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Supervision: Prof. Dr. Nassir Navab, Axel Martinez-Möller,
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Abstract

Respiratory motion has negative impact on some medical imaging techniques, in
particular on Positron Emission Tomography (PET). This is due to the physical lim-
itations of PET, which lead to long acquisition times of several minutes. For high
quality PET images of the thorax area, respiratory motion needs to be measured and
corrected. This can be done by respiratory gating, a method dividing the respiratory
cycle into phases of similar thorax expansion, called gates. Separate images are then
reconstructed from the PET data acquired during each such gate.

Respiration gates can be calculated automatically from a respiratory signal, which
has to be measured by an external sensor. The purpose of this work was to evaluate
four respiration sensors based on different physical principles: an elastic belt measuring
thorax circumference, a spirometer measuring air-flow from the lungs, a thermometer
measuring the temperature of respired air, and a stereo infrared camera system tracking
thorax motion. Focus was put on the camera system, which delivers raw motion data
of markers attached to the thorax, and can therefore be used to estimate motion
more generally. A feasible setup of the markers and the camera is described, and
several processing steps applied to the raw tracking data are explained. This includes
interpolation of temporarily occluded markers and calibration of marker locations with
respect to the PET scanner. Methods to digest respiratory signals from the multi-
dimensional tracking data are also described.

The respiratory signals acquired with all the sensors were compared both visually
and statistically. All sensors were able to track both regular breathing, and breathing
artifacts like breath-holds or speaking. Though based on different physical effects,
all respiration curves were basically suited for respiratory gating. However, only the
elastic belt and the camera system used in this work, were reliable enough for clinical
use, and were tested in a preliminary study with cardiac patients undergoing PET.
Gated PET images, reconstructed using the respective respiratory signals, showed
respiration-induced motion of the heart clearly, though its magnitude was only in the
region of half a centimeter.

The camera system also allowed quantification of respiratory motion on the patient’s
surface, which turned out have a similar magnitude. Measurements of translative
body motion not related to respiration showed that it was usually even smaller, and
therefore has little impact on PET imaging. However, more general measurements of
body motion are discussed, since non-rigid motion could be much more significant.
Only if its characteristics are known, can such body motion be corrected in the future.

In conclusion, respiratory gating can improve the quality of PET imaging, no mat-
ter what sensor it is based on. However, the camera system is too cumbersome for
respiratory gating alone, and other respiration sensors, like the elastic belt are more
advisable for clinical use. Yet, the camera system should be used to study motion of
a larger number of patients, to estimate its impact on PET imaging.
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1. Introduction

There are various medical imaging techniques used for diagnosis in everyday clinical
practice. While Positron Emission Tomography (PET ) is not the most widespread
one, it is quite an interesting technology. As a method of nuclear medicine, it uses
radioactive isotopes, which can be embedded into various chemical compounds. PET
can then detect the distribution of the tracers in the living organism, and visualize it
as a 3D image. Hence it provides functional information, whereas many other medical
imaging techniques only provide structural information.

At the department of nuclear medicine at Klinikum München Rechts der Isar (MRI ),
the medical center of Technische Universität München (TUM ), several PET scanners
are in clinical use. Additionally, an interdisciplinary group of scientists is steadily
working on the improvement of PET diagnostics. This includes optimizing protocols
for PET examinations, developing radioactive tracers, enhancing data processing and
image reconstruction software as well as researching concepts for next generation PET
scanners. Many of these efforts aim towards a higher quality of PET images and/or
shorter acquisition times.

Alongside the rather low spatial resolution, long acquisition times of typically several
minutes are the major problem of PET imaging. Any movement of the patient will blur
the resulting images substantially. However, some movements just cannot be avoided
during a PET acquisition, particularly respiratory motion. When acquiring images of
a patient’s thorax, the result shows a blurred overlay of all phases of the respiration
cycle, rather than a sharp snapshot.

Therefore, methods to avoid respiration artifacts in PET images are currently being
evaluated at the department. Respiratory gating is a promising method, that has been
proposed for this. Here, the respiratory cycle is divided into several recurring phases,
called gates. Then, for each gate, a separate image is reconstructed from the PET
data, as shown in figure 1.1. This method implies that the progression of respiration
is known. Hence, a patient undergoing PET has to be monitored with appropriate
respiration sensors. The purpose of this IDP1 was the evaluation of different respiration
sensors and their applicability for respiratory gating in the context of PET.

This introduction first gives an overview of PET instrumentation in section 1.1.
This also explains why respiratory gating is necessary to handle respiration artifacts.
Readers already familiar with PET, or not interested in the details, may consider
skipping this section. The subsequent sections of this introduction define the scope of
this IDP more closely. This includes an outline of the methods described in chapter 2

1An IDP (inter-disciplinary project) is a part of the computer-science studies at TUM. It is a work
related to the respective minor subject, physics in this case.
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1. Introduction

(a)

(b)

Figure 1.1.: A respiration curve and the corresponding gates (a) can be used to obtain
gated PET images of the heart (b).

and the results presented in chapter 3. Finally this introduction gives an overview of
other work related to respiratory motion estimation and respiratory gating.

1.1. Overview of Medical Imaging with PET

As already mentioned, a wide range of medical imaging techniques is in use nowadays.
Classical X-ray or ultrasound methods are used to acquire 2D images in different
modalities. Computed tomography (CT ) uses a series of X-ray images to reconstruct
3D volumetric image data. Those data can then be visualized as a 3D model, or as
arbitrary projections or cross-sections of the volumetric data.

While not all carry the term “computed tomography” in their names, other medi-
cal imaging techniques use very similar methods to reconstruct 3D volumetric data.
However, techniques like magnetic resonance imaging (MRI ), single photon emission
computed tomography (SPECT ) and positron emission tomography (PET ) use differ-
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1.1. Overview of Medical Imaging with PET

Figure 1.2.: Outside view of a commercial PET scanner, the Siemens Biograph Sensa-
tion 16.

ent physical effects to acquire the raw data. While CT measures the attenuation of
X-rays sent through a patient, PET measures gamma rays emitted from within the
patient’s body itself.

Actually the gamma rays measured by PET are emitted by radioactive isotopes in-
jected to the patient. Such radionuclides can be built into many compounds appearing
in the organism, e.g. glucose, ammonia or water. Substances labeled with a radionu-
clide are called tracers. PET can visualize the processes the tracers are involved in,
and it even allows for quantification of those processes. This is in contrast to CT,
which is specialized on delivering structural information about the patient’s anatomy.

Visualization of functional data, also referred to as functional imaging, is essential
in many branches of medicine. Oncologists use PET to detect and stage tumors, often
using fluorodeoxyglucose with a radioactive fluor isotope as tracer. This makes up
the largest part of PET scans performed nowadays. Cardiologists are interested in
myocardial perfusion, which can be measured with ammonia tracers. Neurologists use
radioactive oxygen isotopes to measure blood-flow in the brain, or special tracers in
the context of neurotransmitters.

1.1.1. Physical Basics of PET

There are plenty of books and papers covering both technical and clinical aspects of
PET. (E.g. [8], [22], [11].) Nevertheless, some issues of the physics of PET are detailed
in the following, due to their implications on respiratory gating.

The fundamental principle underlying PET is a radioactive decay, more precisely the
beta plus decay emitting a positron. (Hence the first part of the term PET: Positron
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1. Introduction

Emission.) The decay process is summarized by the equation:

p → n + e+ + νe.

Here, the p denotes a proton, whereas the n denotes a neutron. The e+ is the positron,
and is sometimes written as β+ for historical reasons. (When beta radiation was
discovered, it was not known that it was related to the electron. It was just given a
sequential letter from the Greek alphabet.) Finally there is the neutrino νe, a very
lightweight particle hardly interacting with other matter, and therefore of little interest
in this context.

Note that β+ decay does not occur in isolation, since the results of the decay have
more combined energy than the original proton. However, β+ decay can occur inside
some radioactive nuclei. If the nucleus is more stable after the decay than it was before,
the difference of the binding energies can power the decay process. Assuming that X
is a nucleus with mass number a and atomic number z, then β+ decay can be written:

a
zX → a

z−1Y + e+ + νe.

(E.g. 18
9F → 18

8O + e+ + νe.)

The second line illustrates this on the example of 18F, a radionuclide commonly used
in PET. Both of those equations are essentially the same as the previous one, only
that the original proton and the resulting neutron are part of a nucleus. The proton
stays within the nucleus while being transformed to a neutron, so the overall number
of nucleons remains constant. On the other hand the atomic number (and name) of
the atom, its binding energy, its charge and its chemical properties change, since there
is one proton less.

There are several isotopes inclined to β+ decay, but the ones whose stable coun-
terparts are found numerously in the living organism are most interesting for PET.
However, those radionuclides first have to be produced in a rather elaborate process,
usually involving a cyclotron. This particle accelerator is used to collide protons,
deuterium-cores, or alpha-particles with stable isotopes to create the radio-active nu-
clides. The bottom of figure 1.3b shows such reactions. (In fact all of the radionuclides
presented here can also be created from other isotopes using just protons, so the used
cyclotron can be tailored to proton beams.) Figure 1.3a shows the most common
radionuclides used for PET in the context of the table of isotopes. This also shows
some isotopes they can be created from, and their decay products. Figure 1.3b lists
some important properties of the radionuclides. The shorter the half-life of an isotope,
the more rapidly the activity decreases. So the radionuclides need to be applied very
quickly, which implies that they must be created nearby the PET scanner to reduce
transportation time.

However, the chemical process of labeling a tracer with radionuclides can also be
time-consuming. For instance, when 18F is used in place of hydrogen in fluorodeoxyglu-
cose (18F-FDG). This is possible due to the similar chemical properties of hydrogen
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1.1. Overview of Medical Imaging with PET

and fluorine, but due to the special characteristics of FDG it can be used to visualize
certain metabolic processes. Then there is carbon (11C) which can be used to visualize
a large variety of functions, since it is quite common in organic compounds. Further-
more, oxygen with 15O and radio-active ammonia (13NH3) are comparatively simple
chemicals which are mainly used to measure the perfusion of the patient’s organs.

(a) (b)

Figure 1.3.: Radionuclides commonly used in PET: placement in the table of isotopes
(a) and physical properties and creation processes (b) (Sources:[19], [11]).

Even though the radionuclides presented above are quite different, the results of
the β+ decay are similar. While the neutron stays in the nucleus, both the positron
and the neutrino are emitted from it. The positron annihilates as soon as it meets an
electron, as it is its antiparticle:

e+ + e− → γ + γ.

This results in two photons having some interesting properties for medical imaging.
Firstly, the complete energy of the two original particles, including their mass, is dis-
tributed evenly between the photons. This means each photon has an energy equivalent
to the rest mass of an electron, roughly 511 keV. The kinetic energy of the particles
before annihilation averagely adds to this only a few eV. Such photons are classified
as gamma rays – hence they are denoted as γ – and have the advantage of passing
through organic tissue relatively undisturbed. An even more important property of
the resulting γ rays is, that they travel in almost exactly opposite directions. Hence,
if both of them are detected, it is clear that they originated somewhere on a straight
line between the detection points.

A PET scanner seeks to measure the distribution of a radionuclide in the patient’s
organism, and does this by detecting the γ rays. Unfortunately, there are some physical
effects limiting the spatial resolution of PET. Firstly, the paths of the emitted γ rays
do not form an angle of exactly 180◦, but an angular deviation of averagely φ = 0.5◦
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1. Introduction

does occur (see [11]). When detected by two sensors roughly d = 1 m apart, the worst
case error is about 2.2 mm (calculated as 1

2d · tan φ
2 which is linear in d). Secondly,

there is a small discrepancy between the location of the decay and the location of
the annihilation. Though there are plenty of electrons around in normal matter, the
emitted positron does move a short distance before it finds an electron with similar
thermal energy to annihilate with. Until then, it is statistically scattered and slowed
down by coulomb interactions. An average range of the positron can be determined,
but it depends on the original kinetic energy of the positron and on the surrounding
material. The average kinetic energy of an emitted positron is specific to the radionu-
clide involved. Figure 1.3b shows average values for the ranges of positrons emitted
from different radionuclides. Water was assumed as surrounding medium here, so the
given distances should correspond very well with those in organic tissues. The positron
range error sums up with the angular deviation error (both in the region of 2 mm),
hence the resolution of clinical PET is physically limited to about 4 mm. Note that
those statistic effects only affect resolution, while precision of location measurements
may well be higher, if enough γ rays are detected.

1.1.2. PET Scanner Technology

Despite the deviation effects, a distribution of decayed radionuclides can be measured
by interaction of the emitted γ rays with an appropriate detector. When a 2D slice
through a patient’s body is to be acquired in clinical PET, the patient needs to be
surrounded by γ ray detectors in the plane of the slice. In most commercial scanners
this is achieved by a circular configuration of small detector crystals surrounding the
patient2, as sketched in figure 1.4a. When two γ rays are detected at two different
points of the detector ring at the same time, it is assumed that they originate from
the decay of a single radionuclide. Such a double-detection is called coincidence in the
context of PET, while the straight line between the detection points is called line of
response. Since the emitted γ rays move along the same straight line (but in opposite
directions), the decay process causing a coincidence must have taken place somewhere
on the line of response. The distribution of radionuclides in the detector plane can be
reconstructed from the geometry of all lines of response. (Reconstruction is explained
in section 1.1.3.) Due to the physical deviation effects mentioned earlier, the actual
decay process did not take place exactly on the line of response, but merely close to
it. The angular deviation grows proportionally with the diameter d of the detector
ring, so there is a trade-off between scanner size and image resolution. While PET
scanners with huge patient gantries are desirable for whole body scans and flexible
patient positioning, smaller dedicated head scanners can achieve higher resolutions,
let alone special scanners for small animal research.

In order to obtain volumetric data of the tracer distribution in a patient, two ap-
proaches are conceivable. Firstly, the patient bed can be moved along the scanner axis

2Other scanner geometries, e.g. a polygonal setup of medium sized detector plates or two large
rotating detector plates opposing each other exist, but are not common for dedicated PET scanners.
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1.1. Overview of Medical Imaging with PET

(a) (b) (c)

Figure 1.4.: Geometry of a common dedicated PET scanner for medical diagnostics:
front view (a), diagonal projection (b), and lateral view (c).

in small steps, while separate 2D slices are acquired at each position. Secondly, the
detector ring can be extended by appending additional rings along its axis to form a
detector cylinder. (See figure 1.4b.) Neither of these solutions is practical for clini-
cal scanners, since the first one implies enormous acquisition times, while the second
one is extremely expensive - the extreme of completely surrounding the patient by
detector crystals might be inconvenient anyway. Therefore most commercially avail-
able scanners implement a combination of the two approaches. They use a cylindrical
configuration of detector rings to acquire a section of the patient volumetrically. If the
region of interest is larger than the axial extent of the detectors, the image data have
to be acquired in several phases and the patient bed has to be moved accordingly in
between. (See figure 1.4c.) Current PET scanners are able to scan an axial region of
about 15− 20 cm per bed position.

Though most available PET scanners use multiple detector rings, they don’t all
work the same way. Some scanners use each of the rings separately, acquiring one 2D
slice through the patient’s body per ring. Only coincidences having both detection
points on the same detector ring are used for image reconstruction, while lines of
response between different rings are discarded. To avoid such inter-ring-coincidences,
γ ray absorbing septa are placed between the detector rings. Those septa reduce the
detection of γ rays not originating from the plane of the respective detector ring.
Scanners using detector rings separately are said to operate in 2D mode. In contrast,
PET scanners operating in 3D mode accept detections between any two detector rings,
and use them for image reconstruction. 1.7. While 3D mode scanners may seem
superior at a first glance, since they don’t suppress as many γ rays as 2D mode scanners,
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1. Introduction

the latter have advantages, too. They face less problems related to detector crystal
dead-times and degrading scatter of γ rays. This is illustrated in figure 1.7 further
below. In reality, the two concepts are sometimes mixed, but pure 3D mode PET
scanners are becoming increasingly mature and popular.

No matter what the exact geometry of the detector ring is, the single detectors are
not trivial themselves. This is due to the comparatively high energy of the γ rays
used in PET (energy: 511 keV, frequency: 5.4 · 1021 Hz, wave-length: 2.4 · 10−12 m)
compared e.g. to medical X-rays (energy: 80 keV, frequency: 2 · 1019 Hz, wavelength:
1.5 · 10−11 m). Photons of such energies are usually detected with scintillators, which
are according to [25] “a device or substance that absorbs high energy (ionizing) electro-
magnetic radiation then, in response, fluoresces photons at a characteristic [. . . ] longer
wavelength”. The scintillators commonly used in PET are crystals, whose electrons
interact with γ rays by Compton scattering. This interaction changes the heading of
the photon by a random angle θ, while increasing the wave-length of the photon by
∆λ, where

∆λ =
h

mec
(1− cos θ).

Here, h is Planck’s constant, me is the mass of the electron and c is the speed of light.
While ∆λ is independent of the original energy of the photon, the energy transferred
from the photon to the electron is not. For a given energy E1 of the photon before
Compton scatter it is:

∆E = E1 − E2 = E1 −
E1

1 + E1
1−cos θ
mec2

.

Since the γ rays used in the context of PET have energies equivalent to the mass of
an electron (E1 ≈ mec

2), this can be simplified to:

∆E ≈ E1 −
E1

2− cos θ
.

Hence the resulting energies are up to 2/3 of the energy of the original γ ray, that
is the electron receives 0 − 340 keV. This is often enough to strip the electron of its
atom, i.e. to ionize it – hence γ rays are classified as ionizing radiation. In fact a
511 keV γ ray has enough energy for multiple ionization, and can lift several electrons
from the valence band to the conduction band. When returning to a lower potential,
such stimulated electrons emit lower energy photons, a process commonly known as
fluorescence. Those photons, usually close to the spectrum of visible light, can then
be detected by photomultiplier tubes [9], which convert them to an electronic signal.

For scintillator crystals used in PET several physical properties are important.
Firstly, the attenuation length3 for γ rays should be as short as possible, which means

3The attenuation length is the distance into the scintillator when the probability has dropped to 1/e
that a particle has not been absorbed, where e is Euler’s number.
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1.1. Overview of Medical Imaging with PET

an increased probability of Compton scatter. This is often the case for crystals with
a high density, involving crystals with a high atomic number (having many electrons
surrounding them). Lower attenuation lengths increase the sensitivity of a detector
while decreasing the necessary thickness. Secondly, the light output should be rather
high. It is defined as the number of emitted photons per absorbed γ ray energy. This
is affected by several factors, e.g. by ionized electrons returning to a lower potential by
non-fluorescent effects, or by the translucency of the scintillator crystal for the photons
it emits. By choosing light output properties carefully, the energy resolution of the
detector can be adjusted. Thirdly, there is detector dead-time. This is the period of
time after a γ ray detection, during which no other γ ray can be detected. It is influ-
enced by the duration of the fluorescent effect, i.e. by the decay time of the ionized
electrons. Dead time is important, because it limits the number of γ ray coincidences
that can be detected per time interval, and therefore needs to be minimized.

Name Composition Attenuation length Photon output Fluorescense
for 511keV γ rays per absorbed Energy decay time

BGO Bi4Ge3O12 10.4mm 9/keV 300ns
LSO Lu2SiO5:Ce 11.4mm 30/keV 40ns
GSO Gd2SiO5:Ce 14.1mm 8/keV 60ns
NaI NaI:Tl 29.1mm 41/keV 230ns

Table 1.1.: Properties of some scintillator materials commonly used for PET (Source:
[11]).

Though the above properties are the most important for PET scintillators, other
criteria are crucial, too. For instance low weight, sufficient stability, low sensitivity
to light and other environmental influences, high durability, good compatibility with
photomultiplier tubes, and reasonable costs. Some scintillator materials fulfilling these
requirements, and therefore commonly used in commercial PET scanners are shown
in table 1.1. In the past, the most common PET scintillator was BGO, which has a
rather short attenuation length and is easy to handle. Today LSO is becoming more
and more popular, due to its low decay time and high light output. However, LSO has
the peculiarity of being slightly radioactive and self-emitting γ rays. This effect adds
some noise to the measurements.

As a summary, figure 1.5 shows a sequence of some important physical processes
occurring in the context of a PET examination. This involves the necessary steps for
creating radionuclides and radioactive tracers. Then there are the processes going on
in the patient’s organism, and the detection of the resulting γ rays by the scanner.
Naturally the PET scanner has to perform rather sophisticated signal processing steps
to record all γ ray coincidences properly. Those coincidence data can then be used
to reconstruct volumetric image data of the tracer distribution. Figure 1.5 gives a
preview of the steps necessary to calculate the image, which are detailed next.

9



1. Introduction

Figure 1.5.: The flow of physical and logical processes essential to PET.

1.1.3. Image Reconstruction

Modern PET scanners perform first processing steps on the detected coincidences on-
the-fly, and do not store the exact detection times. However, the raw data resulting
from a PET scan can be thought of as a timed list of coincidences – often referred to
as list-mode data. Together with knowledge of the location of each γ ray detector used
in the scanner, a volumetric image of tracer distribution can be computed from the
list-mode data. The process is called image reconstruction, and is summarized in this
section. Here, only the 2D case of image reconstruction is covered, as it appears in
single-plane and 2D mode PET scanners. Image reconstruction for 3D mode is slightly
more complicated, but often it is simply divided into several 2D reconstruction steps
in a process called rebinning. For more details on image reconstruction issues, see the
corresponding literature, e.g. [12] or [21].

Each detected coincidence indicates tracer activity on the line of response (LOR)
between the respective pair of detector crystals. In a detector ring with n crystals,
there are up to n2/2 lines of response to be considered.4 It makes sense to group
together all LORs parallel to each other. The LORs within one group can then be
sorted by their location, while the groups can be sorted by their orientation. This
is depicted in figure 1.6a, where s denotes the location of an LOR (given as distance
from the scanner’s axis) and α its orientation (given as rotation angle). The tracer
activities associated to all LORs can be interpreted as a function of s and α, and
visualized as a gray-scale image. An example of such an image, commonly called a

4That includes LORs between very proximate or even identical detectors. Such LORs can usually
be discarded, since they do not intersect the region of interest. If d is the minimum number of
detectors spanned by an LOR, their overall number is actually n(n− 2d− 1)/2.
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1.1. Overview of Medical Imaging with PET

sinogram, is shown in figure 1.6b. Note that α only ranges from 0 to 180 degrees, since
the LORs are not directed. Also note that sinograms are common to other tomographic
imaging modalities, too. For instance in CT, where the lines are not parallel, but the s
corresponds to the camera’s field of view and the α to it’s rotation. This similarity of
tomographic imaging techniques has had a positive effect on available reconstruction
software.

(a) (b)

Figure 1.6.: Lines of response classified by location and orientation (a), and the corre-
sponding coincidence data drawn as a sinogram (b).

Since the representation of PET data as a sinogram is not too vivid, the next step
is to transform it to a 2D image in euclidean space. In the continuous case, let f be
a function of tracer distribution along the x and y-axes, then the sinogram R can be
obtained as:

R(s, α) =
∫ ∞

−∞

∫ ∞

−∞
f(x, y) δ(s− x cos α− y sinα) dxdy.

This integral transform from f to R is called Radon transform [24], and is based on
Dirac’s delta [23]. The delta distribution δ(z) has the peculiar properties that it is
0 for any z 6= 0 but

∫∞
−∞ δ(z) dz = 1. This can be visualized as a function having

an infinitely sharp peak around zero. Demonstratively, in the context of computed
tomorphy, the Dirac delta samples the measured distribution f along each LOR. This
analytical representation of the tomographic projection can be used for calculations,
most importantly by obtaining an inverse of the Radon transform:

f(x, y) =
1

2π2

∫ π

0

∫ ∞

−∞

∂
∂sR(s, α)

x cos α + y sinα− s
dsdα.
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1. Introduction

It can also be shown, that the Radon transform is invertible for all cases relevant
in computed tomography. Hence the above inversion of the Radon transform could
be used to convert from a sinogram to a 2D image in the continuous case. How-
ever, the actual PET sinogram is a discreet data set, and there are more suitable
approaches to reconstruct images from it. Most popularly, an algorithm named filtered
back-projection (see [21]) is used to perform the image reconstruction quite efficiently.
Many commercially available PET scanners therefore use filtered back-projection to
reconstruct 2D images. Recently, algorithms based on statistical iterative reconstruc-
tion have become popular, too. The basic idea here is, to start with a rather poor
estimation of the desired image, and iteratively improve it. In each iteration the image
is forward-transformed to a sinogram, and compared with the measured PET data.
The differences are then repeatedly used to improve the estimate, until the desired
image quality has been reached. An advantage of statistical iterative reconstruction
methods is that the forward-transformation can account for some known physical and
technical deficiencies of the PET scanner.

The reconstruction of 3D volumetric data from a PET scanner, can be pictured as
stacking several 2D images over each other. In that way, a complete data-set of the
tracer distribution in the patient’s body can be obtained. Arbitrary slices through the
3D data can then be computed easily by linear transformations. That allows physicians
to visualize exactly the portion of the patient’s body they’re interested in.

To make things more complicated, there are several degrading physical effects, that
need to be corrected during image reconstruction. First of all, the single detectors’
sensitivities can vary, and need to be calibrated from time to time. The resulting
adjustment factors for each LOR need to be considered when the sinogram is created.
Second, despite the high energy of the γ rays, they do interact with the surrounding
matter. They are both scattered and attenuated within the patient’s body to a certain
degree, depending on the location of the emission and the surrounding tissue. However,
attenuation can be measured as described in the next section, and the resulting atten-
uation map needs to be applied during image reconstruction. The measured activity
for each LOR is increased according to the respective attenuation factor. Scatter can
be detected to a certain degree, too, and compensated by statistical filtering. Despite
the large number of steps involved in image reconstruction, currently available com-
puting systems can perform it so quickly, that images are available on the operators
workstation right after a PET scan. Though many parameters of reconstruction are
adjustable, most of the processing is done transparently for the user.

The image reconstruction process is also where respiratory gating can be incorpo-
rated. The list-mode data can be divided into distinct gates, according to data obtained
from a respiration sensor. This is usually not supported by the integrated software
packages and user-interfaces provided for commercial scanners. Therefore chapter 2.1
exemplifies a manual image reconstruction method, for the particular PET scanner
system used for this research work.
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1.1. Overview of Medical Imaging with PET

1.1.4. Limitations of Clinical PET Scanners

The physical principles of PET are rather straightforward, but as indicated previously
there are several degrading effects making PET instrumentation rather complicated.
The resolution limit imposed by positron range and angular deviation, is impaired
even more by the spatial resolution of the detector crystals. However, there are other
problems related to the detected γ rays, too. Even though 511 keV radiation is quite
permeant, there is quite a chance that it is Compton scattered or attenuated before
reaching the detector ring. Since both emitted γ rays need to be detected in coinci-
dence, there are different artifacts to be considered. Figure 1.7 shows some possible
constellations in the context of 2D-mode and 3D-mode scanners.

(a) (b)

Figure 1.7.: Examples of measurement artifacts occurring in PET. While a large por-
tion of scatter is blocked in 2D-mode (a) it is detected in 3D-mode (b).

If one of a pair of γ rays is attenuated completely or scattered past the detector rings,
no coincidence will be registered. This neither improves nor corrupts the measurement.
Otherwise, if one of the γ rays is scattered, but both reach the detector, a coincidence
is registered, though the rays do not originate from the corresponding line of response.
Such a measurement adds noise to the PET image, which is hard to compensate. If
the γ ray looses enough energy when scattered, the scatter can be recognized by the
detector, but often the energy resolution of the scintillator crystals is not sufficient.
Note that a lot of scatter is avoided in 2D-mode, since it is blocked by the septa or the
two γ rays hit different detector rings. Only in-plane scatter influences measurement
in 2D mode, but a huge part of true coincidences is blocked, too. According to [22],
10%− 20% of the γ rays detected in 2D mode are scattered, while this fraction can be
as high as 30%− 60% in 3D mode.

Both scatter and attenuation are highly dependent on the body region scanned and
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1. Introduction

on the size of the patient. In fact, γ rays originating from the center of the body
are less likely to reach the PET detectors unhindered, compared to those emitted
close to the surface. The probability that both emitted γ rays are not attenuated
over a given distance d is e−µd, where µ is called the attenuation coefficient.5 In the
human body, µ varies rather heterogeneously: it is high for bones and low for other
tissues, especially the lungs. Luckily, an effective attenuation coefficient µLOR can be
determined for each line of response, resulting in a so called attenuation map. The
amount of coincidences Am measured along a LOR can then be adjusted according to
the corresponding attenuation coefficient:

A = Am · eµLOR .

The attenuation map can be obtained experimentally by sending a known amount of
511 keV γ rays through the patient along each line of response. The intensity of γ rays
measured in the opposing detector can then be used to obtain the respective µLOR.
Naturally, this may not be done while a significant amount of radioactive tracer is
present in the patient’s body. Many commercial PET scanners are equipped with a
small and precise source of γ rays, which are rotated around the patient for measuring
the attenuation map. This part of a PET scan is called transmission scan, while the
actual measurement of tracer distribution in the patient’s body is called emission scan.

The recent appearance of combined PET and CT scanners [20] allows for a slightly
different approach. CT is a transmissive modality, which measures the attenuation
of x-rays sent through the patient. Hence, a CT image (respectively its sinogram)
practically is an attenuation map. Unfortunately the attenuation coefficient µ is dif-
ferent for 511 keV γ rays and for x-rays, and does not even scale uniformly for all
materials. However, an attenuation map for PET can still be derived from a CT image
by different approximation methods. In the most simple case, two different correction
factors are applied for bone-like tissue on the one hand and for any other tissue on
the other hand. In commercial scanners more sophisticated variations of this method
are implemented, and most of them yield a decent attenuation map. Since current
CT scanners are fast compared to PET scanners, using CT for attenuation correction
is quite convenient. The combination of PET and CT in the same gantry has other
advantages, too. It facilitates the creation of well-registered fused images containing
information from both modalities. 6

In fact, time consumption is one of the major limitations of PET. One reason for
this is the temporal resolution of the detectors and the signal processing electronics.
Though the temporal difference of two coincident γ rays arriving at the detector ring
lies below a nano-second, the electronics need to establish a slightly larger time window

5The attenuation coefficient µ is just the inverse of the attenuation length mentioned in section 1.1.2
in the context of scintillators.

6Most recently, combined PET-MR scanners have been announced, too. Though magnetic reso-
nance tomography is not based on electromagnetic radiation, the feasibility of MR images for PET
attenuation correction is being investigated. [27]
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1.1. Overview of Medical Imaging with PET

to detect coincidence events. However, if emissions of two or more positron decays reach
the detector crystals during the same time window, they cannot be classified correctly.
The rightmost part of figure 1.7 shows such a random event, where two unrelated γ
rays are detected at the same time, while the other two are scattered away. When
γ rays are falsely detected as coincidence, and noise is added to the sinogram. In
other random cases, three or more γ rays can arrive at the same time. Usually they
all have to be discarded by the scanner, since the corresponding lines of response
cannot be determined unambiguously. In addition to the problems between different
detectors, each detector crystal has an intrinsic dead time. Due to this even longer
time period, caused by slow fluorescence decay (look back at table 1.1 for data), a
scintillator cannot detect two γ rays arriving shortly after each other. This leads to
some more coincidences ignored by the scanner.

The higher the decay activity within the PET scanner, the more severe all the
timing related artifacts. On the other hand, to obtain good image data, as many
coincidences as possible need to be measured. Due to the noise added by scatter and
random events, only a limited number of true coincidences contributes to the signal
quality of the image. As a rule of thumb, about 5 · 106 true coincidences are needed
to acquire a 10 cm cross-section of a human body in reasonable quality. The over-all
amount of detected coincidences including randoms and scatter is almost one order
of magnitude higher. The total amount of positron emissions in the scan subject is
another order of magnitude higher, due to attenuation and especially γ rays missing
the detector crystals. Considering that the count-rate for coincidences is best around
106 decays per second for current scanners, PET acquisition times of several minutes
are inevitable. Note, that the duration of a PET scan cannot be simply decreased by
increasing the activity of the radio-active tracer. If it gets too high, the result can even
be worse, due to an over-proportional increase of random events and scintillator dead
time.7

Due to the long time required for PET scans, several biological artifacts can degrade
image quality. Whereas CT scans can be performed within a few seconds during
breath-hold, a patient will necessarily breathe during a long PET acquisition. This
considerably affects image quality of the thorax region, since the contained tracer
activity is moving around with the tissue. In effect, the activity distribution measured
by PET will be smeared over all phases of the recurring respiration cycle. Though this
motion blur is only in the region of one centimeter, it can complicate the localization
of tumors and the quantification of cardiac perfusion. Hence, it is advisable to correct
respiratory motion as far as possible. A approaches for that will be presented and
discussed in the rest of this report.

7There are also medical and regulatory limits to the amount of radio-activity that can be applied to
a PET patient. As for today, those limits do not need to be exploited, since the PET detectors
don’t work efficiently with that much radiation in the first place.
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1.2. Objectives of this IDP

To correct the negative effects of respiratory motion in medical imaging, the respiration
has to be measured first. The primary goal of this IDP was the evaluation of different
sensors suitable for respiratory motion estimation. The actual sensors used are de-
scribed in more detail in the next chapter. The list comprises a stress measuring belt
(Anzai, chapter 2.2), an air-flow sensor (PMM, chapter 2.3), a thermometer (Biovet,
chapter 2.4), and a marker-based 3D camera system (ART, chapter 2.5). System com-
ponents of three of them are depicted in figure 1.8. The PMM spirometer sensor was
a prototype, we could only use for a short time, so no photograph can be presented
here.

(a) (b) (c)

Figure 1.8.: Some of the evaluated Sensors, as presented by their manufacturers: the
Anzai belt (a), the Biovet system (b), and the ART camera (c).

Chapter 2 focuses on the use of the sensors, rather than on internal details and sensor
principles. An important part of this IDP consisted of getting the sensors to work, and
access their data for further processing. The purpose of the measured respiration data
was their use for respiratory gating. Hence it was not intended to derive quantitative
physiological values like lung volume or air-flow from the sensors. They were merely
used, to partition the progression of respiration into gates representing different poses
of the thorax. It was not deemed important, which physiological mechanisms where
related to thorax motion, or how they related to the measured sensor data. Hence,
the data of all respiratory sensors could be treated as a function over time, called
respiration curve or respiratory signal below.

While some of the respiratory sensors delivered such respiration curves right away,
data from other sensors had to be post-processed. Since our PET research group had
already experimented with the Anzai belt before this IDP started, it could be used
as a reference system. Software to examine, edit and process the data was already
available. (It was written in IDL, the Interactive Data Language, a matrix-oriented
interpreter language intended for scientific computing.) As for the other sensors, the
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software had to be enhanced to handle their data, too. This was most challenging
for the ART camera system, which is not a dedicated respiration sensor. Rather
sophisticated processing software had to be written here, to convert the multiple motion
measurements delivered by the camera to a respiratory signal. A large work portion
of this IDP consists of the design and implementation of this software, with all the
special cases that had to be considered.

Once respiration curves from all the sensors were available, their use for respiratory
gating was evaluated. First checks were performed by visual comparison of plotted res-
piration curves. Then systematic statistical evaluations of both the respiration curves
and the gates derived from them were performed. The details about the comparisons
and their results are found in chapter 3.1. That chapter also evaluates gated PET
images reconstructed with data from some of the sensors.

The image evaluation focuses on gating with the Anzai belt, and the ART camera.
Anzai is used because it was already tested beforehand, and we had more experience
with this system than with any other. While it was estimated in advance, that the
ART Camera system would be quite cumbersome to use, we focused on evaluating
this system, too. This is due to the fact, that it delivers much more data, than any
of the other systems. An optional goal of the IDP was to check the feasibility of
more general movement correction based on the ART data. It should be investigated
whether respiration artifacts could be corrected a more sophisticated way, and whether
other non-periodic body motion could be corrected, too.

1.3. Respiratory Motion Correction in Medical Imaging

In pulmonology, the analysis of respiration by air-flow and lung-volume measurements
is quite common. The respective devices, summarized as spirometers, are not com-
monly used for respiratory gating yet. Some spirometers are simply too bulky and
offer an unnecessary range of sophisticated diagnostic functions. Yet there are some,
which might well suitable for respiratory gating in the context of PET. Indeed, an air-
flow based spirometer was evaluated in this IDP. Nevertheless, some other respiration
sensors have been suggested for respiratory gating, too. Experience can also be drawn
from existing cardiac gating systems. Some related technologies already in clinical use
are presented in the next section. Subsequently, some recent scientific developments
directly related to respiratory gating in PET are highlighted.

1.3.1. Gating Systems in Clinical Use

Though respiratory gating is not a clinical standard in the context of PET yet, several
related techniques are in use already. For instance, cardiac gating is applied suc-
cessfully in PET and other medical imaging modalities. Cardiac gating is similar to
respiratory gating, but the degrading effect which is corrected here is the motion of
the heart. Cardiac gating relies on ECG as sensor input, which is already integrated
with many commercial PET scanners. Though the heart-rate is normally higher than
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the frequency of respiration, some aspects of cardiac motion are easier to handle. The
motion is less continuous, and is performed in short pulses during which the heart
contracts (systole). By contrast, the heart is expanded for a comparatively long time
(diastole), during which PET data can be acquired undisturbed.

ECG based cardiac gating is applied likewise in other medical imaging techniques,
e.g. MR. There it is sometimes combined with respiratory gating, which is already
commercially available. An extrinsic measurement of respiration is not needed in this
context, since it can be derived from the raw MR data itself. Such intrinsic respiratory
gating is possible, since MR can acquire enough data during short periods of time
to distinguish inspiration and expiration.8 Due to the low temporal resolution, such
intrinsic methods are not easily portable to PET. However, some research on this is
currently being done at the PET group, but that is not subject of this report.

Commercial respiratory gating systems are also available for external beam radio-
therapy. This is a treatment for various types of tumors, which is based on the irradi-
ation of malignant tissue with a high dose of γ rays. The radiation needs to be focused
on the tumor as precisely as possible, which can be impaired by respiratory motion.
Therefore, respiratory gating is sometimes used for tumors in the thorax region. The
radiation beam is focused on the location of the tumor for instance during exhalation,
and is deactivated for other phases of the respiratory cycle. Respiratory gating in
radiotherapy is not common yet, but a few related systems are commercially available.
In fact, the Anzai belt (see chapter 2.2) is primarily intended for respiratory gating in
radiotherapy.

1.3.2. Current Research

Radiotherapy was also the background of one of the first research projects evaluating
different sensors for respiratory gating systematically. In [13] H. Kubo and B. Hill were
comparing a temperature sensor, a strain gauge (similar to the Anzai belt used here)
and a spirometer. Checking, if their promising results could be repeated with current
sensors was one of the objectives of this IDP.

While the above work did not include a 3D camera system, this has already been
evaluated variously. Nehmeh et al. used a camera-based gating system in the context
of PET imaging [16]. Their focus was on the improved quantification of FDG uptake
in lung lesions. In [4] and [3] Beach et al. explored the use of such a camera system for
respiratory gating and motion detection for SPECT imaging. A related research group
explored the feasibility of separate signals for respiration and motion correction. In [6]
they suggest a sophisticated algorithm which splits a respiration curve into large-scale
body motion and respiration. Body motion could then be corrected by applying rigid
transformations to the raw data, while gating takes care of respiratory motion.

8Actually respiration is not measured directly from the MR image, which is to be gated. Instead,
additional MR images are acquired in parallel by time slicing. This results in a so called navigator,
a sequence of low resolution images of e.g. the diaphragm, from which respiration can be measured.
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1.3. Respiratory Motion Correction in Medical Imaging

There are also efforts to supplement respiratory gating, by applying additional trans-
formations to the gated images. While ordinary gating results in gated images only
containing a subset of available data, it has been suggested to recombine these images
for enhanced image quality. In [14] Livieratos et al. use linear transformations based
on radio-active markers placed on the patient’s thorax to register the gated images.
Though precise measurements with a 3D camera could be used in a simillar approach,
no such effort was made in scope of this IDP. Instead, image based registration of gated
PET image sets is currently being evaluated in the PET research group at Klinikum
Rechts der Isar. Though this is not detailed in this report, it should be mentioned,
that there were very promising trials with a new deformable registration algorithm
[28].
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2. Methods for Testing Respiration
Sensors

Before the applicability of a sensor for respiratory gating can be considered, it has to
fulfill several criteria. The four respiration sensors used in this study were the Anzai
belt (section 2.2), the PMM spirometer (section 2.3), the BioVet temperature sensor
(section 2.4), and the ART camera system (section 2.5). Being quite different, all the
sensors were first checked against the following quality requirements:

Usability A respiration sensor needs to be easy to operate. The additional time needed
to set it up for a PET scan should be short. Also, the necessary devices should
not take up to much place in the examination room, or interfere with other
medical equipment.

Invasiveness A respiration sensor may not be too invasive. Due to the long duration
of PET scans it is important that patient comfort is assured. Otherwise, in-
creased patient motion might occur. Since there are enough alternatives, sensors
potentially harmful to the patient can be ruled out in the first place.

Reliability A respiration sensor must be highly reliable. On the one hand this means,
that the respective sensor principle can track respiration under varying circum-
stances. Neither differing patients nor external influences should prevent it to
work. The acquisition of suitable respiratory signals should be reproducible in
any situation. On the other hand it means that sensor hardware and the related
software work reliably. Unpredictable system failures or limited availability can-
not be tolerated in the context of a PET scan.

Costs A respiration sensor should not be excessively expensive. However, considering
the costs of PET and of medical equipment in general, the costs of respiration
sensors are secondary. In this report, little can be said about the costs, since
they are highly negotiable.

In the end, the most important requirement for the respiration sensors is to deliver
data suitable for respiratory gating of PET images. For this work a gradual approach
of evaluation was followed. First, each sensor was tested for its general suitability to
deliver respiration curves. This was done by the author and his supervisors for each
sensor separately. These first tests included some short sample acquisitions with one
of us playing test subjects. Those early tests were meant to show, if the respective
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sensors could principally fulfill the requirements above, and if the resulting respiration
curves might be used for respiratory gating.

Subsequently some longer data acquisitions were performed, with several persons
(both male and female) of our PET research group volunteering. These series of
tests focused on the comparison of different respiration sensors. Unfortunately it was
not possible to acquire the same respiration sequence with all of the sensors under
consideration simultaneously. This was due to organizational restrictions, but it would
have been difficult to combine the BioVet temperature sensor and the PMM spirometer
anyway. Instead, the Anzai belt was used as a reference system, and all of the other
sensors were compared to it. This was viable due to its dedication to and approval for
respiratory gating, and due to previous experiences of the PET research group. The
Anzai belt was technically suited for combination with all the other sensors, too.

Most of the comparative measurements were performed over two or three minutes of
regular breathing, plus some additional time with simulated breathing artifacts. This
time span seems short compared to the 11 minutes we used for gated PET acquisitions
(see below). However, it was sufficient to span about a dozen respiration cycles for
direct comparison. This approach was favored, in order to acquire more comparison
sequences with different volunteers. While it was unrealistic to simulate the exact
circumstances of a lengthy PET scan in this early studies, it was desirable to challenge
the sensors with as many different patients as possible.

While it was expected that all sensors show regular respiratory motion decently, focus
was laid one their handling of respiration artifacts. For this, short phases of speaking,
coughing, heavy breathing, or breath-hold were performed by the volunteers. It was
then analyzed, how those phases were reflected in the respective respiration curves.
Since short breath-holds at full inspiration were recorded nicely by all sensors, they
were used as landmarks for signal synchronization. This was necessary since we did
not bother to synchronize all of the sensors electronically. Instead the volunteers were
asked to perform a breath-hold at the beginning and at the end of each acquisition,
and the respiratory signals were synchronized manually according to those landmarks.

This was done by different software tools written in IDL [17] and offering graphical
user interfaces for respiratory signal comparison. Though some of the sensors brought
their own software to analyze the respiration curves, a separate program was needed
to compare data from all the different sensors. The manufacturer-provided programs
were only used for data recording and for live-monitoring where applicable. All other
signal evaluation was performed with custom software only working on recorded data,
and not able to display data from any of the sensors on the fly. Conveniently it
was able to re-sample the different signals automatically, thus compensating different
sampling rates. One variant of the program (respcurves.pro) was developed by A.
Martinez-Möller and R. Bundschuh before this IDP started. Some corrections and
feature-additions were then performed by the author. Another variant of the IDL
program, supporting a module for handling ART camera data (as described in sections
2.5.4 and 2.5.5), was developed as part of this IDP. This Signal_Analysis_GUI.pro
program also features additional support for comparing respiratory signals and the
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2.1. Use of Respiration Sensors in the Context of PET

resulting gates quantitatively, as detailed in chapter 3.1.2.
After sufficient experience was gained with the different sensors, the next step was

actually using them for reconstruction of gated PET images. Here the use of volunteers
seemed inadequate, due to radiation exposure and the costs of a PET acquisition.
Instead we cooperated with a study conducted on cardiac patients and measuring
their myocardial perfusion. This study was well suited for evaluation of respiratory
gating, since only PET images of the thorax region were acquired. Before the diverse
respiratory sensors are presented, some details of this study, the PET scanner used,
and respiratory gating are described in the next section.

2.1. Use of Respiration Sensors in the Context of PET

The patient study was conducted on a combined PET and CT scanner, the Biograph
Sensation 16 PET/CT available from Siemens Medical Systems (Erlangen, Germany,
http://www.medical.siemens.com). It combines an ECAT Accel PET scanner and a
Somatom Emotion 16 CT scanner in one gantry, and offers integrated data processing
for the two. As for the PET part, it uses LSO scintillator crystals arranged in 8 × 8
detector blocks. Each crystal has a surface of 6.45 × 6.45 mm2 facing towards the
scanner axis, and a radial depth of 2.5 mm. There are 3 rings of detector blocks, with
48 blocks per ring, totaling in 9216 detector crystals. The detector ring diameter of
82.4 cm results in an effective radial field of view of 58.5 cm, while the axial field of
view is 16.2 cm per bed position. The manufacturer designates the spatial resolution
as about 6 mm in the center of the scanner, slightly decreasing towards the outside.
The PET scanner always operates in 3D mode, which is possible due to the rather
short coincidence timing resolution of 3 ns.

The cardiac study protocol involved 13N-labeled ammonia, a tracer used to mon-
itor blood perfusion. PET acquisitions were performed two times per patient, first
under rest conditions, and then fourty minutes later under stress. One minute before
latter, stress was induced pharmacologically by a six minutes infusion of Adenosine
at 0.6 mg/min per kilogram of patient weight. For each scan, the patient received
300 to 500 MBq of tracer activity, one minute after the start of the respective PET
acquisition. The first 11 minutes, of each scan were performed as list-mode acqui-
sition, making raw coincidence data available for manual processing. This could be
used to reconstruct gated images later. Each scan continued for another 10 minutes of
standard PET acquisition, from which static PET images for medical diagnosis were
reconstructed by the integrated PET software.

Besides the PET scans, several CT scans of the patient were acquired. In the
beginning of the procedure, a 2D topogram of the patient was obtained and the region
of interest for successive scans was framed. Then a low-dose CT scan was acquired,
to be used for the attenuation map correcting measured tracer intensities in the PET
scans. This CT scan was acquired during patient breath-hold at medium inspiration,
and was usually suitable for attenuation correction of both gated and non-gated images.
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In rare cases the low-dose CT had to be repeated after the PET scans, if the first
one turned out to be poorly aligned with the static PET images. After all those
PET related scans, various forms of CT angiography (CTA) were performed. Those
procedures shall not be detailed here, since they were not related to respiratory gating.

For the patient study, we focused on just two respiration sensors: the Anzai belt, and
the ART camera. ART camera data were acquired over the complete duration of the
PET examination, usually around 11

2 hours altogether. This allowed for the evaluation
of body motion over the whole examination time. We expected some unpredictable
patient motion, due to the long time the patients had to lie still and due to their
rather poor health. In contrast, the Anzai belt was only used during list-mode PET
scans. Actually the respiration curve was recorded for a slightly longer interval, and
the electronic synchronization feature described below was used to trim it.

Synchronization of the ART camera data was performed manually. For that the
approximate time between the start of ART acquisition and the list-mode PET scan
was measured. The derived respiratory signal was then shifted accordingly, and aligned
with the one from Anzai as thoroughly as possible. Significant respiration peaks and
occasional breathing artifacts helped to verify that signal alignment was not off by one
respiration cycle.

To obtain gated images from the list-mode data and the respiratory signals, sev-
eral reconstruction steps had to be performed manually. These were performed by
command-line programs from the e7recon suite, provided by Siemens Medical Sys-
tems. Figure 2.1 gives an overview of the various reconstruction activities necessary,
and some intermediate products. The required programs, respectively the file formats
used, are given in brackets. Besides the List-Mode Data and the Respiratory Signal
the Low-Dose CT for attenuation correction, and a Normalization File for calibrat-
ing scintillator sensitivity are needed as input. (The Normalization File is generated
regularly by scanning a phantom containing well defined decay activity.) Respiratory
gating is introduced quite early in the reconstruction process. When the List-Mode
Data are gathered to a Sinogram, certain intervals can be omitted according to a Gates
File. The Gates File consists of an array of gate-numbers, one for each time-frame
of List-Mode Data, and only data from gates with the desired number are adopted to
the Sinogram. In our case, the Gates File first needs to be transformed to a Listmode
Header, before the Sinogram is created. Afterwards, the gated Sinogram can be pro-
cessed as usual. First some corrections are applied, using the Normalization File and
the CT Attenuation Map. The resulting Corrected Sinogram is then reconstructed
to a volumetric PET Image.

The resulting PET Image and many intermediate files are in ECAT format. This
is a proprietary binary format for volumetric data in medical imaging, similar to the
DICOM standard [2]. In contrast, the Respiratory Signal and the Gates File use a
text-based format. The creation of the Gates File is a reconstruction step not covered
by the e7recon suite. However, several gating algorithms defining the gates according
to a given Respiratory Signal have been implemented at our PET group prior to
this IDP. Axel Martinez-Möller wrote these algorithms in IDL (RespGatingGUI.pro),
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Figure 2.1.: The processing steps performed to reconstruct gated PET images. (A
detailed view of the right part of figure 1.5.)

and was evaluating them in parallel to this IDP. While some of the algorithms are
more sophisticated, he suggested to focus on a rather simple one for comparison of the
respiration sensors. That algorithm splits the respiratory signal into single respiration
cycles, by determining all moments of peak inspiration. Then it regularly divides
the resulting intervals according to the desired number of gates. For most of the
comparative study of respiration sensors, this rather robust algorithm was used with
four gates.

To compensate for all image degrading motion in the thorax area, respiratory gating
has to be combined with cardiac gating. The Gates File for such dual gated recon-
structions is obtained by a combination of a respiratory and a cardiac Gates File.
Such a file then contains gate numbers for each combination of a respiratory gate and
a cardiac gate. However, for the evaluation of respiration sensors, no cardiac gating
was applied. It seemed more reasonable to focus on the gating signals obtained from
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the sensors presented below, without introducing additional complexity.

2.2. Anzai Belt

The AZ-733V by Anzai Medical (Tōkyo, Japan, http://www.anzai-med.co.jp) is a
commercially available respiratory gating system. It is a dedicated respiration sensor
for use in radiation therapy and medical imaging. According to the manufacturer, the
AZ-733V is FDA approved and CE mark certified for those clinical uses. This makes
the system rather mature and controllable, compared to some of the other respiration
sensors tested. Therefore it was used as a reference system in this IDP.

There are two kinds of sensors available as part of the AZ-733V system, a laser and
a belt. We used the belt version, hence this respiratory motion sensor is referred as
Anzai belt throughout the text. The sensor part consists of an elastic belt, which can
be fastened around the patient’s abdomen or thorax by hook and loop tape, as shown
in figure 2.2. During inspiration, the circumference of those regions increases and the
belt is stretched. The increased stress results into increased pressure to the inside of
the belt. This pressure is then measured by a small load-cell – an electronic force
sensor – placed in a pocket inside the belt. Figure 1.8a in the introduction shows both
the belt and the load-cell. There, the photograph of the load-cell is magnified, but in
reality its diameter is about half the width of the belt.

Figure 2.2.: The Anzai belt strapped around a patient’s body.

The complete AZ-733V setup consists of several interconnected devices. The load-
cell placed in the belt is connected to a sensor port which in turn is connected to a wave
deck. The wave deck can be connected to a standard PC by USB, and the whole system
is delivered with a notebook computer running the corresponding Anzai software.
The windows program az733v.exe offers a graphical user interface for calibrating,
monitoring, processing and recording data from the Anzai belt. Manual calibration
is necessary, since the signal measured by the load-cell has no quantitative meaning.
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It is linked to thorax-expansion, but there are simply too many unknowns, e.g. the
anatomy of the patient and how tight the belt is fastened. The calibration controls can
magnify and shift the signal according to user needs. Besides the respiratory signal,
always in a range from −25 to 125, some additional curves are displayed. One curve
optionally shows gates computed from the respiration curve on-the-fly. Another one
shows an external signal, attached to the serial port of the wave deck.

To synchronize the recorded respiratory signal with the list-mode PET acquisition,
a custom built cable was used. It connects two pins of a parallel port on the PET
server1 to two pins of the serial port of the wave deck. A custom extension of the
list-mode acquisition software generates a signal on those two pins, for the duration
of a list-mode acquisition. This signal is evaluated by the wave deck, and the Anzai
software displays and records it as the external signal. Its value is 1 normally, but it
switches to 0, while a signal is received on the serial port.

For patient studies the belt was placed on the upper abdomen, right where the costal
arch begins. Experience showed, this is a reasonable setup for a large variety of pa-
tients. Of the three alternate belt lengths delivered with the AZ-733V, the medium one
was suitable for almost all subjects encountered. The system is also delivered with two
alternate load-cells, varying in sensitivity. We always used the one designated “low”
(curiously being the more sensitive one). For PET scans, the sensor port remained on
the patient bed, while the long cable allowed to put the wave board and the notebook
in the control room. There the respiratory signal was calibrated to a range of about 25
(expiration) to 75 (inspiration) for normal breathing. That did not tap the full avail-
able range, but the signal did not have to be re-calibrated, if the patient’s breathing
pattern changed a little. Altogether the setup procedure of the Anzai belt was quite
easy to handle, and did not impair patient comfort at all. An additional benefit of the
system is that all components are reusable, including the belt.

The recording of the Anzai respiration curve was started manually, shortly before
the PET acquisition in list-mode started. After the list-mode PET scan finished,
recording with Anzai was manually ended. The Anzai software stored the recorded
signals to a file, using a custom text format called DAF to represent data. DAF
files consist of a header holding various information like date, time, comments, and
sampling rate – we always used 40 samples per second for this sensor. The subsequent
data section of the file contains the signal values, one line for each sample. Various
auxiliary signals are stored, too, containing values for e.g. detected peaks, computed
gates and external signals. However, for this IDP only the pure respiratory signal was
utilized. The external signal received from the PET server was also evaluated, too,
but it was merely used to trim the respiratory signal to the duration of list-mode PET
acquisition.

The respiratory signal stored in the DAF file is normalized to the same range as
the respiration curves displayed in Anzai software. Data exceeding this range by more

1More precisely the ACS, a machine delivered as part of the Siemens Biograph Sensation 16 PET/CT
and being responsible for PET data processing.
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than 25 is simply truncated by the software. That’s why proper calibration is essential
for further evaluation of the sensor data. Also, the respiratory signal is only given
in integer precision. But this turned out to be more than sufficient with respect to
the calibrated amplitude of about 50. Since the AZ-733V was used as a reference
system in this study, the signals obtained from the other respiration sensors were also
converted to DAF for further processing. For instance, the RespGatingGUI.pro tool
accepts DAF files as input format. More importantly, the resulting gates files are in
DAF format, too, since this format can be used directly as input for respiratory gating.
(Compare to figure 2.1 above.)

2.3. PMM Spirometer

Another respiratory sensor evaluated in this IDP is the PMM spirometer by Siemens
Medical Systems (Erlangen, Germany, http://www.medical.siemens.com). This de-
vice is dedicated for respiratory gating in medical imaging, but unfortunately it was
at disposal for only a few days. Also, it was in an early prototype stage, which did not
fulfill some basic quality criteria yet. Therefore, reliability and usability of the PMM
are not considered here. We only evaluated if the sensor principle works, and if such
a sensor might be used for respiratory gating in the future.

The PMM is a spirometer, that is a sensor measuring air flow to and from the lungs.
The patient gets an air-tube placed to the nose, as seen in figure 2.3. Part of the
respired air flows to the sensor attached to the other end of the tube, and the data it
acquires is sent to a PC for further processing. Rather than displaying the raw flow
rate, the processing software uses it to calculate the progression of air-volume in the
patient’s lungs. This can be thought of as integrating over the flow rate signal. It
makes the resulting respiration curve quite similar to the one obtained from the Anzai
belt. The PMM performs automatic normalization of the signal, if it drifts out of a
predefined range.

The early software version of the PMM prototype was able to write respiration curves
to text files. The file format used is very simple: each line contains one data sample.
It consists of a time-stamp, given in seconds, and a corresponding air-volume, given
as integer number. Unlike other spirometers, the values given by PMM do not have
any absolute meaning. However, their progression is more or less proportional to the
progression of air-volume in the patient’s lungs. This is similar to the Anzai belt, and
turns out to be sufficient for respiratory gating.

For the short tests conducted with the PMM spirometer, the data were always
recorded with the default 50 samples per second. An electronic synchronization with
other devices was not performed. We never used the system in the context of an actual
PET scan. However, several short respiration sequences were acquired with volunteers.
In those acquisitions the PMM spirometer was used together with the Anzai belt, and
they were started manually at the same time. To correct for small inaccuracies in
synchronization, the obtained respiration curves were later shifted manually. They
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Figure 2.3.: The PMM spirometer is plugged to an air-tube placed in the patient’s
nose.

could be synchronized quite precisely according to intentional breath-holds performed
by the volunteers at the beginning or end of each sequence.

Due to the prototype status of the PMM spirometer and the limited availability,
our experiences should not be overestimated. Yet it can be said, that the system
basically works and its handling seems pretty straightforward. However, the reliability
of the prototype was unacceptable, and some of the respiration curves contained serious
artifacts, as detailed in chapter 3.1.1. Much of this seemed to be related to software
issues, rather than to physical limitations of the sensor. It is likely that those problems
will be solved when the final version of the PMM spirometer is released. Nevertheless,
it has some disadvantage compared to Anzai: problems may occur for patients needing
oxygen supply, and for patients breathing through the mouth. Also, some may find a
tube stuck in their nose less agreeable than a belt.

2.4. BioVet Temperature Sensor

Another type of sensor evaluated in this IDP, is a special thermometer placed to the
patients nose. It measures the changing temperature of air respired by the patient
with a high temporal resolution. Assuming room temperature, the outside air passing
the sensor on inspiration is colder than the air from the lungs passing it on expiration.
For this study, we used the temperature sensor included in the BioVet CT1 System by
Spin Systems (Brisbane, Australia, http://www.spinsystems.com.au). The BioVet
system digitally processes the input of several physiologic sensors, and is intended for
use in medical imaging research on small animals. The scope of applications includes
both cardiac (ECG triggered) and respiratory gating. Though it is not advisable, to
use this system clinically on humans, experiences with the BioVet system should be
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transferable to many other temperature sensors.
Note, that there is another respiration sensor provided with the BioVet system.

It is a small elastic pad, approximately the size of a coin, which can be taped to
the animal’s abdomen and measures pressure pneumatically. This is similar to the
functional principle of the Anzai belt, and works quite well for mice. Tests of attaching
this respiration sensor to a human thorax or abdomen quickly showed, that the sensor
is not suited for clinical respiration measurement. While it might have worked, it
turned out soon that noise was very high, calibration for humans rather poor, and
reliability extremely low compared to the Anzai belt. We figured, that one sensor
based on body expansion was enough for the comparative study, and stuck with the
Anzai belt. However, pressure data were always acquired alongside temperature data,
when using BioVet.

The setup of the BioVet system is quite similar to the one of the Anzai belt. The
temperature sensor and other accessories are attached to the BioVet Acquisition Mod-
ule (BVAM, see figure 1.8), a small box handling the physical sensor inputs. This
is connected via a sufficiently long cable to the BioVet Control Module (BVCM), a
slightly larger box performing signal processing and offering auxiliary inputs and out-
puts. The BVCM can be controlled by PC software to which it is attached by USB.
The BioVet CT1 software delivered by the manufacturer offers a wide range of control
and processing functions. However, in this IDP it was only used to write respiratory
signals acquired by the sensors to files.

Once again the output is written to plain text files, using a comma-separated values
format. Each line contains one data sample for each of the supported sensors and
some user signals. The temperature values are given as integers in units of 0.1 ◦C. For
the respiratory signals acquired in this IDP, the default sampling rate of 1000 Hz was
used, even though this seems exaggerated for respiratory gating. As for the PMM, no
synchronization with other devices was implemented. Instead the recorded respiration
curves were synchronized manually, using a landmark based approach.

Since this sensor was lent to us by another group for a short time, it was only eval-
uated on two volunteer sequences. In both cases, the ductile end of the temperature
sensor was placed close to the subject’s nostril, and provisorily taped to this position
(see figure 2.4). This solution is naturally a bit cumbersome and comparatively incon-
venient for the patient. However, it was sufficient to evaluate the applicability of a
thermometer for respiratory gating in principle. The elastic pad of the pressure based
respiration sensor was used, too, and was taped to the volunteer’s abdomen. Then
short respiration sequences were acquired using the Anzai belt and the ART camera
as comparative sensors in parallel.

Since the BioVet temperature probe is not a dedicated respiration sensor, the re-
sulting signal is not proportional to the thorax expansion during breathing. Instead,
the temperature rises during expiration and drops during inspiration. This makes a
landmark based synchronization with other respiration sensors rather hard. As a work-
around, we leveraged the fact that the BioVet temperature data and BioVet pressure
data were read from the same file, and hence perfectly synchronized. While the pres-
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Figure 2.4.: The Biovet temperature probe placed close to the patient’s nose.

sure based BioVet signal was not worth further evaluation, each sequence contained
at least a few recognizable respiration cycles. Since this signal was based on the same
physiological effect as the Anzai belt and the ART camera (namely thorax expansion),
it could be used for synchronization. The BioVet temperature curve was then shifted
accordingly. When it was additionally negated, this respiration curve corresponded
reasonably well with respiratory signals from the other sensors. To calculate an even
better respiration curve from the temperature date, an integral of the signal might
help, probably alongside some constant correction factors and offsets. However, such
sophisticated steps were omitted in this short feasibility study.

While the BioVet CT1 System was relatively easy to use, that is not relevant for
the use of temperature measurements for respiratory gating. According to the manu-
facturer, the clinical use of BioVet on humans is not advisable, so completely different
system would be necessary in the end. Such a respiration sensor could be focused
on the temperature part, and be tailored to medical imaging. In particular, a more
sophisticated method to attach the temperature sensor to a patient’s nose would be
required.

2.5. ART Stereo Infrared Camera

The last respiration sensor examined is probably the most interesting one. Actu-
ally the ART Stereo Infrared Camera offered by Advanced Realtime Tracking GmbH
(Weilheim, Germany, http://ar-tracking.de) is not a respiration sensor, but an all
purpose tracking system. It is a marker based system, that can be used to track 3D
locations and motions of a large variety of objects. Its dedicated fields of operation
are virtual and augmented reality, measuring, motion capturing, industrial tracking
and medical applications. In the scope of this IDP, the capabilities of the ART cam-
era in the context of respiratory gating were examined. The basic idea is, to track
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the motion on several points on the patients abdomen or thorax, and reconstruct a
respiration curve from this motion.

The feasibility of such an approach has already been proved by Beach et al. and
is documented in [4]. The same research group also investigated the use of a stereo
infrared tracking system2 for measurement of rigid body motion in the context of PET
imaging [3]. The use of the ART camera in this IDP was intended both to verify
their findings and to explore further possibilities to correct respiratory and irregular
body motion in medical imaging. Note that a motion tracking system as flexible as
the one provided by ART has the potential to measure unwanted body movements
more directly than any other respiration sensor. In the end it is not breath flow,
temperature, or body circumference decreasing image quality, but the superposition of
variety of patient movements.

(a) (b)

Figure 2.5.: The ART tracking system, including stereo infrared cameras and computer
(a), and a repertory of reflexive ART markers mounted to various objects
(b).

The 3D tracking systems offered by ART come in different variations. For this
IDP, the comparatively compact and mobile smARTtrack1 model was used. Other
infrared tracking systems offered by ART use three or more cameras, which have to be
mounted permanently and need to be re-calibrated when moved. The smARTtrack1
uses only two cameras, which are permanently connected to each other. (This unit of
two cameras is depicted in figure 1.8c in the introduction.) Both distance and angle of
the two cameras are fixed, so the system can be moved as a whole, without the need
for re-calibration.3 The smARTtrack1 system, simply called ART camera throughout

2They used the Polaris Tracking System from Northern Digital Inc. (Waterloo, Ontario, Canada,
http://www.ndigital.com).

3Due to small mechanical defects caused by transportation and due to thermal drift, re-calibration
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this text, is usually placed on an ordinary tripod otherwise used for photography.
The necessary mounts are delivered with the ART camera. The only other component
necessary to operate the ART camera is a desktop computer running the accompanying
software, DTrack [1]. The infrared cameras are connected to the PC by Ethernet,
which transfers all the data acquired. However, there is another proprietary connection
between the two cameras and the computer, needed for synchronization. The computer
needs to be equipped with a special PCI extension card, handling that synchronization
connection. Compared to the notebook computers needed for the other respiration
sensors, the whole ART camera system is rather bulky. To enhance mobility, all
necessary computer equipment was placed on a small trolley. This is depicted in figure
2.5a behind the tripod holding the cameras. Part (b) of the figure shows examples of
objects equipped with markers that can be tracked.

That said, the next section will give a brief overview of the tracking principles the
ART camera is based on. This is necessary to understand some of the decisions made
for our clinical setup of ART in PET examinations, which is detailed in the subsequent
section. Afterwards the software for processing raw ART camera data (2.5.4) and the
software for extracting respiration curves and other useful data (2.5.5) is presented.
The design and implementation of this software probably made up the most time
consuming part of this IDP. Yet, the limited scope of the project prevented some
desirable properties of the software to be realized. The resulting programs offer all the
functionality needed to perform respiratory gating, but some aspects like usability or
performance had to be neglected.

2.5.1. Principles of 3D Tracking with ART

The smARTtrack1 camera system provides optical outside-in tracking, meaning that
the cameras constitute a fixed spatial reference, while the tracked objects can move
around. It is also a marker based system, meaning that objects cannot be tracked
unless they are labeled by special markers. ART uses passive spherical markers, being
retro-reflective in the spectrum of infrared light. The ART cameras also contain diodes
emitting infrared-flashes, which are reflected by all markers in the field of view. The
reflected infrared light can then be detected by the ART cameras, whose sensitivity
is tailored to the respective wave-length. Normally background noise is comparatively
small, so each marker can easily be segmented.

When the location of a marker in the camera image is known, a straight line from
the camera to the marker can be reconstructed. Below, such a straight line is referred
as optical ray of the marker. The distance between marker and camera cannot be
estimated from the optical ray, unless the marker’s size is known very precisely. As a
matter of fact, ART systems work with markers of different size, and do not depend on
this knowledge. Instead, the principles of stereoscopic vision are utilized to determine
the distance of a marker. This is depicted in figure 2.6a for three markers M1, M2,

is still advisable from time to time.
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and M3. Both of the smARTtrack1 cameras, deliver an optical ray to the marker. The
precise marker location can be determined by the intersection of the two optical rays.

(a) (b)

Figure 2.6.: The principle of stereoscopic vision with two cameras.

The markers in 2.6a are colorized for the sake of clarity only. In reality, the ART sys-
tem cannot distinguish a single marker from another one. That’s why correspondences
between markers viewed by the two cameras have to be determined computationally.
In the rare case that two or more markers and both of the cameras are coplanar, the
correspondence may be ambiguous. In this case, phantom markers can appear, but
heuristics to handle such situations exist. Other problems occur, when markers par-
tially overlap each other from a camera’s point of view. As far as the ART system
is concerned, such details are handled automatically by the corresponding software,
DTrack.

Though the DTrack software is capable to display raw camera data (as in the fore-
ground of figure 2.7), it is focused on additional processing. It computes exact 3D
coordinates for each marker according to the above principles of stereoscopic vision.
Each marker location is given as a tuple of x, y, and z coordinates, with respect to
the reference coordinate system of the ART setup (“room”). Hence single markers
are sometimes called three-degrees-of-freedom-objects (3DOF) in the context of ART
data. Each 3DOF object is assigned an ascending ID number when it first appears,
and it keeps this ID as long as it is tracked. However, when the marker cannot be
tracked temporarily – because it leaves the cameras’ field of view or due to occlusion
– it is assigned a new ID after it reappears.4 In the background of figure 2.7 another
DTrack window is shown, which contains a list of 3DOF markers with their respective
coordinates on the right side.

4Such unique marker IDs seem to be an advantage compared to random switches of markers tracked
with Polaris, as described in [3].
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Figure 2.7.: The DTrack software controlling the ART tracking system, with a marker
monitoring window and a corresponding list of tracked objects.

Markers are tracked continuously, and their locations are recomputed 60 times per
second. The precision of marker coordinates given by an ART system depends on a
huge variety of factors, like camera setup, marker quality, and marker location with
respect to the camera. An accuracy of 3 mm is guaranteed within the camera’s field
of view, but in many cases sub-millimeter precision is realistic. For smARTtrack1
motion along the camera’s optical axis is generally tracked less accurate, than motion
perpendicular to it.

While marker locations can be tracked quite precisely with the ART camera, they
don’t reveal any information about their orientation. To obtain the orientation of
objects, several markers have to be combined. When three or more markers are con-
nected rigidly, both location and orientation of the resulting object can be tracked.
For this, the tracking system has to know the constellation of those markers, so it can
try to match this template with the tracked locations of the markers. This kind of
registration problem can be solved by an iterative closest point approach, as the one
described in [26].

In the context of the ART camera, such rigid marker groups are called bodies.
Both their location in three dimensions, and their orientation with respect to three
axes is tracked, hence they’re also called six-degrees-of-freedom-objects (6DOF). The
DTrack software handles 6DOF object transparently, meaning that it recognizes them
among other markers and calculates their orientation. For this to work, the user has to
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define the body by calibrating a constellation of four or more markers, and assigning
an ID and name. Unlike independent markers, a body’s ID is persistent, and it can
be recognized even if it was temporarily occluded. The window in the background
of figure 2.7 shows a body named “PETCT” along with its location offsets and its
rotation angles. Note that ART does not display markers as 3DOF objects, when they
are part of a known 6DOF object. However, when enough markers comprising a body
are temporarily occluded, the body cannot be recognized any more, and the remaining
markers are displayed as 3DOF objects.

(a) (b)

Figure 2.8.: Each 6DOF body defines an own coordinate system (a) while the location
of the cameras defines the room coordinate system (b).

It should be mentioned, that the location and orientation of an ART body can
be expressed by means of a linear transformation from body coordinates to the room
coordinates. Each 6DOF object defines such a body coordinate system5, as is visualized
in figure 2.8a. Let ~b be the current position vector of a body and B the current
rotation matrix giving its orientation. Then a point ~pb given in body coordinates can
be transformed to the corresponding point p given in room coordinates as follows:

~p = B~pb +~b.

The so called room coordinate system is the coordinate system in which all ART
tracking data are given. Even this coordinate system can be calibrated by the user, but
the calibration process is slightly more elaborate. Once the room coordinate system is
calibrated, it is fixed with respect to the location of the smARTtrack1 cameras. This

5ART offers different strategies how the body coordinate system is defined. For details see appendix
A.2 of the ARTtrack & DTrack Manual [1].
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relationship is illustrated in figure 2.8b. Note that both room and body coordinate
systems are always orthonormal, right-handed, and labeled in millimeters.

2.5.2. Clinical Setup for Tracking Respiratory Motion

Based on the principles of stereoscopic vision, and the capabilities of the ART camera,
respiratory motion was estimated in this IDP. For this purpose, markers had to be
attached to the patient. The first decision was whether to use 6DOF bodies or 3DOF
markers for tracking. While 6DOF bodies provide more information about the object
they are attached to, they are rather bulky, usually having a diameter of at least 5 cm.
It did not seem feasible to affix more than two or three such bodies on the patients.
Even for a single 6DOF body it is not trivial to link it appropriately to a deformable
surface such as the patient’s body. Due to its leverage the 6DOF body might jiggle
too much, leading to noisy tracking data. Besides, wearing huge marker mount, like
the ones depicted in figure 2.5, might seem quite awkward to the patient. Though the
use of such a rigid marker block lying on the patient’s abdomen has been shown by
Nehmeh et al. in [16], we decided to focus on the use of multiple independent markers.

For the patient study the patients were labeled with three markers on the patient’s
upper abdomen (one medial and two slightly lateral), and two additional ones on their
upper thorax, slightly below the clavicles. Preliminary tests showed, that a single
marker placed almost anywhere on the upper body of the patient is sufficient to ob-
tain a respiration curve. However, the use of additional markers improved reliability,
and made the tracking more robust against both patients with varying breathing pat-
terns and temporary marker occlusion. Also, a larger number of independent markers
distributed over the patient’s body, partially makes up for the lack of orientation infor-
mation. By evaluating motion from all the markers together, translation and rotation
of the thorax can be estimated.

(a) (b)

Figure 2.9.: ART markers alongside some accessories (a) were mounted to patients (b)
in a preliminary study.
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The use of independent markers made labeling comparatively easy. To assure good
marker visibility small plastic mounts where crafted, as shown in figure 2.9a. Such
mounts can be attached to patients in different ways, e.g. applied on a plaster, placed
on a tight shirt, or via elastic belts, as proposed in [4]. Since we already used the Anzai
belt in the comparative study, we simply attached three of the markers to the belt.6

The markers were screwed to the marker mounts, which in turn were taped down to
the belt. The additional two markers where fixed to ECG electrodes, which were then
stuck directly on the patients skin, along with the one used for ECG monitoring. (See
figure 2.9b.)

Proper positioning of the ART camera was another challenge, due to the narrow
patient port of the PET/CT scanner. While [16] and [4] suggest a camera location
at the patient’s feet, the Siemens Biograph Sensation 16 PET/CT promoted camera
placement at the bed-head. That’s because the other end of the scanner is occupied
by the elaborate patient bed, and also the PET part is build into the front end of
the scanner’s case. As a result, the patient’s thorax is more visible from the bed
head, during a PET scan of the region. Hence the ART camera was placed on the
scanner axis, approximately 11

2 meters in front if it. It was then raised to about 1.8
meters, and the two cameras of the smARTtrack system were aimed approximately to
the expected location of the markers during PET acquisition, as shown in figure 2.10.
Though the patient port of the Biograph Sensation 16 is comparatively broad, this was
about the only camera location avoiding marker occlusion by both the scanner’s case
and the patient itself. Luckily this camera position corresponds well with the distance
recommendations given for the ART system. The bulky computer trolley cabled to
the ART cameras was placed to the side of the scanner, out of the patient’s view.

Since the ART camera was shared with other projects and had to be moved around
in the hospital, we were not able to install it permanently in the PET/CT room. This
meant, that the camera had to be build up and adjusted to an appropriate position each
time a gated PET scan was made. This setup procedure is far more time consuming
than for any other of the tested sensors. Additionally the system has to be re-calibrated
occasionally and camera sensitivity needs to be adjusted from time to time. The data
processing described further below is more complex, too, since some parameters have
to be adjusted manually to obtain good respiration curves. While some of these caveats
could be avoided, if the ART camera were fixed permanently to the wall, the use of
an infrared 3D camera system only seems worth the effort, if the additional data can
actually be harvested to improve PET image quality. However the results described
in chapter 3.2 indicate that this might be the case indeed.

From the patient’s point of view, the use of the ART camera only causes little
discomfort. That is because the markers placed on the patient may not be covered by
a blanket or clothing. The rest of the ART system works contact-less. Though it does
emit electromagnetic radiation, it is definitely not ionizing, since it’s in the spectrum

6This approach is independent from the rest of the Anzai system, since it also works when the load-cell
sensor is not placed in the belt.
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(a) (b)

Figure 2.10.: The setup of the ART camera system with respect to the PET/CT scan-
ner (a) and a sketch of the camera’s field of view (b).

of infrared light. The power output of the infrared flashes is up to 30 W according to
the manufacturer, so thermal effects can be neglected, too.

2.5.3. Coordinate System Calibration

When ART camera systems are mounted permanently, the room coordinate system
can be calibrated to match some real-world features of interest. In our context, a
correspondence between ART coordinates and the ones used in PET images was de-
sirable. But since the room coordinate system is bound to the camera location (which
could never be reconstructed precisely enough) it would be different each time. Recali-
brating the room coordinate system takes several minutes, and requires a special room
calibration body. This 6DOF object would have to be aligned with the coordinate
system used by the PET/CT scanner, which is not explicitly known. Due to those
issues, an arbitrary room coordinate system was used, not having any special relation
to the scanner.

To obtain calibrated marker locations nevertheless, additional calculations were nec-
essary. The transformations were based on a 6DOF body, permanently attached to
the PET-CT scanner’s case. To minimize mechanical modifications of the scanner,
this reference body was made up of flat ART markers stuck around the patient port,
as shown in figure 2.11a. Flat markers were permissible here, because they stay al-
most perpendicular to the camera’s line of sight all the time. Since the reference body
is mechanically linked to the scanner, an invariant transformation from the body’s
coordinate system to the one defined by the PET/CT scanner exists. On the other
hand, tracked marker positions (~p) can easily be transformed to the coordinate system
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defined by the tracked reference body (B). This transformation is denoted B in figure
2.11b and can be calculated by reforming the corresponding equation given in section
2.5.1:

~pb = B−1(~p−~b).

The resulting marker positions (~pb) in reference body coordinates can then be con-
verted to PET/CT coordinates by applying a constant transformation. To obtain the
corresponding transformation matrix (C), calibration measurements have to be per-
formed. Normally this is done by measuring a set of points in both coordinate systems,
and applying a registration algorithm like the one described by Horn in [10]. In [7]
Bruyant et al. demonstrated how this is done using multi-modal markers visible by
both PET and the stereo infrared cameras. This was achieved by placing a drop of
a radioactive tracer in the well of the marker spheres before screwing them to the
mounts.

(a) (b)

Figure 2.11.: A reference body affixed to the PET/CT scanner (a) is the basis of the
coordinate system calibration applied (b).

For this feasibility study, we relied on a even more primitive calibration. For the
measurements of patient motion and respiration we were primarily interested in cali-
brating orientation, while absolute translation information were negligible. To obtain
calibration measurements, we utilized the fact, that the patient bed could be moved
exactly along the scanner axis, that is along the z-axis of the PET/CT coordinate
system. The bed could also be lowered and raised along the y-axis of that coordinate
system. We placed an ART marker on the bed and moved it along the axis, while
tracking it with the ART camera. We also wrote down the corresponding bed posi-
tions, which were displayed in millimeters by the scanner electronics. A list of such
correspondences can be used to register the two coordinate systems, e.g. by using the
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absolute orientation algorithm by Horn.

However, in our case an even simpler solution for the rotation matrix C was available.
When normalizing the movements along the PET/CT axes, two very simple position
vectors ~p ′ and ~q ′ are obtained. These can be ralated to the corresponding normalized
motion vectors ~pb and ~qb from the ART measurements:

~pb =

pbx

pby

pbz

 = C~p ′ = C

0
1
0

 , ~qb =

qbx

qby

qbz

 = C~q ′ = C

0
0
1

 .

Due to the many zeros appearing in the vectors, and due to normalization, six com-
ponents of C are explicitly given by the above equations:

c12 = pbx,
c22 = pby,
c32 = pbz,

c13 = qbx,
c23 = qby,
c33 = qbz.

To obtain the missing components of the calibration matrix C, additional constraints
are utilized. Since the sought-after C transforms between two orthonormal coordinate
systems, it must be a pure rotation matrix (without scaling or skewing). Hence C
must also be an orthogonal matrix, that is, all its column vectors must be orthogonal
to each other and must have the length 1. This results in the following equations
constraining the missing column vector ~c1:

~c1 ◦ ~c2 = c11c12 + c21c22 + c31c32 = 0,

~c1 ◦ ~c3 = c11c13 + c21c23 + c31c33 = 0,

|~c1| =
√

c2
11 + c2

21 + c2
31 = 1.

These three equations can easily be solved arithmetically, but the closed form solution
is rather bulky and is omitted for the sake of brevity. It should be mentioned, that the
equations yield two possible solutions for ~c1, differing only in sign. The correct solution
for the calibration matrix C is chosen, so that its determinant of C is positive.7 This
means, C is a right-handed matrix, which makes sence since it transforms between two
right-handed coordinate systems.

The calibration matrix C describes a rotation from PET/CT coordinates to the
coordinates of the reference body. By applying the inverse of C to tracked marker
positions in reference body coordinates, they are transformed to a coordinate system
aligned with the PET/CT scanner. This transformation is denoted C in figure 2.11b.
Altogether a position vector ~p given in the raw ART marker data can be transformed

7Actually the determinant should be exactly +1, if the measurement error is omitted.
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to a position vector ~p ′ in PET/CT coordinates according to this equation:

~p ′ = C−1B−1(~p−~b).

Note that the axes of the resulting coordinate system are aligned with the PET/CT
scanner, but the origin is arbitrary. This is sufficient to quantify relative movements
of a patient lying on the PET/CT bed and to classify them. For instance, it can be
told whether a movement occurred in cranial-caudal direction or in anterior-posterior
direction. However, the coordinate system does not reveal any absolute position in-
formation, so it is not known where exactly an ART marker would appear in a PET
image. It should also be mentioned, that the patient bed remains unmoved during
the acquisition of one PET position. That’s why it is not necessary to calibrate with
respect to the location of the bed. Otherwise a reference body placed to the bed would
be required.

2.5.4. Processing of Raw ART Camera Data

Before any ART data can be evaluated at all, they have to be recorded using the DTrack
software. While DTrack makes tracking data instantly available via the network, no
real-time processing was performed for this feasibility study. Instead, the data were
written to text files by an off-the-shelf tracking server. Those ART data files were
then processed by the IDL software package ARTCamera which was written in scope of
this IDP. This section explains the processing steps implemented by the ARTCamera
software. They can be called on the IDL command-line, but they are also integrated in
the IDL application SignalAnalysisGUI. For software design details and usage hints
related to those two software packages, please refer to appendix A, respectively B.

ART data files consist of sequential tracking data, organized by samples. The sam-
pling rate of ART is limited to 60 Hz but lower rates can also be emitted by DTrack.
For ART files representing respiratory motion, sampling times as low as 20 Hz turned
out to be sufficient. The values in ART files are whitespace-separated and are tagged
with a short string, which is given in braces in the following. Each sample in an ART
file consists of a header line containing a serial number (frame), a timestamp (ts), and
some information on the numbers of objects tracked. After the header, information for
each 6DOF body is given in an own line. Then come 3DOF markers one per line, and
finally the sample ends with an empty line as separator. Each 6DOF entry contains,
the ID (bod) specified in in DTrack during body calibration. Then comes a 3D posi-
tion vector (loc) representing the body’s current location in the ART room coordinate
system. Finally, the orientation of the body is given twice, first represented by three
rotation angles (yaw, pitch, roll), second represented by a 3× 3 rotation matrix (rot).
Entries for 3DOF bodies are similar, but only an ID (mar) and a position vector (loc)
is given.

Figure 2.12 summarizes the structure of ART files, explained above. The first step
in processing ART tracking data is parsing the file using regular expressions to extract
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Figure 2.12.: A diagram depicting the structure of ART text files – they contain sam-
ples consisting of markers and bodies.

this data structure. The result is an array of samples, each containing data of all
tracked objects visible at the respective moment. This number can vary due to marker
occlusion, so the data has to be consolidated and interpolated where necessary. The
first task is to extract a uniform array containing all the marker positions. The array
shall contain three dimensions, the first one representing the consecutive samples, the
second one representing the distinct markers, and the third one representing the three
location coordinates. Such an array is used by all further processing steps, and is called
marker array below.

When extracting the marker array, a problem is that markers can get occluded and
they have a different ID when reappearing. The marker array is filled up with NaNs
for all samples not containing the respective marker. A newly appearing marker ID is
first checked for correspondence with all currently occluded markers. If such a marker
exists and has a position close enough to the new one, they are considered to be
the same marker. Hence, the location of the new marker is assigned to the existing
one. This behavior can be affected by adjusting a distance threshold, which estimate
the maximum distance a marker moves during occlusion. New marker IDs appearing
further away from any occluded markers are actually considered new, and get their own
column in the marker array. For the patient study distance thresholds of 1 cm to 3 cm
were chosen as necessary by the user. Such big tolerances are required, since a marker
might get occluded e.g. during inspiration and become visible during expiration, hence
changing its location quite a lot. In particualar, the markers placed on the abdomen
could get out of the ART cameras view for quite a time, when the bed was moved out
to apply drugs to the patient. (Luckily that never happens during the actual PET
scan.)

Due to measurement artifacts and unnecessary assignments of new marker IDs, the
resulting marker array often contains far more markers than attached to the patient.
Experience showed, that an hour of monitoring five patient markers yielded about 10
to 15 columns in the marker array. One particular effect contributing to this number
is that the markers comprising the reference body can temporarily appear as single
3DOF markers. This happens when the reference body is partially occluded (e.g. by a
technician passing through the cameras field of view) and the DTrack software cannot
recognize it as 6DOF body. The markers actually used for patient labeling can cause
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problems, too, e.g. when long occlusions occur due to poor marker placement. Even
short marker occlusion can lead to new columns in the marker array, if the distance
threshold is chosen too small.

Such effects lead to a marker array containing lots of missing data, marked by NaNs.
Before further processing, markers with little meaningful data should be discarded.
The ARTCamera software offers a filter discarding markers exceeding a certain number of
missing samples. The filter value can be specified by the user in terms of seconds. This
filtering method proved very useful to retain meaningful marker data. Alternatively
the user could specify the desired markers manually according to their location.

Even when the marker array is reduced to the markers required for further process-
ing, it still contains missing data due to temporal marker occlusion. Therefore the
ARTCamera software interpolates the location data, for each interval a marker is miss-
ing. Linear interpolation of the boundary values in 3D is used where possible. But
for occlusions at the beginning or the end of the sequence, boundary values are simply
repeated. Interpolation leads to straight lines in a marker’s motion where tracking
data was missing. It turns out that the negative effect of such false data on respira-
tory motion estimation is negligible, if other markers contain useful data for the same
period of time.

By now, the marker array contains all the location data required. However, they
are given with respect to the ART room coordinate system, which has no particular
meaning. So the locations need to be transferred to the PET-CT coordinate system,
as explained in section 2.5.3. In order to do so, the reference body has to be extracted
from the ART data structure. This is easy, since ART bodies do have a unique ID,
in contrast to markers. From each sample, position vector and rotation matrix are
obtained, and combined into one 4×4 homogenous matrix. These homogenous matrices
representing the reference body are collected in an uniform array. Such a body array
has three dimensions, the first one representing the consecutive samples, while the
second and third one contain the rows and columns of the homogenous matrix. Body
data missing due to occlusion are interpolated by closest neighbor sampling. In the
setup used for the patient study, neither the ART camera nor the reference body are
moved during the acquisition. Hence the homogenous matrix representing the reference
body should be almost the same for all samples. However, the body array containing
independent values for each sample, makes the setup tolerant against small accidental
camera movements.

The transformations contained in the body array can now be applied to the marker
array. Since IDL is an array oriented language, it is easy to iterate over all samples,
invert the transformation matrix, and multiply all the markers to it. The resulting
marker array is in reference body coordinates, but in order to transform it to PET/CT
coordinates, another transformation has to be applied. This is given by a constant
calibration matrix C, which was obtained by calibration measurements, as described
in section 2.5.3.

Figure 2.13 visualizes the steps necessary to obtain consolidated, interpolated and
calibrated tracking data. The resulting marker array contains data quantifying respi-
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ratory motion. To use this data for respiratory gating, further processing is required,
as indicated in the figure. The challenge here is to digest a one-dimensional respiration
curve from all the independent marker movements, as detailed in the following.

Figure 2.13.: The processing steps necessary to consolidate ART tracking data, and to
extract a respiration curve.

2.5.5. Extraction of Respiration Curves

The marker array obtained by the previous processing steps contains a huge diversity
of information for each sample. When n markers are tracked, there are 3n degrees of
freedom involved. In contrast, a respiratory signal used for gating only consists of one
value plotted against time. This section describes how all the available marker data are
filtered and digested to obtain a respiration curve. As a by-product, information about
large-scale non-periodic body motion is obtained, which can be considered independent
of respiration. Such body motion information cannot be used for respiratory gating,
but it is worthwhile to analyze it more closely. (See chapter 3.2.)

Actually, the separation of respiratory motion from other body motion is the first

45



2. Methods for Testing Respiration Sensors

step to perform on the marker array. Since it turned out to be easier to filter for data
not related to respiratory gating, large-scale body motion is obtained first. Subtracting
the resulting data from the marker array yields the respiration related portions of the
marker motions. In [6] a sophisticated method for separating body motion is presented.
Unfortunately this method could not be applied in scope of this IDP, since it has not
been published in time. Instead, a rather simple approach using a low-pass frequency
filter was used. This was implemented by setting up a digital filter for frequencies
lower than 0.1 Hz and convoluting it with the marker array. This filter was applied
for all spatial components of all markers separately.

While this filter method is not perfect, it is good enough to separate respiratory
motion and other body motion for further processing. Note, that for ART acquisitions
over the whole duration of a PET/CT the body motion also contains movements of
the patient bed. This movement can be quite substantial (up to one meter along the
scanner axis) and it is important to filter it, when a respiratory signal over the whole
ART sequence is desired. In this IDP two independent methods to digest respiratory
signals from a marker array were implemented. The comparisons in chapter 3.1.2 show
that the results of both methods are virtually equivalent. However, both of the methods
have their assets and drawbacks, which are stated after the following explanations.

The first, more trivial, approach is to project the 3D marker locations to one axis.
This results in a one-dimensional motion for each marker, which is quantified by a scalar
number. Any of these numbers could be used as respiratory signal, but by computing
the average over all markers a more robust signal is obtained. For the sake of simplicity,
we projected the marker locations measured in the patient study to the y-axis of the
PET/CT scanner. That corresponds to an anterior-posterior movement of the patient’s
abdomen, and makes respiration well visible. Projecting to the z-axis of the scanner
(cranial-caudal direction) would also yield viable results. Actually, projection to any
linear combination of those two axes shows significant respiration. Only the scanner’s
x-axis is not suitable to detect respiration, since the symmetrically placed markers
compensate each other’s motion. Respiration curves obtained by projection to an axis
have the following implications:

+ The resulting data represent the respiratory motion along the axis quantitatively.
That’s useful for comparative patient studies, and might even have applications in
improved image correction techniques. However, temporarily occluded markers
can mess up the quantitative measurement.

– Coordinate system calibration is strictly required in order to specify the correct
axis.

– Any information contained in motion orthogonal to the axis gets lost. In rare
occasions, the chosen axes may not work well with the patient’s physiology.

An alternative method to digest a respiration curve utilizes a principal components
analysis (PCA, see [18]). This mathematical method is used to consolidate multi-
dimensional data, by transforming it to a new basis sorted by the variance of the
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data-set. That is, the first component of the basis is chosen such, that the data-set has
the highest variance in that dimension. When applying PCA to the marker array, each
spatial coordinate of all the markers is considered an independent dimension. Then
the first component of the resulting PCA is the desired respiration curve. This works,
because the only source of significant variance in the marker location is the respiratory
motion. The use of this method to digest respiratory signals has several pros and cons:

+ Does not require any coordinate system calibration at all.

+ Combines the most meaningful data from all dimensions. This is true indepen-
dently of any physiological peculiarities of the patient.

– Only works, if large-scale body motion and bed-movements are removed from
the marker array. Otherwise those processes having a huge variance would affect
the direction of the first principal component.

– The range of the resulting respiration curve is chosen arbitrarily, and does not
have any quantitative meaning. The curve can even be upside down, meaning
that inspiration is represented by smaller values than expiration. This has to be
corrected manually for respiratory gating.

Despite all the differences, both methods were applicable in scope of our clinical
setup. However, the PCA method may be useful in situations, where the tedious
process of coordinate system calibration is omitted. In that case it is the more reliable
way to obtain a respiration curve. On the other hand, coordinate system calibration
is essential, if any more general motion correction based on ART tracking data is
considered. As far as only the respiration curves are concerned, both digesting methods
are almost equivalent. This is shown in the next chapter, where the ART respiration
curves are compared to those obtained form the other sensors.
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3. Evaluation of Resulting Sensor Data

The ultimate goal of using the respiration sensors presented here is to improve the
quality of PET images by respiratory gating. As shown in [16] the improvement can
be quantified, e.g. by segmenting a tumor in the PET image, and calculating its volume
or the amount tracer activity contained. Due to reduced motion blur, gated images
show the tumor much more precisely, and therefore lead to reduced tumor volumes.
The difference can be significant for small tumors, but in the context of our cardiac
study it is far harder to quantify. There is a difference in respiratory gated PET images
of the myocardium, as shown in section 3.1.3, but it is not as significant as it would
be for smaller structures.

That’s why this evaluation of respiration sensors is focused on the comparison of
the different sensors among each other. The goal was to find out, if all of the sensors
deliver good respiratory signals. Also, particular strengths and weaknesses of the
signals should be pointed out. The results can be used to pick the appropriate sensor
for future patient studies. Due to the special capabilities of the ART camera, there is
an own section discussing its potential for more general movement correction at the
end of this chapter.

3.1. Comparison of the Sensors

The comparison of the respiration curves was conducted using three IDL programs
RespCurves, RespGatingGUI, and SignalAnalysisGUI. (The latter was implemented
as part of this IDP, and is described in appendix B.) The synchronization of the
signals was performed manually with those tools, as is detailed in the descriptions of
the respective sensors in chapter 2.

Due to the organizational issues mentioned earlier, not all of the sensors could be
tested together. In the following, some interesting portions of respiration curves are
compared visually for two sensors at a time. The Anzai belt is used as the reference
system here, and is involved in each of the comparisons. Among other things the anal-
ysis of respiratory signals shows different artifacts, caused by non-regular respiration.
Such artifacts can propagate into the gates file, and reduce the quality of gated PET
images. After these qualitative considerations, a statistical analysis of the similarity
of several respiration curves is given.
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3.1.1. Qualitative Comparison

Regular breathing was detected similarly by all evaluated sensors. In the respiration
curves it manifests as a zigzag curve with slightly rounded peaks. Often the ascending
parts of the signal are a bit steeper and shorter than the descending ones. This
corresponds to the fact, that the inspiration phase is shorter than the expiration phase
for most people. The left part of figure 3.1 shows such a sequence of regular respiration
cycles acquired with the Anzai belt and the PMM spirometer. Since none of those
respiratory signals have a quantitative meaning, the respiration curves were rescaled
and shifted, to be more illustrative. Note that the slightly varying frequency of the
respiration cycle matches well in both curves and all peaks are aligned perfectly.

Figure 3.1.: Two corresponding respiratory signals, acquired with the Anzai belt, re-
spectively with the PMM spirometer.

The rest of the sequence shown in figure 3.1 reflects different kinds of irregular
breathing. First, the volunteer performed a small snatchy movement, which resulted
in a slight distortion of its respiration. Note that the PMM spirometer software, which
performs automatic calibration continuously, got confused by that and produced some
artifacts. Later, the characteristic visualization of a breath-hold at full inspiration
appears in the respiration curve. Though slightly differing, breath-holds were recog-
nizable in data acquired with all the sensors. They were hence used for manually
checking the correct synchronization of respiratory signals acquired simultaneously.
Note, that the Anzai belt shows a lower frequency signal during breath-hold, which
can be attributed to the volunteer’s heart-beat. While heart-beat cannot normally be
detected in the respiration curve, it becomes visible when the Anzai belt is under high
pressure, and no overlaying respiration is present. The breath-hold is also seen in the
PMM respiration curve, but once again it caused some calibration artifacts.

Unfortunately, the PMM spirometer was even less reliable for some patients, and
the automatic calibration feature messed up the signal completely. While failures with
some test subjects can be blamed to its prototype status, irregular breathing always
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resulted in PMM artifacts worse than for Anzai. Anomalous breathing situations
as the one visualized in figure 3.2a could also occur during a PET scan, especially
if the patient’s health is impaired. If such artifacts are only temporal, the effect
on respiratory gating is negligible, but a good respiration sensor should not get too
confused. Another problem encountered with the PMM spirometer prototype is that
its temporal resolution jitters sometimes. This makes it impossible to synchronize it
precisely with other sensors, let alone with a PET list-mode acquisition. As shown
in figure 3.2b, the time seems to progress slower in the PMM respiration curve, as
compared to Anzai. Unfortunately this behavior is not reproducible exactly, and no
constant correction factor for the sampling rate could be determined.

(a) (b)

Figure 3.2.: Respiration curves obtained with the PMM spirometer prototype show
several artifacts, mainly due to poor calibration (a) and timing problems
(b).

Next, respiratory signals acquired with the BioVet system are evaluated, though it
has not been tested too thoroughly. However, figure 3.3 shows that the temperature
sensor can monitor respiration nicely. The figure also includes data obtained from the
BioVet pressure sensor pad. It shows good signal peaks in the beginning, but the low
signal-to-noise ratio renders it useless at the end of the sequence. We were not able to
affix the pad well enough, to get useful results over a longer period of time.

The fact that both of the BioVet signals are synchronized implicitly was used to
check proper synchronization of the BioVet temperature sensor with the Anzai belt.
In figure 3.3 all of the respiration curves correspond quite well, only the sign of the
BioVet temperature sensor data needs to be inverted. In some of the other sequences
acquired with BioVet, the temperature signal was also lagging behind slightly. To
get results comparable to the Anzai belt, those respiratory signals had to be shifted
manually. In the scope of our short experiments, we were not able to quantify this
effect properly. But it seems, that it might be linked to physiological discrepancies of
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different patients.
The occasional lag of the temperature signal implies, that gates calculated from the

Anzai belt and the BioVet temperature sensor divide the respiration cycle differently.
However, the negative effect on gated images should be small, if respiration is regular
enough. In the end, only the duration of the respiratory cycle is important for the
gating algorithm used in this IDP. And that can be measured reliably with the BioVet
temperature sensor.

Figure 3.3.: An Anzai respiration curve compared to the BioVet pressure and temper-
ature sensors.

Since both the Anzai belt and the ART camera measure respiration by the expansion
of thorax and abdomen, the resulting respiration curves correspond best. As the
statistical comparisons in the next section show, the signals are very similar for both
measurements on volunteers, and the patient study involving actual PET scans. The
comparison also showed, that it does not matter whether projection or PCA is used
to extract the respiration curves from ART data. Respiration curves obtained by
projection respectively PCA all showed a correlation (see next section) of more than
98%, usually around 99.5%. So the use of PCA was chosen arbitrarily for this section.

In some cases, especially during pharmaceutically induced stress in scope of the PET
scan, the waveforms in the two respiration curves can look rather different. Also, the
respiratory signal provided by Anzai, sometimes has a baseline varying at a very low
frequency. Such effects are caused by the actual breathing process, and can hardly be
suppressed by the patient. Respiration curves calculated from ART camera data tend
to hide such effects, since a frequency filter is applied during the extraction process.
All this may cause the two respiration curves to look slightly different, as for instance
the ones in figure 3.4a. However, the effect on respiratory gating is often negligible.
Figure 3.4b visualizes the gates computed from the signals above, and in fact they’re
almost identical.

On the other hand, some artifacts may lead to rather different gates, even if the
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(a)

(b)

Figure 3.4.: Slightly irregular respiration curves acquired during a stress PET scan
with Anzai and ART (a), and the resulting gates (b).

respiration curves bear resemblance to each other. As for the curves depicted in figure
3.5a, the Anzai belt regularly shows an additional peak at full expiration. This turned
out to be due to poor placement of the belt, and the particular situation could have
been avoided by more careful preparations and monitoring. However, it shows, that
even relatively small changes of the wave-form can confuse the gating algorithm quite a
bit. The resulting gates shown in figure 3.5b indicate a big difference of the respiratory
signals. This is caused by the additional peaks in the Anzai signal, which are sometimes
falsely identified as full inspiration.

In this case, an operator could just reduce the sensitivity for detecting peaks in
the gating algorithm, and both curves would result in identical gates. However, it
makes sense to use a sensitivity working in most of the cases without need for manual
adjustment. In other cases, actual physiological effects may cause respiration curves
from different sensors to yield completely different gates. In that case, it is hard to
tell, which one represents the physiology of respiration better. Larger patient studies
including gated PET images, as the ones presented in section 3.1.3, are needed to
evaluate such special cases.
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(a)

(b)

Figure 3.5.: Respiration curves from a sub-optimally placed Anzai belt and the ART
camera (a), and the resulting gates (b).

3.1.2. Quantitative Comparison

The above comparison of respiratory signals reveals some similarity in almost any case.
However, to extract meaningful results from several acquisitions with volunteers and
patients, the similarity of respiration curves had to be quantified somehow. Hence,
comparison functions were built into the SignalAnalysisGUI software detailed in ap-
pendix B. After a short description of the comparison techniques used, the respiration
sensors are compared quantitatively in this section.

An obvious approach to compare two signals, is to calculate their correlation coef-
ficient. This statistical method is based on the covariance of the two data sets, but
it also involves normalization. Hence the correlation coefficient is robust to different
signal amplitudes. For the comparison of two respiration curves of the same duration,
they were first re-sampled to the lower sampling rate, if necessary. Then the following
formula was applied to obtain the correlation coefficient cR,S :

cR,S =
cov(R,S)

σRσS
=

E((R− µR)(S − µS))
σRσS

.

Here R and S are distributions representing the signals to be compared. E and µ
give the expected value of a distribution, while σ gives its standard deviation. The
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covariance function (cov) is just a different notation for the corresponding term on the
right-hand side of the equation.

The correlation coefficient gives a good estimate of the similarity of respiratory sig-
nals. However, the last section showed, that there is no general relationship between
the similarity of the curves, and the correspondence of the resulting gates. In particu-
lar, certain differences of the waveform can result in a comparatively bad correlation,
while the computed gates are identical. Therefore a comparison in the context of respi-
ratory gating should be performed on the gates, rather than on the original respiratory
signals.

The trivial approach to compare the gates data by correlation, too, does not seem
sensible at the second glance. Mismatches between the lowest and the highest gate
number would contribute to the result overly. This effect has no correspondence in the
real-world application of the gates. Hence, another method for comparing gates was
conceived for use in this study, lapidary dubbed gated correspondence. This method
simply calculates the fraction of samples having the same gate number assigned in both
of the gated signals. If G and H gated signals of the length n, the gated correspondence
cG,H is computed as:

cG,H =
1
n

n∑
i=1

{
1 if Gi = Hi

0 otherwise
.

The higher the gated correspondence value, the more list-mode data are assigned
to the same gate. Hence the gated correspondence suggested here is linked to the
similarity of gated PET images based on the respiratory sensors compared. It is
considered the preferred comparison method in the following. Note, that values of
gated correspondence and correlation cannot be compared directly, though both have
absolute values in the range from 0 to 1.

Figure 3.6a shows values for both correlation and gated correspondence of the Anzai
belt compared to the ART camera. The underlying respiration curves were acquired
in scope of the ongoing patient study, and each sequence monitors respiration during
an 11 minutes list-mode scan. In the diagram, each pair of bars represents the com-
parison values – correlation and gated correspondence – resulting from one respiration
sequence. Note that each patient’s respiration was monitored twice per PET scan, once
in rest and once under stress. The first three comparisons in the diagram, are based
on respiration curves of three patients in rest. The next three comparisons originate
from the same three patients (in the same order) monitored during pharmaceutically
induced stress.

Of course three patients are not sufficient to extract reliable information. Unfortu-
nately list-mode PET scans of the thorax are rather rare at our department of nuclear
medicine. However, the patient study will be continued over the next few months,
which will also deliver more reliable data on respiratory gating. In this IDP, res-
piration of volunteers was acquired with the Anzai belt and the ART camera, too.
However, those sequences cannot be compared to the patient study directly, since they
were much shorter and did not include stress conditions. Generally speaking, the re-
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(a) (b)

Figure 3.6.: Statistical comparison of respiratory signals acquired with the Anzai belt
to those of the ART camera (a) and the PMM spirometer (b).

spective comparison results were in the upper region of the results shown in figure
3.6a.

In spite of the few measurements underlying the comparison, some tendencies can
be derived from the results. For instance, the forth column shows, that even poor
correlations of different respiratory signals can lead to passably good correspondence
of the resulting gates. This can be explained by effects described in the previous section.
Another tendency seen in the data, is that respiration is harder to measure and yields
less comparable curves, when the patient is under stress. This seems natural, since the
stress leads to faster, and often more irregular breathing. However, those effects are
not stringent, as the data of the third patient show.

The PMM spirometer could not be used in the patient study, due to organizational
problems. Hence, comparison could only be based on acquisition with volunteers.
Figure 3.6b shows results of the PMM spirometer compared to the Anzai belt for short
sequences of three minutes. The data for the first two volunteers show, that the PMM
spirometer can produce good respiration curves, corresponding to the ones obtained
with the Anzai belt. The reduced correspondence for the rest of the volunteers can be
blamed partially on some timing problems encountered with the PMM spirometer, as
shown in figure 3.2b. This was obviously a technical problem of the PMM spirometer,
and will most likely be overcome when it is released as a commercial product.

The BioVet temperature sensor was not used in the patient study, either. In fact,
we were only able to acquire the respiration of two volunteers with it. The comparison
results for both of them were quite similar to each other, and it is not overly illustrative
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to show them in an own diagram. Instead, figure 3.7 shows the mean comparison
results acquired for each pair of sensors. These results should be regarded with utmost
cautions, since the data underlying the three columns are rather different.

Figure 3.7.: An overview of the average correspondence of respiratory signals acquired
with the different sensors.

For instance the first two bars represent the correlation and gated correspondence
of the Anzai belt compared to the ART camera are based on the data from the patient
study presented above. Though some volunteer acquisitions were added to compute the
mean values presented here, they incorporate real-life respiration monitoring of actual
PET patients. In contrast, the two bars in the middle are based on only two short
volunteer measurements, obtained under laboratory conditions. Also, the respiratory
signals of the Anzai belt and the BioVet temperature sensor compared here, were
synchronized manually in order to fit best. However, the occasional lag of the BioVet
temperature sensor might impair the comparison results substantially, and could have
negative effects on respiratory gating. Finally the last column in figure 3.7 shows the
mean comparison results of Anzai belt and PMM spirometer. As noticed before, the
comparatively low correspondence can be blamed on the PMM’s timing problems.

Although a larger number of test acquisitions would provide more accurate esti-
mations, the values in figure 3.7 make clear, that the signals of all respiration sensors
evaluated in this IDP are somehow similar. None of the sensors was a complete failure,
and basically all of them might be used for the reconstruction of gated PET images.
That is also true for the PMM, if the occasional timing problems are solved.
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3.1.3. Comparison of Gated Images

Reconstruction of respiration gated PET images was only done with the Anzai belt and
the ART camera. The main focus in this feasibility study was, to find out if respiratory
gating had any effect on the reconstructed PET images at all. In the long run, one of
the benefits expected from respiratory gating is, that the tracer distribution in a given
region can be quantified more precisely, due to reduced motion blur. However, such
quantitative measurements were not performed in scope of this IDP.

(a) (b)

Figure 3.8.: Images reconstructed from different gates of the same PET scan, the first
on expiration (a), the second on inspiration (b).

Instead, figure 3.8 shows the visual effect of respiratory gating. The two gated PET
images depict the same coronal slice through the thorax region of a patient at rest.1

The first image only contains PET data acquired at full expiration, while the second
one contains PET data from full inspiration. The myocardium surrounding the left
ventricle of the heart has a high perfusion, and can therefore be seen as region of high
tracer activity. In the pseudo-colors used for the images, it is displayed as a bright
orange to yellow ring.

When looking at the two gated images closely, it can be seen that the heart is slightly
displaced between the two. In particular, the lower part of the bright ring (representing
the inferior wall of the heart) is shifted down in the second image. This reflects the
physiological motion of the heart during the respiration cycle. It is moving upwards
on expiration and downwards on inspiration. Using the gated PET images, a rough
estimate of the magnitude of this motion can be given. For the patient depicted in
figure 3.8 it is about 4 millimeters. This measurement is not overly precise, due to the
limited spatial resolution of PET and the limited temporal resolution of the respiratory

1For cardiac diagnosis, PET images of the hearth are usually rotated, so that the axis of the left ven-
tricle is exactly horizontal. In contrast, the slices shown here are aligned with the PET coordinate
system.
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gates.
While the images shown in figure 3.8 were gated using the ART camera, the use

of the Anzai belt yields quite similar results. For instance, the respiratory signal
obtained with the Anzai belt was used to reconstruct the gated PET images shown
in the introduction (figure 1.1b) from the same PET scan. Though the correlation
of the two respiratory signals was only 76%, the resulting sets of gated images are
quite similar. Only small regions vary in intensity, due to a slightly differing noise
distribution. But the overall motion of the heart is clearly visible, regardless of the
respiration sensor used.

3.2. Motion Estimation Beyond Respiratory Gating

The reconstruction of respiration gated PET images was the only motion correction
technique applied in this IDP. However, the motion data acquired with the ART camera
revealed far more information on the patients’ respiration. The ART camera was the
only respiration sensor in this study, which could actually quantify magnitude of the
motion of the patient’s abdomen and thorax. Table 3.1 shows the amount of respiratory
motion measured along the PET/CT coordinate axes for all three patients. No data
are given for respiratory motion components along the x-axis (left-to-right direction),
since this component of respiratory motion is not significant. In fact, it was below
1 mm for all the patient’s observed.

x-axis y-axis z-axis absolute
Patient 1 N/A 5.0 mm 2.5 mm 5.6 mm
Patient 2 N/A 5.5 mm 2.5 mm 6.0 mm
Patient 3 N/A 10.0 mm 4.5 mm 11.0 mm
Average N/A 6.9 mm 3.2 mm 7.5 mm

Table 3.1.: The maximum magnitude of respiratory motion of three different patients.

The values in table 3.1 were obtained manually, by searching the respiration curves
for a section with high amplitude. Then the marker showing the highest motion
amplitude was selected, which was the marker placed in the middle of the Anzai
belt in all examined cases. For this marker the difference between its location at
full inspiration and at full expiration was calculated in each dimension. While these
values represent the motion for the axis-aligned components, the absolute value was
determined by simply calculating the length of the resulting motion vector.

The above values quantifying respiratory motion are just maximum values. For
the first two patients, visual inspection of the respiration curves showed, that the
magnitude of respiratory motion lies close to this maximum during the whole PET scan.
In contrast, the magnitude of respiratory motion varied a lot for the third patient. Here,
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phases of extremely shallow breathing periodically changed for phases with extremely
deep inspirations. This resulted in the high maximum respiration magnitude for this
patient. Note, that such a breathing pattern is hardly suited for respiratory gating,
which is based on the assumption of similar respiration cycles repeating periodically.

Another degrading effect in PET images, that cannot be corrected by respiratory
gating, is the presence of non-periodic body motion. Such motion can be caused
by small twitches due to patient discomfort or by muscle relaxation and motion of
internal organs. As mentioned before, a main advantage of the ART camera is, that
it can estimate such body motion. However, only the motion of the patient’s surface
can be measured by placing markers on it. It is hard to extrapolate the motion of the
PET scan’s region of interest, since that requires detailed knowledge of the patient’s
anatomy.

Moreover it is expected, that measured body motion can slightly differ among the
markers placed on the patients thorax and abdomen. This region of the body is mov-
ing non-rigidly, and cannot be described by rigid or affine transformations perfectly.
Nevertheless, to get an estimate of the body motion occurring during a PET scan, it is
useful to assume simple translation of all the markers. In this IDP, the centroid of the
markers was computed for each sample, and the resulting signal was filtered to remove
periodic respiratory motion. This is similar to the filtering step described in chapter
2.5.5, but in this case additional smoothing was applied, to remove respiratory motion
even more thoroughly.

Figure 3.9a shows the average magnitude of body motion measured in the patient
study, along each PET/CT coordinate system axis. Three values are given, first for the
motion during the PET scan under rest condition, second for the motion under stress
(both 11 minutes). The third value reflects the overall motion during the complete
PET/CT examination, including the rest and the stress scan.2 Note, that the motion
of certain markers may be much higher, but since only the centroid of marker motion
is given here, different markers compensate each other.

The amount of body motion measured was quite similar for all three PET patients
examined. So was the progression of patient motion: in most cases it consisted of slow
drifts over a few dozen minutes. However, all three of the patients showed a compar-
atively abrupt body motion lasting only one or two minutes. After some investigation
we found a temporal coincidence between this event and the injection of Adenosine.
This is the drug artificially causing stress, which was started to be applied about one
minute before the stress scan. Figure 3.9b shows motion curves for the three PET
patients at the time of the Adenosine injection. The depicted interval reflects the
beginning of the six minutes of Adenosine injection, where motion was visible most
clearly.

Note, that figure 3.9b shows the body motion along the z-axis of the PET/CT

2Actually, body motion could only be measured while the patient bed was not moving, since bed
motion was not calibrated. In the PET protocol used, the bed was only moved for CT scans, and
stood still during the majority of time. Therefore the overall body motion given here covers about
60 minutes per patient.
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(a) (b)

Figure 3.9.: The average body motion of PET patients (a), and the progression of
abrupt body motion upon Adenosine injection.

(cranial-caudal direction). The magnitude of the motion is rather small in these curves,
since they display the average motion of all markers. Yet, for all three patients, the
motion which occurred during this short period of time was about half as much as the
motion measured during the overall PET scan. The respiratory motion after Adenosine
injection also reflected the effect of the drug. Respiration tended to become heavier,
and also more irregular. This led to worse comparison results of the respiration sensors
during stress PET scans, as has been shown in figure 3.6.
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4. Conclusion

While the benefit of sophisticated patient motion estimation with the ART camera is
yet to be proved, plain respiratory gating does make sense in PET imaging of the thorax
region. This will be even more true in the near future, when hot-spot studies revealing
small structures using specialized tracers become more common. This IDP helped to
gain experience with some respiration sensors and gated reconstruction techniques on
the cusp of clinical use. A summary of those experiences is given in the next section,
while the subsequent one suggests some future improvements.

4.1. Outcome

The central statement, resulting from the comparison of the four respiration sensors, is
that all the different sensors are basically suitable for respiratory gating. Due to tech-
nical and organizational issues, not all of them were actually used for reconstruction of
gated PET images. Nevertheless, all obtained respiration curves showed patient respi-
ration clearly. The fact, that the sensors are exchangeable with respect to respiratory
gating, is underlined by the quantitative data given in chapter 3.1.2.

This makes clear, that the sensor principles used as a basis for respiratory gating
can be quite different. Whether they’re based on pressure, temperature, air-flow or
motion tracking, they all can yield suitable respiration curves. Since none of the
respiratory signals has principal advantages over the others (as far as respiratory gating
is concerned), practical considerations can be focused. That is, whenever respiratory
gating is deployed, the choice of the respiration sensor should be based on “soft” factors
like usability, invasiveness, reliability and costs.

As seen in chapter 2, not all of the actual sensor implementations are fulfilling these
quality requirements. Figure 4.1 classifies the respiration sensors according to our
practical experiences. The relative values given here are based on the sensors as they
were used in scope of this IDP. However, there is a lot of room for improvement for
some of the sensors, no matter on which principle they are based on.

In fact, of the compared sensors, only the Anzai belt is ready for clinical use today.
The PMM spirometer prototype and the BioVet temperature sensor are impaired by
their low reliability. As far as the BioVet temperature sensor is concerned, this might be
overcome by additional data processing steps, to handle possible signal lag correctly. In
this IDP however, the developed processing software was dedicated to the ART camera,
due to the promising possibilities for more general motion estimation. Though not a
dedicated respiration sensor, the ART camera was able to monitor patient respiration
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Figure 4.1.: Subjective evaluation of the respiration sensors according to some impor-
tant quality requirements.

quite reliably. It’s main deficiency is the low usability, due to rather tedious setup and
calibration procedures.

In the end it can be said, that sophisticated sensors like the ART camera only make
sense, if the additional data are actually used for enhanced image reconstruction. As
used in this IDP, the ART camera is far too cumbersome for respiratory gating alone.
Nevertheless, the ART camera is a promising tool for further research on patient
motion and improvement of PET images. Some ideas that may be worth realization
are sketched in the following.

4.2. Future Work

Most importantly, the respiratory motion measurements and gated image reconstruc-
tions have to be repeated on additional PET patients. Unfortunately, the cardiac
patient study involving list-mode PET scans, started off with a rather moderate pa-
tient throughput. In fact, during the first three months of the study, only three patients
were actually examined. However, the situation has improved recently, and more pa-
tient data are available by now. Those could not be evaluated for this report anymore,
but will be examined by the PET research group.

Acquisitions of additional patients can be used to examine large-scale non-periodic
patient motion during long PET scans more thoroughly. Though the motion examined
for the three study patients was similar in magnitude and characteristics (e.g. the
reaction to Adenosine injection), it may be way different for others. Only additional
measurements can show, if non-periodic body motion has a significant impact on PET
image quality in the first place. The motion magnitudes measured so far are in the
region of PET scanned resolution, and therefore do not contribute to image blur overly.
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Then again, the values for body motion given in chapter 3.2 only give a rough
estimate of the actual body motion. They merely quantify the translation of the
centroid of all tracked markers. The variance in translation of the different markers
needs to be examined, too. It is likely, that single markers show more significant
body motion. Generally, the area of abdomen and thorax can exhibit highly non-rigid
motion.

The degree of non-rigid motion involved should be estimated by applying a rigid
point based registration method between marker locations measured at distinct times.
If the error in the resulting rigid transformation is big, the patient motion has to be
considered non-rigid. However, if it turns out that a large portion of body motion
occurring during PET scans can be described by rigid transformations, the motion
might be corrected during image reconstruction. This can be done directly on list-
mode data, as shown by Bloomfield et al. [5] in the context of neurological PET,
but it requires detailed knowledge of the geometry of the PET scanner’s scintillator
crystals. Alternatively the motion can be segmented into several parts with only little
motion, and separate images can be reconstructed. Those can then be combined to
one image, after appropriate transformation is applied.

If body motion of PET patients turns out to be highly non-rigid, corrections will be
hard without sufficient knowledge of the patient’s anatomy. This is because the ART
camera can only track motion on the surface, and does not provide enough information
to interpolate motion inside the body. In any case, a big part of non-rigid motion in the
thorax area is related to respiratory and cardiac motion. Therefore future methods
correcting large-scale non-periodic patient motion should always be combined with
appropriate gating techniques. If patient studies show the need for ART camera based
motion correction, it is likely to be combined with both cardiac and respiratory gating.

While a lot of research has yet to be done in the field of general motion estimation
and correction, there are many pending improvements for respiratory gating, too. In
our department, precise electronic synchronization to the list-mode PET scan was only
implemented for the Anzai belt. For the ART camera it could be done similarly, but
that would require modifications of the recording software for tracking data. Alter-
natively, precise time-stamp information might be included into the data recorded.
Since all compared respiration sensors are PC based, clock synchronization could be
performed by network protocols like NTP [15]. If that is not feasible, a radio controlled
clock could be attached.

For the ART camera, software support for live monitoring of the patients’ respiration
would be a useful feature. While the IDL software created in this IDP is not suitable
for that, a reimplementation of the respective processing steps e.g. in C++ might be
extended towards such a feature. Improved interpolation features would also be nice
to have.

In general, any respiration sensor to be used clinically, needs improved usability.
However, this cannot successfully happen as part of a research project. Instead, it’s the
manufacturers’ turn now, to integrate facilities for respiratory gating with their PET
scanners. Only then, larger patient studies can show the actual value of respiratory
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gating for medical diagnostic. In the end, the physicians working with PET have to
decide, if the benefits of respiratory gating outbalance the additional effort put into
respiratory motion estimation.
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A. ART Camera Software

This appendix gives a brief overview of the software for processing ART camera data,
which was written as part of this IDP. The ARTCamera software is a library, which can
be used from the IDL command line, or by other software packages. It can perform all
the processing steps that have been shown in figure 2.13, but the functionality is split
up into several classes. Figure A.1 depicts the structure of those classes:

Figure A.1.: A class diagram of the ARTCamera software.

The class ART_Camera_Data is responsible for reading ART files and internally stores
them in a data structure similar to the one that has been shown in figure 2.12. This
class is also responsible for extracting marker arrays and body arrays from the raw
ART camera data. If appropriate, the markers are reassigned to other IDs to handle
occlusion properly. The underlying semantics are explained in chapter 2.5.4.

A hierarchy of ART_Processors is responsible for further processing of the ART data.
Each of them can be set up with a number of parameters, and then performs processing
operations accordingly. ART_Marker_Processor and ART_Body_Processor are respon-
sible for fetching marker arrays respectively body arrays from an ART_Camera_Data
object, and perform interpolation of missing data. ART_Marker_Processor can also
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filter for relevant markers. ART_Calibrating_Marker_Processor additionally applies
coordinate system transformations to the tracked markers. Therefore it delegates to
a ART_Body_Processor retrieving the location of the reference body for each sample.
It then applies the corresponding transformation to all markers, and finally applies
another transformation given as constant matrix. (See chapter 2.5.3.)

Since some of the processing steps are rather slowish, Cached_ART_Camera_Data and
Cached_ART_Calibrating_Marker_Processor add caching to their respective super-
classes. Whenever they processing a step already performed with exactly the same
parameters, they simply retrieve the result from a cache. It is advisable to use these
caching enabled classes whenever possible:

; example values for constants used below:
DISTANCE_THRESHOLD = 10 ; in mm
REFERENCE_BODY_ID = 1 ; as defined in DTrack software
MIN_SAMPLE_DURATION = 600 ; in s

; retrieve interpolated and calibrated marker data from an ART file:
DATA1 = obj_new(’cached_art_camera_data’, ’/PATH/TO/DATA.art’)
PROC1 = obj_new(’cached_art_calibrating_marker_processor’)
PROC1->set_art_data, DATA1
PROC1->set_distance_threshold, DISTANCE_THRESHOLD
PROC1->set_reference_body_id, REFERENCE_BODY_ID
PROC1->find_relevant_markers, min_sample_duration=MIN_SAMPLE_DURATION
PROC1->load_calibration_matrix, ’/PATH/TO/CALIBRATION_MATRIX.sav’
MARKERS1 = PROC1->retrieve_markers()

The above sequence can be entered on the IDL command line, to retrieve interpolated
and calibrated marker data from an ART file. Users are encouraged to replace the
capitalized expressions to suit their needs. The resulting marker array (MARKERS1) can
then be evaluated on the command-line. For details on each class and function see the
documentation comments in the respective IDL files.
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The SignalAnalysis software provides a graphical user interface for the ARTCamera
software described above. Additionally it includes a set of filters, which can be used
on marker arrays, e.g. to extract respiratory signals. The SignalAnalysis software
also contains tools to compare those respiratory signals to each other. Figure B.1 gives
an overview of the classes involved:

Figure B.1.: A class diagram of the Signal Analysis GUI, and the included signal filters
and comparators.
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The upper left part of figure B.1 contains a hierarchy of Signal_Filters. Each
subclass implements a filter function working on a one-dimensional array. The su-
perclass Signal_Filter contains the template method multiplex_apply, which can
apply such a filter along a given dimension of a multi-dimensional array. The con-
crete filters offer functionality like scaling or frequency filtering. Note that there is no
filter dedicated to respiratory motion. That can easily be extracted by filtering for
non-periodic body motion, and subtracting it from the original signal.

Another hierarchy, shown in the upper right part of figure B.1, is dedicated to the
comparison of different respiratory signals. The classes on top of the hierarchy offer
utility methods for resampling and normalizing the signals before comparison. They
also define a comparison method which takes an array of respiratory signals to be
compared and an array of offsets into these signals. Implementing subclasses process
the respiratory signals starting at the given offsets and quantify their similarity by a
scalar comparison value. They return a (symmetric) matrix containing a comparison
value for each pair of given respiratory signals. Currently, subclasses for the two
comparison methods presented in chapter 3.1.2 are implemented.

The lower part of figure B.1 depicts the widgets used by the Signal_Analysis_GUI
software. They are all derived from some helper classes, but the most important
widgets are CW_Marker_Processor and CW_Respiratory_Signal. They display ART
camera data respectively respiration curves, and offer means to manipulate them
(mainly scaling and shifting their graphical representation). A screenshot of the
Signal_Analysis_GUI showing a CW_Marker_Processor widget and a CW_Respiratory_Signal
widget is shown in the screenshot in figure B.2. Note, that the widgets shown here
are actually CW_Marker_Based_Respiratory_Signals, which combine the functional-
ity of the two others by using tabs. This class also implements methods to extract
respiration curves from marker arrays, as described in chapter 2.5.5.

The complete Signal_Analysis_GUI consists of several CW_Marker_Based_Respiratory_Signal
widgets. In the bottom (not visible in the screenshot) it has controls to compare all the
respiration curves. This is done by calling one of the respiratory signal comparators,
and the resulting comparison matrix is then shown in a new CW_Comparison_Table
window.
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Figure B.2.: A screenshot of the Signal Analysis Software, with a Marker Processor
widget in the top and a Respiratory Signal widget in the bottom.
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