normalized vectors which also describes the orientation of the vectors. The question
K X
arises: is the summation of orientation Zn,. better than the summation of vectors 2 \Z

i=1 =]

for representing the trend of the vectors within the K-neighborhood?
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Figure 4.4 Centroid-link and trend vectors. (a) link vectors, (b) trend vectors, e.g.

t, =1, +1; +1,, (c) normalized link vectors, (d) normalized trend vectors.
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The answer is no, and the following identity provides the clue as to why this is true.

K

K
V= 2lviIn,

i=1 i=l
The left side of the equation is the summation of the vectors within the K-neighborhood,
by which the trend vectors are computed. This is equivalent to the convolution between
the vectors and a K-width window with all unity coefficients. The right hand side is the
weighted sum of the vectors' orientation, which is equivalent to the convolution between
the vectors' orientation and a K-width window with the coefficients adaptive to the

XK
length of the vectors. Thus, the summation of vectors 2 v, Is an adaptive version of

i=1

K
the summation of orientation Zn,. . Assuming the same amount of error due to the

i=}
factors 1 - 5 mentioned above for the centroid locations, a shorter vector generally has
larger orientation error than a longer one does. In another words, shorter vectors are
more subject to orientation variability; longer vectors carry more meaningful information
about the stomach axis orientation.

The optimal width (K) of the K-neighborhood depends on the nature of the signal
(stomach shape) and noise (jaggedness). Summation over a wider neighborhood filters
out more noise, but at the price of degrading (smearing) the signal. Empirically, K =3
was chosen in all the stomach data sets in this study.

4.2.5 Rearranging Wireframe Links

Recall from Section 4.2.3 that each contour was resampled into N points, and from

Section 4.2.4 that there are M contours. Thus, there are total N- M points, b;

i=L---,Nand j=1,---, M. Wireframe wires are the union of all the links formed by
1

M-
connecting corresponding points from adjacent contours, i.e. i'th wire 2 U PiDij+1y »
j=t

[ =1,---,N. Because of possible intersecting contours, the links in each wire may be out
of sequence and need to be rearranged.
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Basically, the method for link sorting is similar to the dot-product based bubble sort of
the centroids in the previous section. The differences are that the role of the reference
axes is replaced by the centroid trend vectors, and we are sorting the wireframe links
one by one instead of the central wire. The pseudocode is as follows.

for k=1to N do begin
for j=M to 2 do begin
for i=2to j do begin
if t, m <O then exchange p,_, and p,;;
end;
end;
end;

Each pass of the outermost loop (index k) sorts one wireframe wire. The inner two
loops are similar to the bubble sort in the previous secticn. The trend vector t, isthe

vector associated with the nearest sorted centroid to the midpoint between p,,,_,, and

Py - In mathematical terms, ¢ is defined as o € {1,---, M} and

5 , VBe{l,--,M}.

a—

7

I‘Y _ Pyt Py

< l’(ﬁ _ Pri-y + D

4.2.6 Volume Computation

Sinceall N- M points, p;, i=L:--,N and j=1,---,M, have been sorted in the
previous section, the surface wireframe can be readily constructed by connecting points
which are adjacent in terms of indexes i and j. The wireframe consists of N(M —1)

quadrilaterals, p; P, ;v PisiyjenPasy;» L =1+, N,and j=1,--,M—1. To make planar
tiles, each quadrilateral is split into two triangles p; p,(;.iPisrx o1y A9 Py Piary jo1yPriey, »

as shown in Figure 4.5.



Figure 4.5 Triangle tiles from wireframe wires. Only the first two wires

are shown.

The tmangle ules on both ends of the surface are buiit in a different way. First, the
centroids, e, and e,,, of the first points and the last points from all the wireframe wires

are computed as

N N
2 Pa ZPM
i=l i=1
g, ==, and ¢, = .
' N ¥ N
The moment based method for computing the centroid in Section 4.2.2 cannot be used
here, because the end points on the wires are not co-planar when there are intersecting
contours. However, the mean of the X, y, and z coordinates of the vertexes is still a
reasonable approximation, because the wireframe points are even samples along each
contour. With each centroid as the common vertex, there are total 2N triangle tiles on
both ends, €,p,P ;. and €, P 1 )uPas» £ =1+, N. Note that the vertices of all the

triangles are arranged in the same orientation scheme, so that the normal vectors of all
the planar tiles point consistently either outwards or inwards. Figure 4.5 also shows the
triangle tiles on both ends.



45

Because the entire surface has been reconstructed with triangle tiles, the Gauss theorem
based method presented in Section 3.1, equation (3.5), can be applied to compute the
volume. The results of testing the algorithm presented in this chapter are given in
Chapter 7.



Chapter 5
Computing Stomach Volume with Volumetric Deformation Method

5.1 Overview

The dot-product method in Chapter 4 relies on the central wire to sort the wireframe
links, and basically it requires that the surface, along the lengthwise direction,
approximately follow the direction of the central wire. However, this may be not the
case for a diseased stomach, which may have a quite different shape from a normal
stomach [8]. This prompts us to develop an alternate method to deal with some possible
pathological shapes in the future.

The worst scenario is to sort the wireframe links manually. A possible way to do this is
to allow the user to examine the links by rotating and zooming the wireframe on a
computer display. Through user interface widgets, such as slide bars, dials, or buttons,
the user could highlight a specific wire and a specific link in the wire. If the link is out
of sequence, the order of the two points of the link could be exchanged. Because every
wire needs to be examined, this process would be very tedious and time consuming, and
as a result, likely be prone to human error.

A typical clinical examination for gastric emptying requires several scans at fixed
intervals after food ingestion. Because the size and shape of the stomach changes
gradually from one scan to the next, one strategy is to manually sort the wireframes for
the first stomach scan, and then deform it to approximate the wireframes of the
subsequent scans. Thus, subsequent volumes of the stomach could be approximated by
computing the volumes of deformed wireframes. The Gauss theorem based volume
computation process described in Section 4.2.6 could be used. ’

The basic concept of the deformation method has been reviewed in Section 3.2. A
template wireframe is pulled toward target data points by imaginary spring forces under
the constraints of maintaining the integrity of the template. Thus, the deformed stomach
is called the template stomach, and the approximated stomach is called the rarget

stomach.
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The algorithm was programmed with C language *, and integrated with Application
Visualization System software package, version 5.01 (Advanced Visual Systems Inc.,
Waltham, Massachusetts, USA) running on a DEC Alpha 3000 - 300 workstation. The
Application Visualization System was used mainly to provide the user interface, such as
file browsers, slide bars, dials, buttons, and the displays of both 2D images and 3D

geometry.

§5.2_Background on Deformation

Deformation is the alteration of forms or shapes through the geometric transformation of
spatial elements which can be pixels (2D image), voxels (3D image), or ideal points (2D
or 3D). Itis traditionally called image warping when the domain of interests is a 2D
image. A geometric transformation is an operation that redefines the locations of spatial

elements. It can be a forward transformation F() = (fl(), fz()), such as

x' = f(x,
, 'ﬁ( » (5.1a)
y =j2(x1y)
or it can be a backward transformation G() = <81(), gz()), such as
x=g (x,
8:( ’ }’:) (5.1b)
y=80y)

where (x,y) is the source coordinates of spatial elements, (x’,y’) is the corresponding
destination coordinates, and the transformation functions F() and G() are inverse
functions of each other. The conversion from one transformation to the other is dsually
not straightforward, unless the transformation is a linear (first-order polynomial)
function which accounts for rigid (translation, rotation, and scale) and affine
transformations.

* The source code can be obtained by contacting the author through email:
jong@u.washington.edu.
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One of the earliest applications of image warping was remote sensing, which involved
aligning multiple images of the same area acquired from satellites at different times.
Image warping was a required preprocessing step to correct for image distortions from
different sensors and viewing geometries. The geometric transformations used in this
type of image warping are usually second-order polynomials [84].

Instead of using image warping as a tool for correcting distortions, modern computer
graphics applies various deformation methods to generate special visual effects for
filmmaking. The geometric transformations related to this type of application usually
emphasizes the speed of the algorithm and the interactive user interface rather than the
precision of transformation. The monograph by Wolberg [85] has a complete treatment
on this subject, and there are commercial software packages as well, e.g. Elastic Reality
(ASDG Corporation, Madison, WI, USA) and Morph (Gryphon Software Corporation,
San Diego, CA, USA).

Recently, the field of medical imaging has shown great interest in aligning data sets from
different imaging modalities, such as X-ray CT, MR, PET, ultrasound, or even
histology to combine merits from different modalities [86-89]. There are also interests
in aligning data sets from the same modality acquired at different stages of disease for
inter- and intra-patient comparisons [90, 91]. Because the resolution and distortion are
different in every imaging modality and the tissue often changes in size and shape with
time, various deformation methods are playing important roles in this growing field.
Due to the complexity of human tissue structure and image formation processes, it is
very challenging to design a perfect geometric transformation. Usually, tissue is
modeled as an elastic material, and splines are introduced in the geometric
transformation. The work described in this chapter is a variation on deformation-based
alignment methods for approximating the surface and computing the volume of stomach.

Our approach is based on the free-form deformation (FFD) method developed originally
by Sederberg, et al. [92]. It describes the warping or displacement of points embedded
in 3D space by using volumetric 3D splines. Many properties of FFD are more easily
understood in a lower dimension, so [ will first introduce the parametric forms of a line
segment and Bezier curve in 2D space with the emphasis on using control points to
reshape the line and curve.
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A line segment with end points at p,(x,,y,) and p,(x,y,), as shown in Figure 5.1(a),
can be represented by the trajectory of a moving point p(2) or p(x,y):

p() = Qy(1)- by + Q(2) Py, 0<t<1
Q) =1-t

where {Ql(t) ~;

or

x=0, (1) x, +Q(t) - x,
Y= 0n(8) ¥, + (1) - Y-

The location of moving point p(t) is the weighted sum of the locations of points p, and
Di- Whent=0(Q, =1, Q =0), p(r) liesat p,; when t =1(Q, =0, Q, =1), p(t)
liesat p,. Since 0<1<1 (0,20, ¢ 20, and Q,+Q, =1, as shown in Figure .
5.1(b)), p(t) always lies on the line segment between p, and p,. Points p, and p, can
be regarded as the control points of the line segment, because the trajectory of point p(r)
can be controlled by relocating p, and p,.

A Bezier curve is a cubic polynomial curve segment defined by four control points, p,,
Di» Py, and p,, as shown in Figure 5.1(c). The trajectory p(?) is derived from the
weighted sum of the four control points:

3
p(t)=Y 01 p, 0<t<1
i=0

(0,(1)=(1-1?
0, =3t(1- t)2
Q,(1) =3 (1 ~¢)
o,()="~

where 3




P1 PP1

/ P3
£ PV
p) _ /
Po /
/
Po P2
g @) ©
1 1
Q 3
0 =1
Qo EQ‘ Qs
0.5 ] 0.5} o) o,
o = > ; 0 - —
0 0.2 04 06 0.8 1 0 0.2 04 06 0.8 1
(b) (d)

Figure 5.1 Parametric line and Bezier curve. (a) A line segment and its two
control points, (b) The weighting functions for the line segment, (c) A Bezier
curve segment and its four control points, (d) The weighting functions for the
Bezer curve.

The weighting functions (also called blending functions), Q,, Q,, Q,, and Q;, are
plotted in Figure 5.1(d). Att=0, Q, =1 and Q, =Q, =0, =0, so p() liesat pbint
Do- Atr=1,Q;=1land @, = Q = Q, =0, so p(?) lies at point p,. The curve does
not pass through points p, and p, except when the control points are collinear. It can
be proven [30] that

p’'©0) =3(p,- p,)
p’'() =3(p;—p,)
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Thus, the vectors }Tp{ and 5273 specify the starting and ending tangent vectors of the
Bezier curve segment. Figure 5.2 illustrates the deformation of a Bezier curve by
moving its control points. Note that the sum of the four blending functions is
everywhere unity and each weighting function is everywhere nonnegative for 0 <r<l1 ,
which means the curve segment is completely contained in the convex hull of the four
control points. The convex hull for 2D curves is the convex polygon formed by the four
control points. In general, the weighted average of n points falls within the convex hull

of the n points, if the blending functions are nonnegative and sum to one [30].

Figure 5.2 The Bezier curve in (a) is deformed to that in (b) by moving the
control points, p1, p2, p3, and p4.

The Bernstein polynomials are the most commonly used blending functions, which have
the form

Qn,.-(t)=(?)t‘(l—t)"“, 0<t<1

n !
where [ ) = T The four blending functions used in Bezier curve are actually a
i'(n -0

i
special case of the Bernstein polynomials by setting # =3 and i =0,1,2,3. The
Bernstein polynomials have the convex-hull property of 2; 0 =land 0<Q <1
forall i's [30]. Figure 5.3 plots the Bernstein polynomials for n = 5.
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Figure 5.3 Bernstein polynomials for n = 5.

The Bezier curve has only one degree of freedom in the parameter space (0 <t < 1), so it

can be regarded as 1D free-from deformation (FFD). A general 2D FFD based on the
Bemstein polynomials can be defined as

st = iiQ,,i(s) Q@ (D-p;, 055<1,0sr<1

=0 j=0

ny . X
Q,.(s) =(i ):‘( 1-5)"" (5.2)

where
my . _
On. /(D) =( . )I’( 1-0)™!
J
The trajectory p(s,2), 0<s,2<1, is the weighted sum of (n+1)x(m+1) control points
P;j» i=0,---nand j=0,---,m. The blending functions are the product of two -
Bemnstein polynomials, one each in the s- and z-parameter spaces: Q, .(s)- O, ().

Figure 5.4 plots four representative blending functions for n=m =3. The convex-hull
property still holds, because each blending function is between O and 1, and
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n

30,60, 0

i=0 j=0

= ZQn.x'(s) ZQM(I) (5.3)
=0 j=0

=1
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Figure 5.4 Four representative blending functions for the 2D FFD (4x4 grids).

The control points are initially placed at the intersections of regular and evenly spaced
grid-lines to cover a rectangular region as shown in Figure 5.5(a). When the control
points are arranged in this way, there is an interesting property of in-place mapping, i.e.
each point within the rectangular region is mapped to itself. This can be proven as
follows. From equation (S.2),



pisD =33 0..0)Q, (D p

i=0 j=0

j
=330, (t)](poo -poopm mpoopo,.)

i=0 =0

=§§[Qm<s>-9,,,—(t)]pm (ZQ,. (z)J(z [, (s)]]poopno
[ZQ, (s)J(z [%,<x>]]m

(5.4)

i=0

= P + (Z -[Q.; (s)])pmpno (Z [Q,.,(t)]JpooPoM

= Poot S Poolro +t PooPom

In the above derivation, the identity in equation (5.3) is used, and the last step can be
induced from n=m =3, 4, etc.* The four comers of the rectangular region are (0,0),
(1,0, (0,1), and (1,1) in the (s,?) parametric space, and the control point p,, is
regarded as the origin of the coordinates. The (s,) parametric space is also called
normalized coordinates, because all the point coordinates within the region are between
Oand 1. Assume the physical size of the rectangular region is X - Y, and the physical
coordinates of an arbitrary point is (x,y). The following formula converts the physical
coordinates to the normalized coordinates.

s= and =

~ i<

X
X
The FFD is a forward transformation from the source coordinates to the destination

coordinates as represented by equation (S.1a), which can be easily seen by rewriting

equation (5.2) in the form of equation (5.1a) as follows.

3 . 3 3 ) i
* The case of n =3 is shown here: Zé[Q3_i(s)] = Zé[( i}x (1-sy*" ] =
i=0 i=0
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X=[EN=230.(D 0D x

=0 j=0

v =fEn=330.6 0,3,

i=0 j=0

(5.5)

where (x;, y, ) are the physical coordinates of the control point p; - The parameters, %

and ¢, of the Bernstein polynomials on the right side of equation (5.5) indicate that it is
more convenient to use the normalized coordinates (s,#) as the source coordinates in the
FFD. In contrast, the destination coordinates (x’,y") of the FFD are in physical
coordinates. Initially, (x’,y’) is in place with (x, y), which was proven in equation
(5.4). This means that there is no deformation to the region, if the control points remain
at the grid points, as shown in Figure 5.5(a). From equation (5.5), we can see that
(x’,y') changes with (x;,y;). Thus, the region and the figure within the region can be

deformed by moving the control points p,(x;,y;), as shown in Figure 5.5(b).

0 s ’1 0 S ; 1
0 Poo__P1o P2 Pno 0 Poo P10 P2 Pno
Poil _Pu1 O Bn1 Poil_Ai1 Bt Ppi

Po2| A2 Q.K Po| A
Ppa

1V Pom|_Aim Bon  1YPom| Phm Hnm
(a) (b)
Figure 5.5 A plane can be deformed by relocating the spline control points

(Poo»***» P ) Which lie at the intersections of the grid system: (a) before

deformation, (b) after deformation, the curve embedded on the plane is also
deformed. Some control points in (b) remain at the same positions as in (a),
others are moved to different positions, e.g. p,, moves northeast.




5.3 Formulation of Surface Matching

As stated in Section 5.1, our goal is to deform the template stomach surface to match the
to-be-built surface of the target stomach for approximating its volume. Our approach is
based on the FFD described in Section 5.2. Although Szeliski, et al. [79] has reported
good results on aligning densely sampled surfaces (laser range data) with a similar
approach, no one has applied this method to sparsely sampled data, such as our 3D
stomach data from freehand ultrasound scans.

Three dimensional FFD can be formulated in a manner similar to the 2D FFD. The
normalized source coordinates, physical source coordinates, and destination coordinates
are extended to 3D: (s,z,u), (x,y,2), and (x",¥,2"), respectively. The control points
Pa (X4, Y » g ) are initially placed in a uniform, orthogonal grid within a
parallelepiped volume. The volume (and the template stomach within the volume) can
then be deformed by moving the control points. The blending functions become the
product of three Bernstein polynomials from each dimension. In mathematical terms,
3DFFDwith (n+1) X (m+1) x (! +1) control poinis is defined as:

n m I
L) =3 3% 0.() Q0 (D) Q@) pg,  0Ss,usl

i=0 j=0k=0

( ny. )
Qn.i(s) =(i }Tl(]-_'s)n_l
(5.6)
m) . .
where (Q_ (1) =(j )t’(l—t)"'"
Ql,k(u) = (lk)uk(l_u)l-k
or
n m |
X ==Y Y 0,(5) Q1) QW) x4
i=0 j=0 k=0
n m I
Y = s bu)=Y 3 0,.(5) Q0 04 (0) Yz (5.7)
i=0 j=0 k=0

n m I
7= [0 =Y 3N 0,.(8) Qi (1) Q) -2,

i=0 j=0k=0



57

The source coordinates of equation (5.7) are in normalized coordinates, and the
destination coordinates are in physical coordinates.

[t is more convenient to define two shorthand notations p and F() as follows.
p = {qu: p,,gy’ pylzli = Ov.'.rn;j = O,"’,m;k =01“.7l}
FO =(£). £0. £0). where f,, f,, and f, are defined in equation (5.7).

Assume there are a total of N sampling points in (s,, %) coordinates on the template
stomach surface, ¢,(s;,%,%;), i =1,---, N, and the corresponding positions of these N
points in (x’, ¥, z") coordinates after the deformation are r,(x/,y/,z7) = F(q,;p). The
object is to find the optimum transformation F(;p), such that the transformed points 7,
all lie as close as possible to the surface of the target stomach. Because the target
surface is not yet defined, we use a point-to-point Euclidean distance, and define d, as

the distance between point r; and the nearest point of the target stomach, i.e.

d(p) = n;f{lllr ~g|l= n:lvlpllF( ) - g (5.8)

where g,, j=1,---,N’, are all the sampled points on the target surface. There are total

N distance terms from each transformed point to the target points, so the problem can be

posed as a minimization of the cost function

N d 2 .
C(p) = Z[—g@} +a-R(p) (5.9)

k=1 h

where the subscript index 4 (instead of i) is used for the clarity and consistency in the
future reference, o, is a weighting factor for each transformed point, R(p) is a
regularization term [93] (or internal energy term as reviewed in Section 3.2) which
corresponds to a prior knowledge of the shape of the target surface, and ¢ is the
associated weighting factor. The sum of the squared distances between adjacent FFD
control points is used as the regularization term, i.e.



! m n-1 3 i n m-1
R(p) = Z ZZ"P(MW: - pii:l + Z;z; EJIIP«,-M ~ Pg "z

k=0 j=0i=0 i=0 j=

n m -1
+22 zupi(kﬂ) P Iz-

i=0 j=0 k=0

(5.10)

Compare Figure 5.5 (a) and (b); R(p) is larger after the deformation. Thus, the
regularization term tends to resist deformation during the minimization of the cost
function C(p) in equation (5.9). It will be clear later that R(p) is important in
stabilizing the algorithm.

The cost function C(p) can be minimized iteratively, which is detailed in the next
section. The parameters p change in every iteration, as do the transformed points
r.(x{,¥,,z;) which are equal to F(g;;p). Thus, the distance between the transformed
points and target points, d(p), i =1,---, N, must be computed in every iteration, which
is computationally very costly. Since the target points are fixed in space, this problem is
overcome by using a pre-computed distance map of the target points. A distance map is
a look-up table which takes a transformed point's 3D coordinates (x’,y’,z’) as its entry,
and returns the nearest distance to the target points. Assume the distance map
D(x’,y’,z’] covers the 3D region (X, X,..], (Y. Y. 1, [Z..Z ], and there are
(Ny +1) (N, +1) (N +1) lattice of entry points in this region. This means the output

Y,

from the distance map is quantized in every X, and Z_, distance, where

unit? ot ?
X X Y -Y. Z . _—Z.
X, = . mn oM __mn 7 . = —max__ ‘mn
unmt Nx an Ny umt NZ
Thus the distance is:

(5.11)

X - X y-Ya . Z-Zy . _
ﬂ X J’X"‘"[ X, JY‘“"’[ Zu JZ"“J 8

where | | is the floor function which generates the largest integer smaller than its

¥
D[x’,y’,2']= min

parameter (e.g. [2.3 | =2), and g, and N’ are defined in equation (5.8).
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Occasionally, extensive patient movement may occur between different data sets being
acquired. This requires a global transformation to roughly align the template stomach
with the target stomach before applying FFD. We use an affine transformation which
preserves parallelism and can be parameterized with 12 degrees of freedom (translation,
rotation, scaling, and shearing in each dimension) {30],

4

x Po P Pn Ps
Y|=|Po Pu P Pis

’

Z Pw Pu Pn Pn

[ I Y

or

X' = f(%,9,2) = Pyt PorX + Py Y+ Dos2
Y =£(%.9,2) = Py + Py X+ Py + PisZ (5.12)
7= [(XY,2) = Py + Py X + DY + PrZ

where (x,y,z) are the source coordinates and (x’, ', 2') are the destination coordinates.
If we define p ={py,,Po>'**» P23} and d;(p) as the minimum distance from affine-
transformed point A to the target points, a cost function similar to equation (5.9) can also

be formulated as follows.

N 2
C(p) = Z[M] : (5.13)

k=1 a};

5.4 Least Square Minimization

The cost functions C(p) in both equations (5.9) and (5.13) can be iteratively minimized
by a standard nonlinear least squares technique called the Levenberg-Marquardt method
[94, 95]. When C(p) is sufficiently close to the minimum, the small neighborhood

usually can be approximated by the quadratic model (also known as Newton's method)

which is obtained from a truncated Taylor series expansion of C(p) about p™:

C(p® + 8p) = C(p™) + g Gp++5p'GPdp (5.14)
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where p**’ is the resulting parameters for iteration k; Jp is the increment leading to
p*, ie. p“™ = p® + p™; g® is the gradient vector (first derivative vector) at p*,
i.e. g =VC(p™);and G® is the Hessian matrix (second derivative matrix) at p®,
i.e. GP=V:C(p™). To find 8p™ which minimizes the cost function, we can take the

derivative of equation (5.14) with respect to &p and set the derivative equal to zero.
This gives

G(k)&) = _g(i) (5. 15)

which means g and G* need to be available at any location, and 8p can be obtained
by solving a linear system of equations where G is an n x n matrix, g is an n X1 vector,
and n is the number of parameters in p-

When p is far from the minimum, the quadratic model may be a poor local
approximation to the shape of the function. In this case, we can take a step down the
gradient using the steepest descent method:

dp = constant - (~g*)
or
I 8p = constant - (—g™*’) (5.16)
where I is the identity matrix.

The Levenberg-Marquardt method is a blending of the quadratic model and the steepest
descent method. If we simply combine equations (5.15) and (5.16), we have

(G® +ndp=-g¥ (5.17)

where A is a weighting factor. When A >> 1, the steepest descent method dominates:
when A <<1, the quadratic model dominates. The Levenberg-Marquardt method
replaces the diagonal elements (1's) in the identity matrix I with the diagonal elements of
the Hessian matrix G, i.e.
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(G* + - diag(G™*) )p=—g™. (5.18)

The minimization procedure of the Levenberg-Marquardt method is as follows [94]:

1. Given an initial guess of p, compute C( P).

2. Pick a modest value for 4, e.g. 4 =0.001.

3. Solve the linear equations (5.18) for 8p and evaluate C(p +dp).

4.1f C(p+6p) 2 C(p). increase A by a factor of 10 and go back to step 3.

5.If C(p+Jp) < C(p), decrease A by a factor of 10, update the trial solution
p < p+Jp, and go back to step 3.

We stop the above iteration between step 3, 4, and S when C(p) does not decrease by
more than 1% for S iterations or when the preset maximum number of iterations is
reached (e.g. 10 iterations). The linear equations (5.18) is solved by Gauss-Jordan
elimination [94, 96], selected for its stability and simplicity.

In each iteration, the first and second derivatives of the cost function are required to
assemble linear equation (5.18). Thus, we will focus on deriving the derivatives of
C(p) in equations (5.9) and (5.13) for the rest of this section.

For FFD, the first derivative of C(p) in equation (5.9) with respect to the x-coordinate

of control point p,, is

aC(p) i[d +(P) 84,.(9)] +o . ORE) (5.19)

o, Ox, ox

The derivatives -a—cand 582 are similar to the above equation (replace x with y or z,
Vi 2

respectively). Recall from equation (5.8) that d, (p) is the minimum distance from the
transformed point r,(x}, y;,2;) to the target points. This distance is approximated by the
precomputed distance map D given in equation (5.11). Thus,

d,(p) = DIx;,y:.z:]. (5.20)
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The partial derivative a_g,‘ﬂ)_)_ can not be computed directly. However, it can be factored
Xz :

using the chain-rule of derivative:

94, (p) _ 9d,(p) ox;

= ’ . (5.21)
X, ox; ox,
The first factor od, (,p) in equation (5.21) can be evaluated through the finite difference
R
of the distance map:
ad ( ) 4 VA 4 ’ ? 7’
—ahx—lp z%{qx}; +17 y};:zh]— D[x]. _l,yh,Z,,]}. (5.22)
h .

The second factor ?’- in equation (5.21) is obtained by taking the derivative of
Xk
equation (5.7) with respect to x, :

’
ox;,

o Q.. 0, ,(1)-Q,(u). (5.23)
X ik

The derivative of the regularization term OR(p)

- in equation (5.19) is obtained by taking
ik
the derivative of equation (5.10) with respect to X'

2(xgk - x(i+l)jk )’ i=0 B
IR _J, -
ox, (g = Xpyje)s i=n
" \2(2xik X x(i-[)jk), otherwise
(2("9* = Xijskh j=0
120X = Xy o) j=m
\2(2xiﬂ: —Xigjene ~ Xigj-nk ), otherwise
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z(x?‘ - xi(kﬂ))r k=0
+ z(xﬁt —xi(k-l)): k=1l (5.24)
22X =Xjey —¥5a-p)» Otherwise.

Finally, the first derivative of C(p) in equation (5.19) can be evaluated by combining
equations (5.20) to (5.24).

0°C FC 9*C *C *C &C
dxdx’ dydy’ 9zdz 0xdy’ dydz’ dzox’

2

There are six second partial derivatives,

and their formats are the same, so we will derive as an example.

oxdy

i
O°C(p)_ _,%_L | 9d,(p) 9d,(p) o’dp) |, . 9"R(p)
0X 4 OY, —2,,2_[?,:_ Xz Y, +d"(")ax.y,‘.aym T 0x Y, (525

&1 [adyp) ad,,(p)] 3*R(p)
=25 - %%\P) -
,,z_lo'ﬁ | OXz OV, te 0% 3 0,0,

where 0<i,usn;0< j,v<m;0<k w<Il;and recall from equation (5.7) that there

od,(p) . . 94, (p)
ox, and ) -

are (n+ 1 m+ 1) +1) control points. The two first derivatives

can be evaluated using the chain-rule procedure, similar to equations (5.21), (5.22) and

9*R(p)

in equation (5.25) is
0x 4 9Y,,,,

(5.23). The second derivative of the regularization term

obtained by taking the derivative of equation (5.24) with respect to y,,,, so -

FRp) _ FRp) _ FRp) _

= = =0. 5.26
3%y Yo 3y 2., 2 0%, (5.26)

The second derivatives of the regularization term with respect to the same coordinates
are as follows.



2, i=0ori=nu=i,v=j,w=k
O’R(p) _ 9*R(p) _ O*Rp) |2, u=i+loru=i-lv=jw=k
axy,‘axm—ayaaym —az.;azm— 4, O<i<nmu=i,v=jw=k

0, otherwise
2, j=Oorj=mu=iv=jw=k
+J—2’ u=i,v=j+lorv=j-lL,w=k
4, O<j<mu=iv=jw=k
0, otherwise

2, k=0ork=lu=iv=jw=k

<—2, u=i,v=jw=k+lorw=k—-1 52
N4, o<k<lu=iv=jw=k (5.2
0, otherwise.

Thus, the second derivative of C(p) in equation (5.25) can be evaluated by combining
equations (5.21), (5.22), (5.23), (5.26), and (5.27). The gradient vector g and Hessian
matrix G in equation (5.18) are assembled from equations (5.19) and (5.25).

For an affine transformation, the first derivative of C(p) in equation (5.13) is similar to
equation (5.19):

oC(p) _ vl 4 (p) 8d,.(p)J
——a — 2[ o o (5.28)
The second derivative is A
, _
3°C(p) _ __[ad () adm] (5.29)
apiapw oh apy uv

The minimum distance d, (p) in equation (5.28) can be obtained from the distance map

as stated in equation (5.20). The derivative gﬁ- or g:— in equations (5.28) and (5.29)
p § 7.3

can be factored by the chain-rule as follows.
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=—t— =t 2 == (5.30)
apo,' ox apo,' aplj dy @u asz 0z &zi
d,
where % , %% an g—‘:‘; can be evaluated through the finite difference of the distance
map as shown in equation (5.22), and
1 if j=0
’ ’ ’ X, if j=1
X _y o _ v (531)
o o Iy (v ifj=2
z,  ifj=3

For an affine transformation, the gradient vector g and Hessian matrix G in equation
(5.18) are assembled from equations (5.28) and (5.29).

Results of testing the algorithm presented in this chapter are given in Chapter 7.



Chapter 6
Experimental Setup

6.1 _Subjects

Sixteen healthy male volunteers among the staff of the University of Washington were
recruited to participate in the experiment. The data from two subjects could not be
analyzed due to derangement of the position and orientation measurement (POM) data.
The included 14 individuals were of median age 35 years (range 26-54 years), weighed
74 = 8 kg (mean * SD), and their heights were 178 + 6 cm. To study intra-individual
variability, one healthy male, age 34, weight 72 Kg, height 178 cm was examined on
six consecutive weekdays. Informed consent of the subjects was obtained for non-
invasive imaging, as approved by the institutional human studies review board.

6.2 Equipment

The 3D ultrasound system consists of a commercial ultrasound scanner (HDI 3000,
Advanced Technology Laboratories, Bothell, WA, USA) and a pulsed flux magnetic
field position and orientation measurement (POM) system (Miniature Bird Model,
Ascension Technology Corp., Burlington, VT, USA). The scanhead used in this study
was a 5-3 MHz hand-held phased array HDI scanhead. The POM transmitter was placed
behind the examination chair which was made of plastic material. The POM receiver
(sensor) was securely attached on the ultrasound scanhead. The scanner and the POM
system were interfaced to an image workstation (Image Vue, Nova Microsonics,
Mahawa, NJ, USA) for simultaneously digitizing the ultrasound image and recording its
corresponding POM sensor position and orientation (the two R-matrices in equation
2.1). All the data were transferred via Ethernet to a UNIX workstation (DEC Alpha
3000 -300) for manual outlining and volume computation. Figure 6.1 shows the
configuration of the whole system.

The geometric relationship between the image plane and the POM receiver coordinates
(the S-matrix in equation 2.1) cannot be measured directly, because the origin of the
receiver coordinates is sealed within the device and not indicated by any external
landmarks. The calibration procedure established by Detmer, et al. [56, 57, 97] was
followed to simultaneously obtain the parameters in the S-matrix and the 3D ultrasound
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Figure 6.1 The configuration of the 3D ultrasound system based on

magnetic position and orientation measurement (POM).

67



68
system's precision. A fixed point in a water tank was imaged multiple times from

different orientations and distances. With an initial guess of the S-matrix $‘°, equation
(2.1) was applied to obtain the point's virtual 3D position with respect to the transmitter.
The 3D position of the point from every image should be the same in an ideal situation.
However, due to the initially inaccurate S-matrix and the limited resolution of the
ultrasound and POM system, the 3D point positions are scattered within a region. The

mean position p‘” of this region is temporarily regarded as the best estimate of the true

3D position for the fixed point. Then, p*” is used to estimate the new S-matrix S®

which renders (by equation 2.1) a new set of virtual 3D positions with least total

(0)

squared distance to p*”. A new mean position p®’ is then computed from the new set

of virtual 3D positions. The position p*’ is again used to estimate S. This iterative
process continues until the total squared distance of all the image points to the mean
position converges to a minimum value. The standard deviation of the final 3D point
positions gives the RMS error of locating a point target with ultrasound images. This
was determined to be 1.71 mm over the system's normal operating range of 50 cm at the
time of this study.

6.3 In-Vitro Validation

A pig stomach was obtained from a slaughterhouse, thoroughly washed to remove food
remnants and debris, and fixed in 20% formalin. The gastric lumen was primed with
1,200 ml of tap water for the first scanning. The stomach was scanned by stepwise
acquisition of 2D images starting at the proximal end of the stomach. Subsequently,
100 ml of tap water was added incrementally before the next acquisition took place. The
last scanned volume was 1,900 ml.

6.4 Test Meal

A liquid meal of commercial meat broth (Toro clear meat soup, Rieber & Son A/S,
Bergen, Norway) containing 1.8 g protein, 0.9 g bovine fat, and 1.1 g carbohydrate (20
Kcal) was ingested by each subject over a period of four minutes. The broth was
prewarmed and then cooled to 37° C to reduce the number of air bubbles after ingestion
to improve image quality [98].
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6.5 _Experimental Protocol

All participants in the experiment ingested the broth meal between 8:30 and 10:00 a.m.
after an overnight fast. As shown in Figure 6.1, the subjects were scanned while sitting
in a plastic chair, leaning slightly backwards at an angle of approximately 120 degrees
between the thighs and the spine. The electromagnetic transmitter was positioned close
to the back of the volunteer to minimize the distance to the receiver mounted on the
scanhead during the examination. On average, this distance was approximately 30 cm.
Time zero was defined at start of broth ingestion, and scanning was performed just prior
to ingestion, and 5, 10, 15, 20, 25, and 35 minutes post-ingestion. All ultrasound
examinations were performed by the same physician (Dr. Odd H. Gilja) [98].

6.6 Data Acquisition

Two investigators were needed to perform the procedure, one to run the image
workstation and the other to scan the volunteer. The ultrasound scanner was
programmed to the same settings before each examination: Color Map 6, Dynamic
Range 45 dB, Persistence medium, and Frame Rate medium. The depth of scanning
was adjusted to fit each individual's habitus, averaging 17.6 cm. The angle of the sector
image was 80 degrees in all examinations.

The sonographer needed approximately 30 seconds per examination just after the meal to
find the optimal starting position for imaging the stomach. Sagittal sections of the
stomach were recorded along its entire length, starting in the proximal part where the
transducer was positioned by the left subcostal margin and tilted cranially. After
stepwise scanning of the proximal stomach from left to the right, the transducer was
moved and held to insonicate normally to the skin surface. Then, the distal stomach was
scanned stepwise moving distally to the gastroduodenal junction. When gastric
contractions were observed, acquisition was paused until the contraction passed. If
respiratory movement influenced the observed size of the gastric lumen, images were
acquired at points in the respiratory cycle that obtained maximal volumes.

After having digitized one sonogram, the workstation required 5 seconds before the next
image could be captured, due to the time required to transfer the image to hard disk. On

average, the time spent to scan the total gastric volume was 2 minutes, and 82
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(fasting) to 17+ 2 (Smin.) 2D scans were acquired for each examination. All data were
analyzed off-line on the Unix workstation. The manual outlining of the stomach
boundary was performed by the same physician (Dr. Odd H. Gilja) [98].



Chapter 7
Results

7.1__Dot-product Method

Two examples of wireframe reconstructions of the stomach are shown on the left and
right columns of Figure 7.1, respectively. Figures (a) and (b) are the contours of the
stomach from manually outlining the stomach boundary on each 2D ultrasound image.
Figures (c) and (d) show the wireframes reconstructed by simply linking corresponding
points between the adjacent contours in the image acquisition sequence. The center part
of the stomach, which contains intersecting contours, has longitudinal zigzag wires,
which are corrected in Figures (e) and (f) using the dot-product sorting method
described in Chapter 4. The volume of the stomach can be computed by the Gauss
theorem based method described in Sections 3.1 and 4.2.6. It takes about one second to
perform dot-product sorting, and one second to compute the volume in the UNIX
workstation.

The accuracy of the volume computation was first validated with the in-vitro pig
stomach described in Section 6.6. One example of the reconstructions of the pig
stomach in contours, wireframe, and surface rendering is shown in Figure 7.2. The
reconstructed volumes agree well with the true volumes in water displacement, as
shown in Figure 7.3(a) (r=0.999, SEE=11.76 ml,and Y = -5.062 + 1.008 * X)
and Figure 7.3(b) (mean difference = 6.6 ml, standard deviation = 11.0 ml, and all the
differences were within the mean + two standard deviations over the range of 1200 -
1900 ml). The mean absolute difference between the estimated and true volumes was

© 0.7%, and the standard deviation was 0.4%.

One sequence of reconstructions of a healthy volunteer's stomach at different time points
are shown in contours, wireframes, and surface rendering in Figure 7.4, 7.5, and 7.6,
respectively. The gastric emptying of one healthy volunteer over six weekdays is
plotted in Figure 7.7(a), and the gastric emptying of 13 healthy volunteers is plotted in
Figure 7.7(b). Their corresponding coefficients of variation (= standard deviation /
mean) are plotted in Figure 7.7(c). The inter-individual variability is higher than the
intra-individual variability, and, in general, both the variabilities increase with emptying
time. The average intra-individual gastric emptying from S min. to 35 min. is expressed
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by Y =439.996 - 7.887 * X (r =0.991, SEE = 12.72 ml), and the average inter-
individual gastric emptying is expressed by Y = 462.23 - 10.968 * X (r = 0.986, SEE =
22.65 ml). We define the half emptying time #; as the half of the vertical intercept (at

time O) divided by the slope, where the vertical intercept and slope come from the linear
regression of gastric emptying from 5 min. to 35 min. The average intra-individual I

was 29.7 + 8.1 min., and the average inter-individual 7 was 21.9 + 4.5 min.

7.2 Deformation Method

Two examples of alignment between stomachs of different times using the deformation
method described in Chapter 5 are shown in Figure 7.8. Since the volume of the
proximal stomach is easy to compute and may even become empty in some subjects in
latter runs of the experiment, the deformation method was only applied on the distal
stomach. Both template stomachs (blue wireframe) in Figure (a) and (b) were acquired
after five minutes of meal ingestion, and the target stomachs (red contours) were
acquired after 10 minutes. The template stomachs have been reconstructed with the dot-
product method, and are deformed to align with the target stomachs in Figure (c) and
(d). The volume of the target stomach can be approximated by the volume of the
deformed template stomach with the Gauss theorem based method.

The number of FFD control points used was either 4x4x4 or 5x5x5. The default value
for the weighting factor ¢ for the regularization term in equation (5.9) was 0.001. The
quality of alignment was evaluated by visual inspection of the wireframe and contours,
such as those in Figure 7.8, on the computer display. If the alignment was less than
satisfactory, the investigator was able to adjust the parameters and perform another
alignment. The default value o = 0.001 worked well for about 80% of the cases. The
regularization term contributes the stiffness in the deformation process. Thus, a smaller
o allows higher flexibility for the template stomach. If the template stomach and target
stomach have quite different shapes, a smaller « (e.g. 0.0001) should be used. In
general, regularization is necessary for stabilizing the algorithm, which is demonstrated
in Figure 7.9. Figure (a) shows the original template and target stomachs, Figure (b)
shows an alignment without regularization (& = 0), and Figure (c) shows an regularized
alignment (& = 0.001). Each iteration of least square minimization (Levenberg-
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Marquardt method) took about 3 seconds and 25 seconds for the 4x4x4 and Sx5xS
FFD, respectively. The maximum number of iterations was set to 10, and the algorithm
usually converged within six iterations. The global alignment by affine transformation
was much more efficient (less than 1 second per iteration). However, affine alignment
was rarely used, because we seldom experienced large patient movement between scans
in our experiments.

The deformation method was applied on all the stomachs with intersected contours, and
the results are compared with the dot-product method in Figure 7.10. The two methods
show excellent agreement (r = 0.989, SEE = 6.086, and Y =3.197 + 0.951 * X).
Compared with the dot-product method, the deformation method under-estimated the
volumes by an average of 4.7 ml over the range of 80 - 228 ml, and the limits of
agreement ranged from -17.3 ml to 7.9 ml. The mean absolute difference between these
two methods was 4.1%, and the standard deviation was 2.8%.
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(b)

(a)

(d

®

(€)

method described in Chapter 4. (a)(b) contours; (c)(d) wireframes before sorting; (e)(f)
wireframes after sorting. The data in (a), (c), and (e) are from one stomach; and (b),

Figure 7.1 Wireframe reconstructions of the stomach using the dot-product sorting
(d), and (f) from another stomach.
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(b)

(©

Figure 7.2 The reconstructions of the in-vitro pig stomach in (a) contours,

(b) wireframe, and (c) surface rendering.
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Figure 7.3 In-vitro validation of volume computation using a pig stomach.
(@) linear regression plot of estimated volume against true volume (water
displacement); (b) Bland-Altman plot of the difference between the
estimated and true volume against the true volume.
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Figure 7.4 The contours of a healthy volunteer's stomach: (a) prior to broth
ingestion, and (b) 5 min., (¢) 10 min., (d) 15 min., (¢) 20 min., and (f) 25 min.
post-ingestion.
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Figure 7.5 The wireframes of a healthy volunteer's stomach: (a) prior to broth
post-ingestion.
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(a) (b)
(© (d)
(e) Q)

Figure 7.6 The surface rendering of a healthy volunteer's stomach: (a) prior to
broth ingestion, and (b) S min., (¢) 10 min., (d) 15 min., (¢) 20 min., and (f) 25
min. post-ingestion.
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Figure 7.7 Gastric emptying for (a) one volunteer over 6 days (intra-
individual), (b) 13 volunteers (inter-individual), and (c) the coefficients of
variation for both intra- and inter-individual emptying.
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(b)

(d)

target stomach (red). (a)(b) before deformation, (c)(d) after deformation. (a) and (c) is

Figure 7.8 Wireframe reconstructions of the stomach with the deformation method
one stomach; and (b) and (d) is another stomach.

described in Chapter 5. The template stomach (blue) is deformed to align with the
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(a)

(b)

(c)

Figure 7.9 Anexample demonstrating the effect of regularization in the alignment

between the template stomach (blue) and target stomach (red). (a) before deformation;
(b) after deformation without regularization; (c) after deformation with regularization
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Chapter 8
Discussion and Conclusion

8.1 Gastric Emptying with Freehand 3D Ultrasound

The electromagnetic based 3D ultrasound system for acquisition of 3D data proved to be
applicable for imaging the stomach. The conventional freehand scanning technique
ensures good acoustic contact for each 2D image and the best suitable acoustic windows
over the entire organ (in contrast to motor driven 3D ultrasound [28, 29]). Neither the
scanhead sensor mount plus wiring nor the transmitter mount interfered with the normal
scanning procedure. The problem of computing the stomach volume from intersecting
contours has been solved with the two methods presented in this study.

[ have demonstrated a non-invasive and radiation-free method which enables the
calculation of gastric emptying rates of a broth meal in healthy subjects. Although the
present 3D ultrasound system displayed high accuracy in vitro, we cannot immediately
extrapolate these results to in-vivo conditions. Nevertheless, I believe that the results
obtained in vivo are of acceptable accuracy. First, the mean intercept of the emptying
curves of 13 healthy controls was 462.23 ml. Taking into account a mean fasting
volume of 25.9 ml, a meal size of S00 ml, and some emptying of the meal during the
consumption period [3], the intercept seems to be at a plausible level. Second, the broth
in use was also utilized in a study where gastric emptying was monitored in healthy
controls by radionuclide methods [99]. In that study, a mean half emptying time of 22.9
* 12.1 min. was found using scintigraphy, which is extremely close to the value of
21.9 * 4.5 min. found in this study. Itis well known from scintigraphic studies that
gastric emptying data can display substantial variability, both intra- and inter-
individually. Compared to previous radionuclide methodological studies, the variability
of the ultrasonic measurements found in our study seems comparable [100, 101].

This study was subject to the same limitations of ultrasound scanning that are generally
observed in other studies. The method is fairly operator dependent and may be
influenced by the presence of air pockets within the fundus, which dramatically reduce
image quality. This problem was addressed in previous studies using the same broth
meal, both in healthy controls [20] and in patients with functional dyspepsia [102].
These studies demonstrated that air in the gastric fundus was not a critical factor for
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ultrasonic imaging using this meal, and no subjects had to be excluded for this reason.
Similarly, in the present study, gas pockets in the fundus did not impair visualization of
the proximal stomach to such an extent that data could not be analyzed.

Compared with ordinary ultrasound equipment, this 3D system based on magnetic
scanhead tracking is susceptible to metallic influence and to interference from ambient
magnetic fields. Therefore, it is of major importance that the laboratory environment is
evaluated carefully in order to avoid spatial distortion of the data. The distance from the
ultrasound scanner to the sensor on the scanhead should preferably be a minimum of 60
cm, and the bed or chair must be made of material that does not influence magnetic
fields. Despite our efforts to remove watches, belts, and coins from both the operators
and the participants, two of the data sets were distorted, probably due to magnetic
interference from nearby experiments in the laboratory.

Our data analysis system was separated from the data acquisition system, and the
stomach boundary outlining and volume computation were done after the examination.
In the future, we plan to integrate both analysis and acquisition systems into a single
platform in order to gain timely feedback of the acquired data. This will allow us to
check the integrity of the data during the examination and identify possible sources of
interference from metallic influence and ambient magnetic fields.

An acquisition time of two minutes was used for scanning the entire stomach in this
study because the image workstation's design required that it stored each captured image
to hard disk before the next acquisition. By utilizing image acquisition systems that
enable storing of data in Random Access Memory (RAM) during scanning, the
acquisition of a total gastric volume could easily be reduced to less than 30 seconds.

The long scanning time experienced in this study may have caused a small intragastric
volume to empty through the pylorus or possibly to change compartments during the
scanning procedure. Conversely, the slow pace of data capture gave the operator time to
carefully select images of high quality and to avoid capturing gastric contractions in the
data set, thus minimizing potential errors in volume calculation.

In this study, the outlining of the stomach boundary was aided by a 3D view of all
previously outlined contours which provided a real-time updated overview for
improving the outlining consistency between images and avoiding overlap between the
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proximal and distal compartments of the stomach. All outlining was performed
manually, which was tedious and time-consuming. It may be worthwhile to explore an
automatic or semi-automatic boundary detection method, such as a radial matched filter
[103] or active contour model [72]. Most of the cross-sections of the distal stomach
have shapes similar to an ellipse, so that ellipse fitting [104] of the automatically detected
boundary points could be used to guide the boundary detection algorithms.

8.2 Volume Computation Methods

The major problem with freehand 3D ultrasound is the complex spatial relationship
between images. Despite our effort to acquire nearly parallel cross-sections of the
stomach, the contours still often intersected one another. Both volume computation
methods developed in this study demonstrated the ability to reconstruct the wireframe
from the intersected contours and compute the stomach volume with high accuracy.

The mean absolute error (0.7%) for the dot-product sorting method tested on the in-
vitro pig stomach was considerably lower than the mean absolute error (5%) for the

longitudinal sectioning method tested on in-vitro hearts reported by Moritz, McCabe,
and Martin, et al. [34, 60, 61] (reviewed in Section 3.1). Our higher accuracy may
result mainly from the improvement of the central axis formation, although the larger
sized organ and different wall structure may influence the results. The central axis is the
center for the interpolation for all contours. A contour will be misinterpolated if the axis
is not inside the contour. In their method, a linear axis was formed by fitting all points
with linear least squares, which is prone to error [60]. Thus, a tilt of the axis is very
likely to result in misinterpolation, especially on the contours near both ends of the
organ. In my dot-product sorting method, the protocol of stepwise scanning was
utilized, and the central axis was replaced with a piecewise line called a central wire
which was formed by properly linking the centroids of all contours. This eliminated the
possibility of misinterpolation for each contour. Besides the improvement of the central
axis formation, the stability of the innovative dot-product sorting aigorithm also
contributed to the high accuracy.

The default parameter value (o = 0.001) for the deformation method usually worked
well (80% of the cases in this study). The concept of using regularization to control the
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stiffness of the deformation is easily appreciated after some training. When the default
parameter value is not desirable, a reasonable alignment can usually be achieved with
one or two additional trials. There are generally about 12 contours in the distal stomach,
and 4x4x4 control points provided enough flexibility for the deformation in this study.
Occasionally, when there are more contours in a particular scanning protocol, a higher
density of control points, such as 5x5x5, may result in better alignment by providing
more flexibility for the deformation. However, it takes longer for the alignment when
using a higher density of control points (3 sec/iteration for 4x4x4 versus 25 sec/iteration
for 5x5x5). About 80% of the computation time is spent on solving the 3M linear
equations with 3M unknowns in equation (5.18), where M is the number of the FFD
control points. My current research focused on the feasibility of the method as opposed
to the efficiency of the algorithm. In the future, the deformation method could be
accelerated by using a faster computer, using other more efficient linear equation solvers
[54, 96], or optimizing the program at the assembly language level.

One prerequisite for the deformation method is that the template stomach must be
reasonably close in shape to the target stomach, because the initial guess for the least
square minimization needs to be reasonably close to the true minimum (global
minimum). If the template stomach is too different from the target stomach, the
alignment may fail, i.e. the solution of the least square minimization will get trapped in
an undesired local minimum. Currently, I pre-build a template stomach (usually, the 5-
min. stomach) for each individual due to the large inter-individual variation in stomach
shapes. In the future, it may be possible to statistically classify the shapes of the
stomach (such as fishhook, steer horn, and elongated stomach [8]), and set up a
standard template stomach for each class.

The gastric emptying is a typical application which keeps track of an organ's volume
change with time. Many other medical applications also share this attribute. For
example, the volume change of the heart ventricles between diastole and systole gives
the cardiac output. Another example is following potential kidney shrinkage in follow-
up examinations after renal vascular surgery or transplant. Both the dot-product method
and deformation method are also applicable to general volume computation problems in
other applications involving freehand 3D ultrasound. The deformation method is
actually a volumetric warping, so it also yields auxiliary information about the motion of



88

the 3D space surrounding the template surface. This suggests that not only can the
deformation method be used to align wireframes and contours, but can aiso be used to
align 3D medical images between different modalities, such as X-ray CT, MRI, PET,
‘3D ultrasound, or even histology tissue samples. Every imaging modality has a
different resolution and undergoes different spatial distortions in the image formation
process. The inter-modality alignment performed on certain easily identifiable landmark
structures could be used to estimate the alignment for the complete 3D image data set.

The stomach volumes of healthy volunteers computed by the dot-product method and
the deformation method are well correlated (r = 0.989). The two methods are based on
different principles: the dot-product method requires that the surface in the lengthwise
direction should approximately follow the direction of the central wire, while the
deformation method relies on the resemblance between the template stomach and the
target stomach. The dot-product method may not work well with some diseased
stomachs, which have more concavities and exhibit irregular shapes [8]. The
deformation method may be a good backup method in these instances. Although the
deformation method is less accurate than the dot-product sorting method in computing
the volumes of normal stomachs, it has the potential for handling more complicated
intersecting contours. Minor interactive editing during the iterative deformation (energy
minimization) process can avoid undesirable local minimums and improve the
alignment. However, it is not straightforward to use current computer viewing/pointing
devices to edit 3D objects. The deformation method is very likely to be the method of
choice for volume computation with the advent of more convenient 3D viewing/pointing
devices and faster computers.
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