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Abstract

The combination of Positron Emission Tomography (PET) and Computed Tomogra-
phy (CT) has resulted in improved diagnostic accuracy and enhanced clinical work�ows,
demonstrating the potential of multimodality imaging and raising the interest for the
combination of PET with Magnetic Resonance Imaging (MRI). This thesis focus on the
problems of patient motion and photon attenuation, relevant to PET imaging and its
combination with CT and MRI. Three speci�c applications are addressed.

Respiratory motion results in image blurring and does not allow full exploitation of
the spatial resolution o�ered by state-of-the-art PET scanners (below 5 mm). In order to
implement respiratory gating, di�erent respiratory sensors were compared for assessing
the optimum way to determine the respiratory phase at each point in time. Furthermore,
the feasibility of simultaneous cardiac-respiratory gating was shown, providing images of
the heart with virtually no motion.

Patient motion does not only a�ect the acquired PET data, but also jeopardizes the
diagnostic accuracy of PET/CT scanners, in which perfect spatial co-registration between
both modalities is assumed. In the course of this work, a relevant issue for cardiac imaging
was found concerning the CT-based photon attenuation correction, which was biased when
misregistration between PET and CT data occurred. Analysis of clinical examinations
demonstrated severe artifacts taking place in nearly 30% of the cases and resulting in
false positive defects, indicating that realignment of the images was necessary. As an
alternative to manual registration, an automatic emission-driven correction was proposed
which was able to eliminate the artifacts.

Finally, attenuation correction poses additional problems for combined MRI/PET
imaging, which require the development of novel techniques to generate an attenuation
map from the MRI data. A method based on the segmentation of MRI images in four
di�erent attenuation classes (air, lung, fat and soft tissue) was developed. Application of
the segmented attenuation map to PET/CT oncological data was found to result only in a
slight decrease of the observed uptake, particularly for osseous lesions (avg. 8%), and this
change did not result in any di�erences in the clinical interpretation. Furthermore, it was
shown with PET/CT and MRI data of the same subjects that such tissue segmentation
could be robustly obtained from one single MRI acquisition.

Multimodality imaging has profoundly changed the practice of clinical PET despite
being less than one decade old. This thesis is a step forward by investigating three relevant
issues and proposing solutions which are being adopted by major PET manufacturers and
contribute to provide improved diagnosis.

Keywords:
Positron Emission Tomography, Medical Imaging, Attenuation Correction, Motion
Correction





Zusammenfassung

Die Kombination aus Positronen-Emissions-Tomographie (PET) und Computertomographie
(CT) hat zu einer höheren Genauigkeit bei der Diagnose und zudem zu verbesserten klinischen
Arbeitsabläufen geführt. Des Weiteren zeigten hybride PET/CT-Geräte das Potenzial der mul-
timodalen Bildgebung auf und weckten das Interesse für die Kombination von PET mit Ma-
gnetresonanztomographie (MRT). Diese Dissertation behandelt die entstehenden Probleme bei
der Patientenbewegung und der Photonenschwächung, welche für die PET- sowie für die kom-
binierte PET/CT- und PET/MRT-Bildgebung relevant sind. Hierbei werden drei verschiedene
Anwendungen betrachtet.

Die Atembewegung führt zu einer Bildverwischung und verhindert die optimale Nutzung der
Ortsau�ösung, die jetzige PET-Tomographen liefern (unter 5 mm). Zur Implementierung einer
Atemtriggerung wurden verschiedene Atemsensoren verglichen, um eine optimale Methode zur
Bestimmung der Atemphase in jedem Zeitpunkt zu �nden. Darüber hinaus wurde die Durch-
führbarkeit der simultanen Herz-Atem-Triggerung bewiesen, bei der das Herz mit nahezu keiner
Bewegung aufgenommen werden kann.

Die Patientenbewegung hat nicht nur einen Ein�uss auf die aufgenommenen PET-Daten,
sondern beeinträchtigt auch die Genauigkeit der PET/CT Bildgebung, bei der eine perfekte
Ortsregistrierung vorausgesetzt wird. Im Laufe dieser Doktorarbeit wurde ein wichtiges Problem
in der Herzbildgebung identi�ziert, welches die CT-basierte Korrektur der Photon-Abschwächung
betri�t. Diese Korrektur wurde ungenau, sobald eine falsche Registrierung zwischen PET und
CT Daten stattfand. Bei nahezu 30% der Aufnahmen trat hierdurch ein Artefakt auf, welches
zu falsch positiven Defekten führte und eine erneute Abgleichung der PET und CT Bilder nö-
tig machte. Als Alternative zur manuellen Bildregistrierung wurde hierzu eine automatische
emissionsbasierte Korrekturmethode entwickelt, welche die auftretenden Artefakte unterdrücken
konnte.

Die Schwächungskorrektur führt darüber hinaus zu weiteren Problemen bei kombinierten
MRT/PET Tomographen. Hier ist die Entwicklung neuer Techniken zur Erzeugung von MRT-
basierten Schwächungskarten nötig. Eine Methode, welche die MRT Bilder in vier verschiedene
Schwächungsklassen (Luft, Lungen, Fett und Weichgewebe) segmentiert, wurde entwickelt. Die
Anwendung solch einer segmentierten Schwächungskarte auf onkologische PET/CT Daten führte
zu einer leichten Verminderung der beobachteten Traceraufnahme, insbesondere bei Knochenme-
tastasen (Durchschnittswert 8%). Dies führte allerdings zu keinem Unterschied in der klinischen
Interpretation. Des Weiteren wurde mittels PET/CT- und MRT-Daten gleicher Patienten bewie-
sen, dass die vorgeschlagene Gewebesegmentierung zuverlässig aus einer einzigen MR-Aufnahme
bestimmt werden kann.

Die Multimodale Bildgebung hat die klinische PET Praxis tiefgreifend verändert, obwohl
sie erst seit weniger als einem Jahrzehnt zur Verfügung steht. Im Rahmen dieser Doktorarbeit
wurden drei relevante Probleme in der PET Praxis analysiert und entsprechende Lösungen ent-
wickelt. Diese wurden von den führenden PET-Herstellern implementiert und tragen somit einen
kleinen Teil zu einer verbesserten Diagnose bei.

Schlagwörter:

Positronen-Emissions-Tomographie, Medizinische Bildgebung, Schwächungskorrektur,
Bewegungskorrektur
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CHAPTER 1

Introduction

1.1 From the discovery of X-rays to multimodality

imaging

Medical imaging was a quickly evolving �eld and continues to be so. The �rst Nobel prize
in physics, awarded to W. C. Röntgen in 1901 for his discovery of X-rays, represents the
start of a course during which many fundamental physical phenomena were discovered,
understood, and its application for diagnostic imaging envisioned.

Positron Emission Tomography (PET), which is at the core of this thesis, re�ects
these rapid changes. In 1928, Paul AM Dirac postulated the existence of a subatomic
particle with the same mass as the electron but a positive charge. Four years later,
Carl D. Anderson experimentally observed these particles in cosmic rays and called them
positrons [8]. Both received Nobel prizes for their contributions. Positron emission from
radioactive nuclei was �rst described in 1933 [133, 288].

The �rst human acquisitions using positron-emitters were performed in the 1940's
and 1950's [291, 308, 44]. Shortly after the introduction of tomographical reconstruction
techniques in SPECT by Kuhl [156, 157] and in CT by Houns�eld [122], the �rst PET
three-dimensional images were acquired in the mid 1970's [46].

Since then, advances in material engineering and electronics have resulted in major
breakthroughs in sensitivity and spatial resolution; research in radiochemistry has brought
new radiotracers with a wide variety of biological targets and clinical applications; new
image reconstruction algorithms exploiting the increasing computing power produce im-
ages with less noise and better diagnostic quality; and, �nally, modern image analysis
software with the availability of three-dimensional and fused views have made computer-
aided diagnosis an essential tool in the daily practice. All these factors have contributed
to establish PET as a mainstream noninvasive imaging modality.

This last decade has seen a new evolution in medical imaging, namely the emergence

1



Introduction

of multimodality imaging. PET is probably the best representative of this trend: its
combination with Computed Tomography (CT) has resulted in an important diagnostic
bene�t, and has also resulted in an impressive commercial success. Furthermore, the
combination with Magnetic Resonance Imaging (MRI) has been investigated in preclinical
scanners, and the �rst prototypes of clinical MRI/PET scanners are currently under
evaluation.

PET/CT is the proof that multimodality imaging can result in higher diagnostic ac-
curacy, reduced acquisition time and improved patient comfort. As a result, PET/CT
scanners have virtually made standalone PET scanners obsolete. This trend continues
with MRI/PET, which might be better adapted for several clinical questions and will
allow new research opportunities by exploiting its truly simultaneous acquisition.

2



1.2 Challenges of multimodality imaging with PET addressed in this thesis

1.2 Challenges of multimodality imaging with PET ad-

dressed in this thesis

Multimodality imaging with PET does not only result in signi�cant clinical advantages,
but also poses new challenges. PET is a nuclear imaging modality, based on the decay
of small amounts of radiolabelled molecules, and therefore requires su�cient acquisition
time in order to acquire enough data to provide a diagnostic image. Modalities such as
CT and MRI, by contrast, usually acquire images much faster; in particular, each single
voxel in CT results from data acquired within a fraction of a second, as opposed to data
acquired for some minutes as is usual in PET imaging.

This di�erence in acquisition time results in a variable impact from physiological
motion, such as cardiac contraction and breathing motion. Moreover, CT and MRI can
provide submillimetric resolution, whereas the resolution of PET is about 5 mm. For this
reason, until now, physiological motion was often ignored in PET, with the exception of
cardiac gated acquisitions for the purpose of estimating the cardiac function.

In this work, methods to measure and process a respiratory signal for respiratory
gating in PET were investigated, as well as the in�uence of respiratory gating on cardiac
acquisitions when combined with cardiac gating. Chapter 3 deals with these topics.

Furthermore, one advantage of combined PET/CT is the possibility of using the CT
data for correction of the photon attenuation in the acquired PET data. The time-
consuming transmission scans with rod sources, which were usually done before the advent
of PET/CT, become thus unnecessary. This advantage, however, is intrinsically coupled
to a potential source of error: any misregistration in the PET and CT data can potentially
produce artifacts in the PET images. And misregistration is likely to happen in the thorax
and abdomen due to the di�erent acquisition times. In chapter 4, the misregistration
between PET and CT images for cardiac acquisitions is investigated, the e�ects on the
PET data are analyzed, and possible solutions are proposed.

In MRI/PET scanners the MRI data provide an anatomical view which could be
useful for attenuation correction, just like it is done in combined PET/CT scanners.
However, the physics of MRI are fundamentally di�erent, and the images do not a priori
contain any information on the stopping power of the tissues for high-energy photons.
Therefore, new methods are necessary to extract suitable attenuation information out of
MRI acquisitions. In chapter 5, the limitations of MRI and the requirements for MRI-
based attenuation maps are analyzed; a solution based on an adapted MRI sequence
followed by an automatic tissue segmentation is proposed.

3
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1.3 Particularities of the work

Medical imaging merges four di�erent disciplines: medicine, physics, engineering and com-
puter science. Also biology and chemistry, essential to develop suitable contrast agents,
are strongly involved. Successful research in medical imaging results from a close cooper-
ation between all parts.

This thesis re�ects this particular situation, being a multidisciplinary work. In this
regard, it is convenient to know the physics and the clinical role of the di�erent imaging
modalities involved. The physics of PET and its clinical applications are presented in
chapter 2, being fundamental for the understanding of the research work described in this
thesis. The basics of CT and MRI are also described in the appendices A and B and
its lecture is recommended to understand several parts of this work. Moreover, the most
relevant features of the medical hardware used throughout this thesis (PET, PET/CT
and MRI scanners) are presented in the appendix C.

Another particularity of this thesis is its clinical context. Clinical usability of the
proposed solutions has been a permanent concern all along the thesis. For the work to
be integrated into clinical use and result in a bene�t for the patient, only highly reliable
methods can succeed. Therefore, robustness was a permanent criterion for the choices
made, and the validation of any proposed approach became a fundamental part of the
research.

4



CHAPTER 2

Positron Emission Tomography

2.1 Physics and Instrumentation

Positron Emission Tomography (PET) produces three-dimensional images of the distri-
bution of a radiolabeled molecule. It is typically used to image functional processes in
the body, �nding applications in areas such as oncology, cardiology and neurology. In
this section, an overview of PET is provided; particular attention is paid to the photon
attenuation within the body, relevant for some of the research presented in the thesis.

2.1.1 Positron-emitters

PET is based on the radioactive decay of positron-emitter isotopes by beta plus decay,
according to the following process:

p→ n + e+ + νe.

That is, a proton p is converted into a neutron n, a positron (e+) and a neutrino (νe).
Among the positron-emitting isotopes which can be produced, the most commonly

used in PET are those having a short half-life and which are present naturally in many
biological compounds, such as 11C, 18F, 15O, and 13N (see Table 2.1).

2.1.2 Synthesis and administration of radiotracers

Due to the short half-lives of the isotopes, the radionuclides are typically produced on-site
using a cyclotron. One signi�cant exception is 82Rb, which can be produced using a gen-
erator. The fact that positron-emitters include nuclides common in biological compounds
allows the development of a wide variety of radiotracers and also their synthesis by direct
isotopic substitution in biologically important molecules without altering their function
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Nuclide Half-life (min) Emax (MeV) Mean positron range (mm)
18F 109.8 0.63 0.6
15O 2.0 1.74 2.5
13N 10.0 1.12 1.5
11C 20.4 0.96 1.1
82Rb 1.25 3.40 5.9

Table 2.1: Positron-emitting radionuclides most commonly used in PET, together with
their half-life, their positron maximum energy, and their average positron range in water
prior to annihilation (data from [296]).

[77, 82]. Once the radiotracer is synthesized, it is injected into the patient or administered
by inhalation in the case of gases.

The most commonly used radiopharmaceutical in PET is 2-[18F]�uoro-2-deoxy-D-
glucose (18F-FDG), a compound which was synthesized and administered to patients
for the �rst time in the late 1970's [129, 130, 3] and which is now used in over 90% of the
total PET scans. It is an analog of glucose allowing quanti�cation of glucose metabolism,
and it is most commonly used for cancer detection, staging and monitoring, being con-
sidered the gold standard for the in vivo assessment of many tumor types. Since it is
�uor-labelled, with a half-life of 110 minutes, it can be regionally distributed, so that an
on-site cyclotron is not indispensable.

2.1.3 From positrons to gamma rays

When the positron is emitted from the nucleus, it has an initial kinetic energy up to a
maximum dependent on the radionuclide (Table 2.1). The positron loses its kinetic energy
by interactions with the surrounding matter, su�ering several de�ections which result in a
tortuous path. The average path of the positron until losing its energy can be determined
depending on the speci�c material, and is shown for water in the last column of Table
2.1.

After losing its kinetic energy, the positron annihilates with an electron from the
matter1. The most probable outcome of the annihilation, occurring in over 99% of the
cases, is radiation in form of two photons with an energy of 511 keV each2, emitted in
opposed directions to conserve momentum (Fig 2.1). However, because of some residual
momentum of the positron at the moment of the annihilation, the angle formed by the
two photons has some variability and is approximately 180±0.25◦.

1There is a certain probability (30% in water) that the positrons combine �rst with an electron forming
a short-lived bound state called positronium prior to annihilation [55].

2Annihilation can also result in emission of three (approx. 0.5% of the cases) or more photons, with
the probability quickly decreasing with the number of photons. The idea of doing three-photon PET has
been recently proposed [137]; by using detectors with high energy resolution and the conservation of mo-
mentum, the exact location of the annihilation could be determined. Since the presence of oxygen results
in decreased chances of emission of three photons, this approach could potentially provide information
on local concentration of oxygen and hypoxic conditions.
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Figure 2.1: Beta plus decay of a radionuclide: the emitted positron slows down by in-
teracting with the surrounding matter and, after collision with an electron, they both
annihilate, resulting in two photons of 511 keV each emitted in opposite directions. Im-
age reproduced from [162].

Positron range and non collinearity of the emitted photons represent a fundamental
lower limit of the spatial resolution which can be achieved in PET3.

2.1.4 Interactions between gamma rays and surrounding matter

High-energy photons in the range of 50 keV - 1 MeV interact with matter mainly by
photoelectric absorption and Compton scattering4.

In the photoelectric absorption, the photon interacts with an orbital electron in the
atom, transferring all of its energy to the electron. As a result, the electron is ejected
from the atom, and the atom where the interaction occurred is ionized. The photoelectric
absorption usually occurs with electrons from the inner-shell, so that outer electrons may
drop down to occupy the vacancy emitting either radiation in the form of x-rays or a
second (Auger) electron.

The photoelectric absorption dominates in human tissue at energies below 100 keV;
it has thus little impact for the 511 keV gamma rays resulting from the positron-electron
annihilation, but is relevant for X-ray imaging and therefore for CT-based attenuation
correction.

Compton scatter refers to the interaction between a photon and a loosely bound orbital
electron. As a result of this interaction, the photon undergoes a change in direction and
looses part of its energy, and the electron is ejected from the atom (Fig 2.2). The energy
of the de�ected photon E ′γ can be expressed as:

3The uncertainty produced by the positron range can be potentially diminished by application of a
strong magnetic �eld [107].

4There are two additional interaction mechanisms: pair-production, which occurs only at energies
above 1 MeV, and coherent scatter (also called Rayleigh, Thomson or elastic scatter), which has only a
very minor contribution to total scatter, virtually inexistent for 511 keV photons.
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Figure 2.2: Compton scattering: a photon interacts with an electron undergoing a change
in direction by an angle θ and a loss of energy.

E ′γ =
Eγ

1 + Eγ
mec2

(1− cos θ)

With me being the mass of the electron and c the speed of light. At the PET energy
with Eγ = 511 keV, this can be simpli�ed as:

E ′γ =
Eγ

2− cos θ

If the captured energy of the photon reaching the PET detectors -as explained in
the following subsection- is below a certain threshold5, the photon is considered to have
su�ered scatter. A relatively low threshold is typically used, so that this energy discrimi-
nation is most e�cient in rejecting low energy, large angle scatter. Photons scattered with
small angles are occasionally accepted and contribute to the image degradation. Scatter
correction algorithms are common in clinical routine and help minimizing this impact.

2.1.5 Detection of gamma rays

The detection of 511 keV gamma rays is the basis of PET. Radiation detectors try to
measure the energy deposited by radiation upon passage through the detector and usually
convert it into an electrical signal. Several types of radiation detectors have been tested
for PET. The three most relevant types will be presented here, sorted from least to most
commonly used in PET imaging:

Proportional (gas) chambers When high-energy photons pass through a gas, free
electrons and positive ions are produced along its track. Under normal conditions,
electrons and ions recombine without producing any signal. If a small electric �eld is

5The lowest energy threshold used for clinical scanners is typically about 350-400 keV. This is due
to the fact that a signi�cant fraction of the 511 keV photons will only deposit a fraction of their energy
within the detectors, so if the threshold is set too close to 511 keV, the overall detection e�ciency of the
system would be very poor.
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applied, the electrons drift to the cathode producing an electric signal corresponding
to the initial ionization. By increasing the electric �eld, the electrons drift towards
the cathode with enough speed to become ionizing themselves, producing secondary
ionization and resulting in a cascade of electrons, proportionally increasing the elec-
tric signal produced. This is the working principle of proportional chambers. Instead
of using one single cathode, a grid of �ne wires can be used, resulting in position-
sensitive proportional chambers called Multi-wire Proportional Chambers (MWPC).
Animal PET scanners using MWPC have been tested [292] and shown to provide
excellent spatial resolution. However, they su�er from a poor energy resolution, a
limited stopping e�ciency for 511 keV photons and a slow detector response.

Semiconductor detectors When high-energy photons pass through a semiconductor,
they can excite electrons from the valence band into the conduction band, generating
electron-hole pairs. The application of an electric �eld results in a �ow of charge
following the energy deposition by the photons. Detectors based on Silicium and
Germanium are not well adapted for high-energy photons due to their low stopping
power, and compound semiconductor detectors with higher atomic number such
as mercuric iodide (HgI2), cadmium telluride (CdTe) and cadmium zinc telluride
(CZT) have been developed. Although semiconductor detectors have great potential
and an excellent energy resolution [146, 275], their poor timing performance and low
sensitivity (due to a bad photopeak e�ciency) are still suboptimal for application
in clinical PET scanners.

Scintillation detectors When high-energy photons pass through a scintillator and in-
teract with it, electrons from the scintillator are excited into higher energy levels;
when they return to lower energy levels, the energy they absorbed is released in
form of visible light. The light photons are then measured by photo-detectors in
order to determine the energy deposited within the scintillator. Several scintillation
crystals are available, and for PET imaging they are commonly chosen to have high
atomic numbers (to increase the photoelectric fraction) and high density, resulting
in the highest stopping e�ciency for 511 keV photons as compared to the other
detection schemes while o�ering a good energy resolution. Therefore, this is the
most commonly used approach for PET imaging: all clinical PET scanners and
most preclinical scanners use this detection approach.

Since most PET scanners use scintillation detectors coupled to photo-detectors, the
working principle of scintillators in PET will be presented with more detail.

The performance of a PET scanner is tightly tied to the properties of the scintillation
crystals used (Table 2.2). A scintillator for application in PET should have high stopping
power for 511 keV photons, good intrinsic energy resolution, high light output and fast
decay time, among other desirable properties.

The �rst PET scanners in the 1970's used sodium iodide (NaI) as scintillation crys-
tals, but from 1980 through the year 2000, most PET scanners used bismuth germanate
(BGO) because of its good detection e�ciency, at the expense of a limited light yield and
slow decay. Since 2001, clinical PET scanners using other scintillator materials such as
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Property NaI(Tl) BGO LSO GSO BaF2

Density (g/cm3) 3.67 7.13 7.4 6.71 4.89
E�ective Z 50.6 74.2 65.5 58.6 52.2
Attenuation length at 511 keV 2.88 1.05 1.16 1.43 2.2
Primary decay constant (ns) 230 300 40 60 0.6
Light output (photons/keV) 38 6 29 10 2
Energy resolution (%) 6.6 10.2 10 8.5 11.4

Table 2.2: Properties of selected scintillators in PET, data from [296].

lutetium oxyorthosylicate (LSO), lutetium yttrium orthosilicate (LYSO) and gadolinium
oxyorthosilicate (GSO) have been introduced. They provide a high stopping power com-
bined with short decay times, being therefore better suited for high count rates and 3D
imaging without septa6. Most clinical scanners developed now use these scintillators.

The light output from the scintillator is converted into an electric signal using a photo-
detector. Ideal photo-detectors should have a high quantum energy to ensure a high signal
amplitude, a fast readout speed to allow good time resolution and a good amplitude
resolution that leads to a good energy resolution [237].

At present, most clinical PET scanners use photo-multiplier tubes (PMTs) as photo-
detectors, which are stable to small temperature changes and provide a high gain. Since
PMTs are usually quite large and high spatial resolution requires the use of small scintilla-
tor crystals, the coupling between the scintillator and the PMT is not done one-to-one for
most clinical scanners, but rather in a block design using a coding scheme to determine
the crystal of interaction, so that the signal between neighboring PMTs is compared to
determine the scintillator crystal emitting the photons [51].

Although PMTs o�er good performance for most applications, they are bulky, they
have a rather low quantum e�ciency (approx. 25%), and they do not work adequately
under the in�uence of strong magnetic �elds; this last property makes them unsuitable
for use in hybrid MRI/PET scanners. For these reasons, alternative light readout systems
have been introduced in preclinical PET scanners, as described in section 5.1, and are
planned to be used in combined MRI/PET scanners.

The usual design of PET scanners consists of rings of scintillator crystals, often ar-
ranged in detector blocks as mentioned above, and coupled to light readout systems which
are used to detect the emitted gamma rays. When two gamma rays are detected within
a short time window, they are assumed to come from the same annihilation taking place
somewhere in the parallelepiped joining the two detectors, as shown in Fig 2.3. For the
sake of simplicity, this parallelepiped is often represented as a line, which will be further
referred to as line of response (LOR).

In state-of-the-art scanners with suitable scintillators and fast electronics, a time reso-
lution below 1 nanosecond can be achieved, so that the possible location of the annihilation
within the LOR is limited by measuring the time di�erence between the detection of the

6Although uncommon in state-of-the-art scanners, older PET scanners often acquire in the so-called
2D mode, with axial collimators (septa) separating each row of detectors avoiding oblique coincidences.
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Figure 2.3: Section of a PET scanner showing the arrangement of detectors forming a
ring and the detection of two colinear photons in a 2D plane. The photons arise from an
annihilation taking place somewhere in the line between both detectors (line of response).

two gamma rays; this receives the name of time-of-�ight PET (TOF-PET), and serves
to improve the spatial resolution of the images. The spatial accuracy ∆x with which the
location of the annihilation can be measured along the LOR is determined by:

∆x =
c×∆t

2

where ∆t is the timing accuracy of the system and c the speed of light. As an exam-
ple, if a timing resolution of 500 ps is achieved, the location of the annihilation can be
resolved to a 7.5 cm segment [210]. This additional information can be used in the image
reconstruction process to improve the spatial resolution of PET scanners.

A PET scanner -whether TOF or not- is yet not able to determine accurately the
position of the annihilation, but provides only information about the LOR where the
annihilation happened. In order to estimate the spatial distribution of the radiotracer
based on this information, tomographical reconstruction techniques are used.

2.1.6 Image reconstruction

There is no single optimal reconstruction algorithm for PET, but a variety of image
reconstruction algorithms is available. Di�erent algorithms may be preferred depending
on the speci�c clinical task for which the image is reconstructed and the properties of
the acquired data. It is out of the scope of this introduction to present the variety of
algorithms in detail. Only some general concepts will be presented, and two important
algorithms which are used in this thesis will be outlined: �ltered backprojection (FBP)
and ordered subsets expectation maximization (OSEM).
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The data processing and particularities of TOF reconstruction will also not be pre-
sented in this thesis, since the PET scanners used for this investigation did not yet provide
this acquisition mode. For information on this topic, please refer to [181, 67, 298, 58].

For the sake of simplicity, two assumptions will be made:

� It will be assumed that the two-dimensional data are acquired with one single ring
of detectors. Although 3D algorithms are available, 3D PET data is often recon-
structed by reconstructing each transaxial slice separately using 2D reconstruction
algorithms.

� It will be assumed that the data are free of physical e�ects such as attenuation,
scatter, radiotracer half-life, variations in detector e�ciency, etc. Di�erent correc-
tion methods exist for each e�ect but will not be presented in this work, with the
exception of correction for attenuation, which will be described in the next subsec-
tion.

Before introducing the reconstruction algorithms, it is necessary to analyze the infor-
mation provided by the acquired data. The PET raw data indicates how many events
were detected in each LOR during the acquisition. Each LOR can be characterized by its
angle of orientation (φ) as well as the distance between the LOR and the center of the
detector ring (s); the PET raw data consists therefore in the line integrals of the activity
distribution (assuming absence of physical e�ects), de�ned as:

p(s, φ) =
Z ∞
−∞

f(x = s cosφ− t sinφ, y = s sinφ+ t cosφ) dt

where the integration variable t is the coordinate along the LOR (Fig 2.4). The
collection of all projections as a two-dimensional function p(s, φ) is given the name of
sinogram, since the LORs passing through a �xed point in space x0, y0 lie along a sinusoid
described by:

s = x0 cosφ+ y0 sinφ

The transform f(x, y) → p(s, φ) which converts the image in its sinogram is called
the X-ray transform, which in 2D is the same as the Radon transform [239]. In PET,
as well as in other imaging modalities such as SPECT and CT, the data measured are
projections of the original imaged object; therefore, the measurements are in the sinogram
space, so that an estimate of the Radon transform of the activity distribution (with some
additional noise) is the starting point in order to get back to the original data.

Tomographic reconstruction algorithms can be classi�ed into two large families: ana-
lytic and iterative methods. Analytic methods perform basically the inverse of the Radon
transform on the projection data. In contrast, iterative algorithms use models able to deal
with the behavior of the imaging system, resulting in solutions which cannot be written
explicitly or, when they can be written, the analytic form is impractical to compute.

Filtered backprojection (FBP) The central section theorem states that the Fourier
transform of a one-dimensional projection is equivalent to a section at the same
angle through the center of the two-dimensional Fourier transform of the image.
The implication for reconstruction is that, if all projections φ ∈ [0, π] are measured,
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Figure 2.4: A projection, p(s, φ), formed from integration along all parallel LORs at an
angle φ. All projections are arranged into a sinogram such that a single point in f(x, y)
corresponds to a sinusoid in the sinogram. Figure reproduced from [5], with permission
from the copyright-holder Elsevier.

the Fourier transform of the image and then the image itself can be recovered. This
way, the inverse Radon transform can be analytically computed, with an algorithm
called �ltered backprojection.

An essential point is the backprojection step, de�ned as:

b(x, y) =
Z Π

0
p(s = x cosφ+ y sinφ, φ)dφ

Intuitively, it can be seen that the backprojection of the projections for all angles will
interact constructively in regions that correspond to high intensity in the original
image. However, backprojection is not yet the inverse of the Radon transform, since
it ampli�es low frequencies and damps high frequencies, resulting in blurring of the
backprojected image. To recover the original image, a ramp �lter must be applied to
each projection before backprojection, therefore the name of �ltered backprojection.

The inverse Radon transform is an ill-posed problem, where a small perturbation of
the projections p due to measurement noise can cause an arbitrarily large error on the
reconstructed image f . This is due to the fact that the ramp �lter ampli�es the high
frequencies, usually containing noise in them. Therefore, the FBP reconstruction
is usually stabilized by �ltering out the high frequencies, using a kernel such as
Hamming, Butterworth or Shepp-Logan rather than the ramp �lter.

Ordered Subsets Expectation Maximization (OSEM) The expectation maximiza-
tion (EM) algorithm [71] o�ers a numerical method to determine the maximum
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likelihood (ML) estimate. It was introduced in the �eld of tomographic image re-
construction in 1982 [274], in order to �nd the image f which was most likely to
have happened given the measured projections p. The MLEM algorithm works by
updating the image estimate f through the following iteration:

f
(n+1)
j =

f
(n)
jX

i′
Hi′j

X
i

Hij
piX

k

Hikf
(n)
k

where Hij is the so-called system matrix which characterizes the imaging system
and represents the probability that an emission from the pixel j (respectively voxel
in 3D reconstruction) is detected in the LOR i.

Implicit in the equation above are a forward projection of the image estimate f (n),
a comparison (ratio) with the measured projections and a backprojection into the
image space in order to update the estimate. For a detailed explanation on how
to derive this equation and the theoretical background of iterative reconstruction
please refer to [238].

In PET reconstruction, the system matrix H should determine the likelihood of
detection of an annihilation at a given voxel by a given pair of detectors with the
maximum accuracy, taking into account any physical e�ects present during the
acquisition which are re�ected in the input p. The accuracy ofH will be determinant
in the correctness of the reconstructed image f .

The MLEM algorithm progressively converges to the image estimate with the max-
imum likelihood, showing �rst the low frequency components of the image and later
the high frequency components; since the high frequency adds signi�cant image vari-
ance, the algorithm is usually stopped before convergence and the resulting image
is eventually smoothed. Still, the algorithm requires several iterations to reach a
satisfactory image, with each iteration involving a projection and backprojection of
the estimate, making it considerably slower than the FBP algorithm.

A modi�cation of the algorithm, called OSEM, was proposed in 1994 [125]: it was
observed that using subsets of the projections to update the image resulted prac-
tically in a much faster convergence. This acceleration contributed notably to the
popularization of iterative reconstruction algorithms. In this thesis, a modi�ed
OSEM including the photon attenuation within the system matrix H will be often
used and referred to as attenuation weighted OSEM (AW-OSEM) [61].

There are relevant di�erences between both reconstruction algorithms. For its exe-
cution, FBP is much faster than OSEM. Regarding the reconstructed images, they have
di�erent appearance and di�erent noise distribution. Images reconstructed with OSEM
appear less noisier and easier to interpret (Fig 2.5), and the studies comparing their
diagnostic accuracy for oncological use conclude that they result in improved tumor de-
tectability as compared to FBP [165, 83]. Therefore, iterative algorithms are currently
more often used in clinical routine. FBP, by contrast, is a linear algorithm and allows an
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(a) (b)

Figure 2.5: Coronal slice of a 18F-FDG PET image reconstructed using the FBP (a) and
the AW-OSEM (b) algorithm. The FBP reconstruction appears noisier, with streaking
artifacts, and harder to interpret as compared to the OSEM reconstruction.

easier control of the spatial resolution, remaining thus an important alternative approach.
Moreover, there is no consensus yet regarding the accuracy of iterative algorithms for
quantitative data analysis [57, 131].

2.1.7 Attenuation correction in-depth

A signi�cant part of this thesis deals with attenuation correction for PET data. Therefore,
a more detailed explanation of this correction is provided in this section.

For a given photon energy, each material can be characterized with a linear attenuation
factor µ which indicates the chances of interaction and is commonly expressed in cm−1

(Table 2.3). The attenuation of a �ux of photons I traveling an in�nitesimal distance dx
through a region with an attenuation coe�cient µ is:
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Tissue µ [cm−1]

Lungs 0.01 � 0.04
Adipose tissue 0.086
Water 0.096
Muscle 0.1
Cortical bone ∼0.17

Table 2.3: Attenuation coe�cients at 511 keV for common biological tissues, expressing
the likelihood of interaction per unity of distance traveled by the photon.

dI/dx = −µI

Integrating the equation for a uniformly attenuating medium, we obtain:

I = I0 · e−µx

With I0 being the number of incoming photons, I the number of photons going through
the medium without su�ering attenuation. Generalizing to a non-uniformly attenuating
medium, we obtain:

I = I0 · e
R
−µ(x)dx

As PET is based on the detection of coincident photons, the LOR includes the paths
taken by both photons. Therefore, the attenuation for events occurring within a LOR
does not depend on their location within the LOR, but only on the total attenuation for
this LOR (Fig 2.6).

Figure 2.6: Detectors A and B record attenuated count rates from a radioactive source.
For each annihilation, the probability of detecting both photons is the product of the
individual probability of detecting each photon, so that I = I0 ·e−µa ·e−µb = I0 ·e−µ(a+b) =
I0 · e−µc. Therefore, the probability of detecting both photons is independent of the
location within the LOR.

Thanks to this property, accurate correction for photon attenuation in PET can be
performed by multiplying the measured coincidences in each LOR by a factor speci�c for
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each LOR, the so-called attenuation correction factor (ACF). The ACFs are computed as
the inverse of the attenuation, so that:

ACFLOR =
1

e
R
LOR

−µ(x)dx

Weighting the events detected in each LOR by the ACFs can be done either in the
sinogram space before reconstruction, or within the reconstruction itself, as in the AW-
OSEM algorithm.

(a) (b)

Figure 2.7: Coronal slice of a 18F-FDG PET image reconstructed without (a) and with
(b) attenuation correction. In non-attenuation corrected images, the activity distribution
is distorted; among other e�ects, there is an increased contrast between the surface and
inner structures as well as an erroneously high-count density in the lungs.

To get an idea of the relevance of attenuation correction, the attenuation for 20 cm
of human tissue (0.1 cm−1) can be computed using the formula indicated above. The
results is that only 14% of the annihilations are being detected as a coincident event, so
that such an LOR would have an ACF of 7.4. Since ACFs increase exponentially with the
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diameter of the imaged object, higher ACFs are common in clinical studies, especially for
3D acquisitions with oblique LORs, where ACFs above 50 are not rare [316]. The in�uence
of attenuation correction is also visible when comparing an attenuation corrected versus
a non-attenuation corrected image (Fig 2.7). Clinically, lack of attenuation correction
results in harder interpretation and eventually reduced diagnosis accuracy [14, 127].

The challenge for attenuation correction is to accurately determine the ACFs. Since
the ACFs are usually determined by �rst computing the integral of the attenuation factors
µ, the problem is usually addressed as how to determine the attenuation factors for the
imaged object. The methods which have been proposed can be divided in four classes:

Transmissionless techniques No attenuation map is acquired. The attenuation map
can be calculated (or estimated) in di�erent ways: applying a model (geometrical
model or atlas), with manual delineation or using consistency criteria [316]. These
approaches are still occasionally used for neurological studies in standalone PET
scanners.

Radionuclide transmission scan A radionuclide source (typically 68Ga/68Ge or 127Cs)
rotating around the patient is used to measure the attenuation map, by transmit-
ting gamma rays through the body (transmission scan). Since noise from the trans-
mission scan is propagated into the reconstructed image, transmission maps with
reduced noise are preferable, achieved either by performing long acquisitions (10-15
minutes per bed position) or by segmenting the low-statistics data acquired with a
short scan (in less than 5 minutes). Radionuclide transmission scans are currently
used in standalone PET scanners, and are becoming obsolete with the success of
combined PET/CT scanners.

CT-based attenuation map In combined PET/CT scanners, the CT images are used
to correct the PET emission data for photon attenuation. Since the CT scanner
operates at much lower energies (60-140 keV photons), a bilinear transformation is
used to convert from CT Houns�eld units to attenuation factors at 511 keV [148].
CT-based attenuation maps are acquired much faster than radionuclide transmis-
sion scans and contain also much less noise; this has contributed to the success of
combined PET/CT scanners and has made CT-based attenuation correction the
most common approach nowadays (see section 4.1 for further details).

MRI-based attenuation map In combined MRI/PET scanners, methods are currently
under development to derive an attenuation map out of the MRI data. Please refer
to Chapter 5 and Fig. 5.1 for more information on this topic.
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2.2 Clinical role in oncology and neurology

PET is able to image in vivo the distribution of very small amounts (pico to nanomolar
range) of radiolabeled molecules. The application areas are very wide: it can be used to
study the pharmacokinetic behavior of drugs as well as to depict functional processes in
the body. Until the 1990's, partly due to the elevated cost of establishing a PET unit, PET
was dominated by research applications. In the last decade, the situation has changed
dramatically, also in parallel to the introduction of combined PET/CT scanners, which
have resulted in faster acquisition times and increased diagnostic accuracy. PET/CT is
now a mainstream diagnostic imaging tool with a major role in patient management.

A large spectrum of radiomolecules has been set up to target di�erent biochemical
pathways. The main clinical applications of PET can be divided in three areas: oncology,
neurology and cardiology. Other less extended applications of PET exist but will not be
addressed here, such as imaging of gene expression, assessment of infectious diseases and
pulmonary function. In this section, the applications in oncology and neurology will be
introduced. Applications in cardiovascular imaging will be presented with more detail in
the following section.

2.2.1 Oncology

The current success of PET is tightly associated to its great potential for oncological imag-
ing [92, 244, 307], and in particular to one molecule: 2-[18F]�uoro-2-deoxy-D-glucose (18F-
FDG). 18F-FDG is an analog of glucose, allowing quanti�cation of glucose metabolism.
Since tumorous cells have an increased glucose consumption as compared to normal tissue
[231, 96, 98], they also have an increased 18F-FDG uptake and can thus be identi�ed in the
PET images (Fig 2.8). This has led PET and PET/CT using 18F-FDG to be considered
the gold standard for the in vivo detection of many tumor entities. Furthermore, due to
the quantitative nature of PET, the tumor malignancy and its response after therapy can
be assessed [136].

FDG-PET images are often assessed semiquantitatively using the Standardized Uptake
Value (SUV). The SUV is a dimensionless index determined according to the following
formula:

SUV =
Decay corrected activity / V olume

Injected dose / Body weight

Although SUV is often used to perform both intrapatient (malignancy of lesions and
therapy monitoring) as well as interpatient comparisons, its value as a quantitative index is
discussed [143, 289]. Among its criticisms, the formula above assumes that the distribution
volume of FDG is dependent only on the patient's body weight; this ignores the e�ects of
the body composition and results in an undesired positive correlation between SUV and
patient weight for many tissues [319]. To improve this aspect, alternative de�nitions of
the SUV which normalize the value using the lean body mass or the body surface area
have been proposed [147, 290, 187].

18F-FDG is by 2009 the only oncologic PET tracer approved by the Food and Drug
Administration (FDA) and is currently used in over 90% of the clinical PET examinations.
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Figure 2.8: Coronal views of PET, CT and fused PET/CT from a patient with bronchial
carcinoma examined with 18F-FDG on a PET/CT scanner. Increased focal 18F-FDG
uptake allows the localization of the lesions throughout the body.

However, false positive and false negative results can appear in some clinical settings. For
example, some organs have a naturally increased 18F-FDG uptake even under fasting
conditions, so that the normal tissue can eventually mask the tumors; the most obvious
example of this is the brain. Also, some tumors can have a relatively low 18F-FDG uptake,
such as bone metastases from prostate cancer, which are therefore often not detected
with PET. False positive results are also observed, occurring in benign conditions such as
in�ammatory or granulomatous lesions.

For these reasons, other tracers have been set up to target processes such as cellular
proliferation, tumor hypoxia and amino acid transport. For information on these tracers,
please refer to [116, 136].

2.2.2 Neurology

Before the advent of oncologic imaging with 18F-FDG, neurology was the main focus of
most PET examinations. Many tracers target cerebral blood �ow, oxygen and glucose
metabolism, amino acid uptake as well as receptor density and binding of neurotransmit-
ters.

PET applications in clinical neurology include the study of epilepsy, neurooncology,
dementia, stroke and movement disorders. This thesis does not directly deal with any
application related to neurology, but an overview of these applications can be found in
[285, 115, 199].
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2.3 Cardiac imaging with PET/CT

2.3.1 Pathophysiology of the heart

A brief introduction to the pathophysiology of the heart is necessary to understand the
usefulness of PET/CT for cardiac examinations.

The heart pumps oxygenated blood to the body and deoxygenated blood to the lungs,
with one atrium and one ventricle for each circulation. The left ventricle (LV), which
pumps oxygenated blood to the body, is thicker and more muscular than the right ven-
tricle, pumping blood at much higher pressure. It is thus the main blood pump, and the
target of most PET/CT cardiac examinations.

The LV gets its blood supply through the coronary arteries. In patients with coronary
artery disease (CAD), atheromatous plaques accumulate within the walls of the coronary
arteries, progressively reducing the coronary lumen and somewhat occluding the artery
(stenosis); moreover, a plaque rupture can occur, causing the formation of a thrombus
and eventually occluding completely the blood �ow to the corresponding part of the LV,
resulting in a myocardial infarction.

Some coronary stenoses are large enough to have a functional impact, with the arteries
being unable to warrant an adequate myocardial perfusion [295]. The part of the LV
perfused by the stenotic artery is therefore unable to function properly; especially under
stress conditions (e.g. while doing exercise), the blood �ow does not properly respond to
the increased metabolic demand of the LV. This condition, with a restricted myocardial
blood supply under stress conditions, is called ischemic heart disease or cardiac ischemia.
Although cardiac ischemia is often caused by a stenotic artery, it can also be due to
other reasons such as impairment of the microcirculatory function or severe hypotension.
An ischemic condition can be asymptomatic or produce chest pain (angina pectoris);
moreover, it can result in cardiomyopathy, leading to cardiac arrhythmia or eventually to
a cardiac arrest.

2.3.2 Overview of PET and PET/CT cardiac applications

PET and combined PET/CT o�er a powerful tool for the diagnosis and prognosis of
cardiovascular diseases. A number of PET tracers allow the assessment of di�erent physi-
ological processes in the heart and the vascular system (Table 2.4), with two applications
leading the clinical use of cardiac PET: quantitative assessment of myocardial perfusion
and assessment of myocardial viability.

Furthermore, CT does not only o�er an anatomical reference and a way of performing
e�cient attenuation correction, but it also has an important diagnostic value providing
noninvasive coronary angiography (CTA) and information on the coronary calci�cation.
In addition, gated PET or gated CT studies provide information on the local wall motion
and cardiac function.

PET and PET/CT are used for cardiac imaging in many research applications such as
myocardial innervation imaging [22, 253], late-enhancement CT for viability assessment
in acute myocardial infarction [229, 104], hot spot imaging of atherosclerosis [247, 161]
or imaging gene expression and monitoring gene therapy with PET [309, 30, 234, 203].

21



Positron Emission Tomography

Target Tracers

Perfusion 13NH3,
82Rb, H15

2 O, 62Cu-PTSM, 18F-BMS-747158-02
Metabolism 18FDG, 11C-palmitate, 11C-acetate
Myocardial innervation 11C-HED, 11C-EPI, 18F-Fluoronorepinephrine

Gene expression 18FHBG, F124IAU, 124I-hNIS
Apoptosis 18F-Annexin V
Angiogenesis 18F-Galacto-RGD
Hypoxia 18F-Misonidazole
Vulnerable plaque 18FDG (in�ammation), 18F-Annexin V (apoptosis)

Table 2.4: Some of the PET tracers used for cardiovascular applications. Well-established
clinical applications are shown in the �rst three rows, whereas the lower rows show research
applications and their associated tracers.

However, the mainstream clinical applications of cardiac PET and PET/CT are myocar-
dial perfusion imaging and viability assessment (with PET) as well as CTA and calcium
scoring (with CT) [268]. They will be introduced here.

2.3.3 Myocardial perfusion imaging

The presence of high-grade coronary stenoses in anatomical images is a sign of obstructive
CAD. However, it is increasingly emphasized that therapy and intervention of CAD cannot
be based on symptoms and morphological detection of coronary stenoses alone [106, 172];
low-grade stenoses can have a signi�cant functional impact, whereas other high-grade
stenoses can be hemodynamically less relevant and not produce ischemic syndromes.

A normal perfusion scan is associated with a very low risk of cardiovascular events,
whereas an abnormal perfusion scan is associated with higher risk of cardiac events [105].
Therefore, myocardial perfusion imaging (MPI) o�ers better diagnostic and prognostic
value for CAD patients than morphologic imaging alone, serving as a gatekeeper to con-
ventional coronary angiography and guiding the choice of the therapy.

PET perfusion imaging is widely accepted as the gold standard for non-invasive quan-
ti�cation of absolute regional myocardial blood �ow. It is usually done using 13N-NH3,
82Rb or 15O-H2O, although newly developed �uor-based tracers such as 18F-BMS-747158-
02 are progressively gaining interest [118, 219]. A typical PET perfusion examination
consists of two PET scans, one at rest and one at pharmacologically induced stress, which
increases blood �ow 3-4 fold in normal healthy regions (Fig 2.9). Depending on the iso-
tope used, a pause between both scans is done to allow the tracer to decay before the new
injection. Regional comparison of the perfusion between the rest and stress scans allows
to draw conclusions about the state of the di�erent myocardial segments (Table 2.5).

PET o�ers the potential of quantitative measurement of the regional myocardial blood
�ow, thus allowing the evaluation of multi-vessel disease; this is an important advantage
as compared to SPECT perfusion imaging [267, 17]. For rigorous quanti�cation, a dy-
namic acquisition must be performed followed by the application of a kinetic model [142].
Alternatively, simpler -although less accurate- approaches are used, such as measuring
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Figure 2.9: 13N-NH3-PET perfusion images of a patient acquired in rest condition (left)
and under pharmacological stress (right). The presence of cardiac ischemia is visible, with
a part of the lateral wall (white arrow) hypoperfused under pharmacological stress.

Rest Stress Classi�cation

Normal Normal Normal
Normal Reduced Ischemic
Reduced/absent Reduced/absent Hibernating/scarred (see 2.3.4)

Table 2.5: Classi�cation of the myocardial tissue according to its rest an stress perfusion.

the �ow reserve, that is, the ratio between uptake during stress and rest.

2.3.4 Viability imaging

The hypoperfused parts of the myocardium can su�er temporary or permanent damage
after acute cardiac events or ischemic episodes. When a region of the LV is hypoperfused,
it may downregulate its function (by decreasing its contractile performance) to survive
despite the reduced �ow, entering a status where the tissue is said to be hibernating. In
this case, once the �ow to this region is restored, the myocardium enters �rst a stunned
status, still with impaired contractile function, resulting from alterations in contractile
proteins in response to the ischemic conditions [39, 152]; after some time, typically a
few days or weeks, the heart recovers its normal contractile function. The tissue which
recovers its function after reperfusion is said to be viable tissue.

However, some myocardial tissue may have undergone a necrotic process, and the
tissue is said to be scarred. In this case, even a successful revascularization will not help
to improve the left ventricular function.

The aim of viability imaging is to identify those patients in whom revascularization is
likely to improve the left ventricular function, in order to do a pre-surgical assessment of
the risk to bene�t ratio [310, 259]. If there is a large amount of viable, hibernating tissue,
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revascularization will be performed. Conversely, a patient having mainly non-viable tissue
will not pro�t from this high-risk intervention and will su�er increased operative mortality,
so that alternative therapeutic options must be considered.

Perfusion Glucose metabolism Contractile function Classi�cation

Normal Normal Normal Normal
Normal Normal/increased Impaired Stunned
Reduced Normal/increased Impaired Hibernating
Reduced/absent Reduced/absent Impaired Scarred

Table 2.6: Classi�cation of the myocardial tissue according to its perfusion, glucose
metabolism and contractile function. Since most dysfunctional segments of the LV con-
tain a mixture of �brotic/necrotic and viable tissue, a continuum of values is seen in the
examinations.

Figure 2.10: PET viability scans with 13N-NH3 and
18F-FDG from two di�erent patients.

On the left, patient with viable tissue showing increased glucose metabolism (arrow). On
the right, patient with severely reduced glucose metabolism, indicating scarred tissue.

PET is generally accepted as the gold standard for viability assessment. In PET, it is
the amount of residual metabolic activity which helps distinguishing between viable and
non-viable tissue in the hypoperfused myocardium [194, 18, 153]. In the fasting state and
under resting conditions, the myocardium uses free fatty acids as its primary source of
energy, with glucose in second place; in ischemic conditions, by contrast, glucose becomes
the predominant source of energy.
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Although assessment of the oxidative metabolism using tracers such as 11C-acetate
has been investigated, the most common approach is the evaluation of enhanced glucose
utilization using 18F-FDG. Therefore, a typical viability examination with PET consists in
two scans, a rest perfusion scan and a glucose metabolism scan (Table 2.6). Hypoperfused
regions with preserved or even increased glucose metabolism indicate viable tissue which
will bene�t from revascularization (Fig 2.10).

2.3.5 Calcium score

One of the most common �ndings in patients with CAD has been calci�cation within
atherosclerotic plaques.

With the improvements in temporal and spatial resolution of multislice CT, the pres-
ence and extent of calcium in the coronary arteries can be evaluated with a relatively low
associated radiation. Calcium has a high radiodensity and is therefore easily recognizable
in the CT images (Fig 2.11). Scoring methods such as the Agatston score [1] or the
measurement of calcium mass or volume [294] serve to quantitatively assess its extent.

Figure 2.11: Transaxial slice of a CT for evaluation of the coronary artery calcium. A
calcium score is computed by identifying the calcium within the coronaries, which is
segmented by means of its high radiodensity.

Coronary artery calcium (CAC) has been shown to provide independent incremental
information in addition to traditional risk factors for the prediction of cardiac events
and all-cause mortality [72, 240, 160, 272, 257]. Measurement of CAC is therefore a
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powerful prognostic tool and can be used as gatekeeper for myocardial perfusion imaging
or conventional angiography in chest-pain patients with intermediate risk for CAD [263].

2.3.6 Computed Tomography Angiography

Conventional invasive coronary angiography by means of catheterization is currently con-
sidered to be the reference for the clinical evaluation of CAD, allowing visualization of ob-
structions in the coronary tree. However, the method is invasive, it implies a non-negligible
risk of adverse events (1.8% complication rate, 0.1% mortality rate) and discomfort for
the patient [255, 16], as well as a high economic cost.

Figure 2.12: View of a CTA showing a high-degree stenosis produced by a soft coronary
plaque (red circle).

Computed Tomography Angiography (CTA) is emerging as a potential non-invasive
alternative to conventional non-interventional angiography. The basic idea of coronary
CTA is to introduce a contrast agent in the blood in order to delineate the lumen of the
coronary arteries (Fig 2.12). However, their small diameter and the cardiac motion make
the procedure technically very demanding [227].

With the current technology, to acquire a CTA with optimal quality, the patient should
ideally have a slow and regular heart rate. For that purpose, beta-blockers are often
administered before the examination if the heart rate is over 65 beats per minute. The
acquisition must be performed ECG-gated, since the images are acquired over several
cardiac cycles; therefore, patients with arrhythmia might show CTA with suboptimal
quality. Newer CT scanners with improved temporal resolution are becoming less sensitive
to these e�ects.
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Figure 2.13: Comparison of conventional angiography and volume-rendering of a CTA
acquired with a 4-rows CT. The coronaries are well delineated, but small branches are not
visible in the CTA. Scanners with 64 or more rows allow to further improve the quality
of the resulting CTA, providing a quality which is comparable to that of conventional
angiography. Image reprinted from [266] with permission granted by the copyright holder
(Radiological Society of North America) and by the author.

All recent developments in CT technology have resulted in a high level of reliability
and accuracy in the visualization of the coronary tree. With the appropriate expertise,
the diagnostic accuracy of CTA with 64 or more rows is already very close to that of
conventional angiography [87, 108, 201] (Fig 2.13). Drawbacks of CTA are occasional
reactions to contrast medium [201] as well as the associated radiation dose [81, 40, 132,
112]. Regarding the radiation dose, state-of-the-art scanners allowing prospective ECG
gating [123, 250] can reduce the dose by more than 70%, so that a high-quality CTA can
be obtained with a dose below 5 mSv [76, 126]. Furthermore, CTA is a purely diagnostic
test and does not allow immediate intervention, in contrast to conventional angiography.

The greatest potential of CTA might be in symptomatic patients at intermediate risk;
also patients with equivocal rest-stress perfusion studies. In these patients, CTA can
help rule out the presence of obstructive CAD and be a gatekeeper for invasive coronary
angiography [32, 59]. For patients at low-risk, CTA should not be used as a screening
tool because of the associated radiation dose. Neither should CTA be performed on
symptomatic patients with a high pretest likelihood, since they are likely going to require
invasive angiography and intervention anyhow.

CTA and myocardial perfusion imaging provide complementary information about
CAD: on the one hand, CTA shows the anatomy of the coronaries, allowing the detection
and evaluation of stenotic coronary arteries as well as the de�nition of the individual vessel
territories [216]. Perfusion imaging, on the other hand, allows to assess the functional rel-
evance of the stenoses (Fig 2.14). Therefore, combined PET/CT or SPECT/CT scanners

27



Positron Emission Tomography

Figure 2.14: Color-coded fusion of a CTA with an 13N-NH3-PET perfusion study. Com-
bined PET/CTA can allow identi�cation of the stenosis and the assessment of their func-
tional impact.

Figure 2.15: Interpretation of stenosed coronary segments with regard to hemodynamic
signi�cance on SPECT-CT side-by-side (white columns) or fused (black columns) analysis.
Con�dence in the assessment is increased through analysis of the fused data. Image
reprinted by permission of the Society of Nuclear Medicine from [91].

show great potential for assessment of CAD [213, 268]. A study using separate 64-row
CTA and 99mTc-tetrofosmin SPECT rest/stress perfusion scans acquired on di�erent days
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made this potential clear [91]: the fusion of SPECT/CT data resulted in a signi�cantly
better interpretation of the stenoses as compared to side-by-side analysis (Fig 2.15).
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CHAPTER 3

Advances in PET respiratory gating

3.1 State of the art and method of respiratory gating

The spatial resolution of PET scanners has been progressively improving over time, with
current commercial whole-body scanners achieving a spatial resolution below 5 mm [38].
However, most examinations cover the thorax and abdominal area, and the e�ective spa-
tial resolution is markedly reduced due to respiratory motion. Indeed, PET requires a
su�cient number of detected events in order to perform a reconstruction with enough
signal to noise ratio, so that the acquisition of the PET data has to extend over sev-
eral minutes; the resulting images appear therefore blurred due to respiratory motion,
presenting consequently degraded diagnostic value.

Figure 3.1: The respiratory signal (top) synchronized with the acquired data (represented
as square array in the bottom) can be used to perform respiratory gating. For instance,
by selecting only the data acquired at expiration (green squares) and using it for recon-
struction, the image would show the patient at the expiratory phase.

To reduce the degradation of the image quality due to the respiratory motion, respi-
ratory gating was developed. Gating consists in acquiring a physiological signal (ECG
or respiratory signal) synchronized with the imaging data, which is acquired over several
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Figure 3.2: E�ect of respiratory motion on PET data from a patient with an FDG-avid
lung tumor (sagittal images). On the left, image acquired at the expiratory phase. On
the middle, image acquired at inspiration. On the right, static image showing the average
of all respiratory phases, as it is usually acquired. The image blurring produced by the
respiratory motion results in degraded diagnostic value: the tumor volume is usually over-
estimated and its maximum metabolic activity underestimated, since the tracer uptake
appears distributed over a larger volume. (Image courtesy of Ralph Bundschuh)

physiological cycles (Fig. 3.1). The data is then sorted so that all data belonging to a
same physiological phase can be reconstructed separately, thus obtaining nearly motion-
free images for each phase (Fig. 3.2).

As a matter of fact, scintigraphy was the �rst imaging modality which resolved physio-
logical motion by performing gated acquisitions. The �rst ECG-gated cardiac blood-pool
scintigraphic acquisitions were performed in the early 1970's [281, 318, 228, 270, 23, 102]
(Fig. 3.3), showing great potential to assess the ventricular ejection fraction and segmen-
tal contraction. The possibility of performing cardiac gating to temporally resolve the
heart beating and improve the image quality was soon extended to CT [251, 24, 207],
MRI [117, 297, 163] and PET [120, 97, 312].

Figure 3.3: One of the �rst cardiac gated acquisitions, showing blood-pool scintigraphic
images of 99Tc-human serum albumin (99Tc-HSA) in end-diastole (a), end-systole (b), end-
diastole minus end-sytole (c) and outlined region of the ventricular blood-pool (d). The
left-ventricular ejection fraction was derived from the images by comparing the measured
counts in diastolic and systolic images. Reprinted by permission of the Society of Nuclear
Medicine from [270].
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ECG gating provides a signi�cant clinical advantage by allowing evaluation of the
cardiac function and parameters such as the ejection fraction and local myocardial con-
traction. But gating might also be interesting in order to obtain motion-free images
rather than analyzing the motion itself. This is the case for respiratory gating. The in-
�uence of respiratory motion in the degradation of image quality was soon acknowledged
[33, 4, 287]; the �rst implementations of respiratory gating were developed for nuclear
imaging [140, 299] and extended to other imaging modalities such as MRI [249, 80] and
CT [138, 300, 208].

Clinical evaluation of respiratory gating in PET showed an improvement in detectabil-
ity, delineation and quanti�cation of lung metastases [215, 214, 36]. Most respiratory
gating systems for PET in use until 2006 were developed in-house and not supported by
the PET manufacturer. Also in this clinic, equipped with a Siemens Biograph 16 by this
time, respiratory gating was implemented in-house (implementation details are provided
at section 3.3.1.3 in this chapter).

The major PET vendors learned from the experience of the di�erent centers: whereas
no commercial PET systems included respiratory gating in 2004, they all o�er respiratory
gating in their current scanners.

The contribution of this work to the problem of respiratory gating in PET was twofold:

� Di�erent ways to acquire a respiratory signal for gating in PET were investigated
and compared

� A dual cardiac-respiratory gated acquisition was developed and its potential clinical
impact was evaluated
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3.2 Measuring a respiratory signal

In order to perform respiratory gating, it is necessary to have a temporal signal providing
information about the current respiratory phase of the patient. Two di�erent approaches
are possible:

� Extracting the respiratory signal using the imaging data itself

� Acquiring the respiratory signal with an external device

Extracting the respiratory signal from the imaging data is a well-known technique in
MRI. There, a one-dimensional image navigator located at the interface between the liver
and the lung is sometimes used to monitor respiration [79]. For such an approach to work,
it is necessary to have a high temporal resolution (well below 1 second) and su�cient data
to determine the respiratory phase of the patient. Such a technique was �rst investigated
in PET by [150, 302]. Although the initial results were promising, the method was not
implemented by the major PET manufacturers.

Acquiring the respiratory signal with an external device is the most commonly used
method to perform respiratory gating. There, however, several sensors with di�erent
properties are available, and no consensus exists on the best suited system for respiratory
gating in PET. For gated radiotherapy, however, one study reported the use of three
di�erent sensors [155]; the results of the study indicated that all three di�erent sensors
were potentially able to acquire a suitable respiratory signal, but other factors like patient
comfort should also be considered, so that the use of a temperature sensor for the respired
air or a strain gauge to measure the chest expansion appeared to be the best adapted.

The contribution of this work is to investigate which is the most suitable way to
acquire a respiratory signal for PET, comparing the di�erent existing sensors as well as a
data-driven method.

3.2.1 Methods

We investigated four di�erent sensors for the acquisition of a respiratory signal [242, 188],
as well as a sensor-less approach [49] using the PET image data. Following is a summary
of each of the methods investigated.

3.2.1.1 Anzai respiratory belt

The AZ-733V by Anzai Medical (Tokyo, Japan, http://www.anzai-med.co.jp) is a
commercial system designed for respiratory triggering in radiotherapy. It is constituted by
a pressure transducer which is positioned inside a pocket on an elastic belt, itself placed
on the upper abdomen of the patient (Fig. 3.4). The pressure transducer is connected
to a device comprising all acquisition electronics (Anzai Wave Deck) which samples the
respiratory signal every 25 ms and delivers it to a separate laptop which stores it into a
formatted text �le using comma separated values.
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Figure 3.4: Anzai respiratory belt.

Figure 3.5: PMM spirometer: the air �ow going through the nasal cannula is measured
and used to estimate the changes of the volume of the lungs.

3.2.1.2 PMM spirometer

The PMM spirometer is a prototype developed by Siemens Medical Systems (Erlangen,
Germany, http://www.medical.siemens.com). Even though it was still an early pro-
totype, it was included in the evaluation to provide feedback to Siemens for potential
improvements. It consists in a nasal cannula (Fig. 3.5) plugged to an electronic box
measuring the air �ow. The acquisition system uses the air �ow to provide the relative
progression of the volume of air present in the lungs. These data are recorded in a text
�le at a frequency of 50 Hz.
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Figure 3.6: Thermoprobe from BioVet: setup in a volunteer measurement, with the
temperature probe located in front of the nostrils. The image shows in addition the
placement of the Anzai belt with infrared markers attached on top of it.

3.2.1.3 BioVet temperature sensor

An early work on PET respiratory gating [36] proposed the use of a fast temperature
sensor to measure the temperature of the air �owing in front of the nostrils, and deduce
the respiratory phase of the patient out of this information. Such a setup was reproduced
using a thermoprobe belonging to the BioVet CT1 by Spin Systems (Brisbane, Australia,
http://www.spinsystems.com.au), a device initially designed to monitor the body tem-
perature of small rodents (Fig. 3.6). The temperature is provided with a precision of 0.1◦

and a sampling rate of 1 kHz, storing the data in a comma separated �le.

3.2.1.4 ART Stereo Infrared Camera

Tracking of infrared markers for monitoring respiratory motion was previously reported
for application during nuclear cardiac examinations [19]. In this work, this approach was
evaluated using the smARTrack1 infrared stereovision system from Advanced Realtime
Tracking GmbH (Weilheim, Germany, http://ar-tracking.de). Passive infrared mark-
ers were placed on top of the thorax (Fig. 3.7), and the 3D location of each of the markers
with respect to the PET/CT scanner were computed as described in Appendix D. In
order to extract a single one-dimensional signal, two possibilities were investigated: using
the average of the anterior-posterior coordinate of all markers, or computing principal
component analysis (PCA, see [232, 134]) on all data from the markers.
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(a) (b)

Figure 3.7: ART stereovision system (a) and placement of the markers in the thorax and
upper abdomen (b).

3.2.1.5 Sensor-less approach

The PET listmode data records each detected coincidence with a high temporal resolution
(1 ms). Therefore, it is theoretically possible to extract a respiratory signal out of the
periodical displacement of the detected activity within the �eld of view. This approach
was investigated by sorting the listmode data in short temporal frames of 500 milliseconds
and reconstructing each of these frames. A cuboid Volume of Interest (VOI) was man-
ually de�ned around the structure whose movement had to be investigated; within this
volume, the craniocaudal coordinate of the center of the activity distribution (Fig. 3.8)
was calculated using the following formula:

zCOM(t) =

X
i

zi · Ai
X
i

Ai
(3.1)

where t is the time of the short frame, i covers all voxels inside the VOI, zi is the
z-coordinate of the i-th pixel, and Ai is its activity value. zCOM(t) delivers the respiration
curve as a function over time. To reduce noise in the signal, the Savitzky-Golay �lter
[254] was used, which performs a local polynomial regression and has the advantage of
preserving the local maxima and minima of the signal. Further details on this approach
can be found in [49].

3.2.1.6 Measurements with volunteers and patients

The external sensors were evaluated in 10 healthy volunteers. Volunteers lied in supine
position and were asked to breathe normally for two minutes, then to simulate some
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(a)

(b)

Figure 3.8: (a) Example showing the de�nition of a VOI around a lung tumor (red
rectangle on the sagittal view). (b) Corresponding activity distribution within the VOI
for two di�erent 500 ms frames: one in expiration state (solid) and one in inspiration state
(dotted line). The craniocaudal displacement of the tumor with respiration results in a
change of the z-coordinate of the center of the activity distribution. Image b reprinted by
permission of the Society of Nuclear Medicine from [49].

behavior common to patient acquisitions such as breath-holds, speaking, coughing, or
slight repositioning. A total of 3-5 minutes of signal were acquired for each volunteer.
The suitability of the sensors to measure a respiratory signal and their robustness to
respiratory artifacts were qualitatively evaluated. The PMM prototype was used only in
the �rst 3 acquisitions (as shown in the results, it appeared to be too unreliable for clinical
use and was therefore discarded for further testing).

After the measurements with volunteers, only the Anzai and ART sensors appeared
suitable for patient measurements. Three patients following a cardiac rest-stress protocol
with 13N-NH3 in the Biograph 16 PET/CT scanner were monitored using both the Anzai
and ART systems. The total examination time was 60-90 minutes. The respiratory
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signals provided by the Anzai and ART systems were then compared in each of the two
acquisitions at rest and stress for each patient.

Moreover, comparison between the Anzai sensor and the sensor-less approach was
performed on 10 patients who underwent a routine protocol for oncological staging or
restaging. Patients were injected between 320 and 507 MBq of 18F-FDG and, after the
routine protocol (∼100 minutes after injection), an additional 10 minutes listmode acqui-
sition was performed. Only patients with a focal lesion in the lung or upper abdominal
organs were selected for this comparison. The listmode data were processed as described
in the previous subsection.

3.2.2 Results

3.2.2.1 Measurements with volunteers

All evaluated sensors were able to acquire a suitable respiratory signal during normal
breathing. The only exception was the PMM spirometer: although most of the time it
delivered a correct respiratory signal, as shown in Fig. 3.9, it was always more sensitive
to irregular breathing than the other sensors; furthermore, due to its prototype stage,
it presented some signi�cant drawbacks, such as unreliable software which sometimes
crashed during the acquisition and occasional jittering, resulting in a variable temporal
resolution and the impossibility to synchronize it with other sensors. Therefore, the PMM
prototype was discarded for further testing.

Figure 3.9: Comparison of the respiratory curves acquired with the PMM and Anzai
systems. Example where the PMM provides a good respiratory signal, but needs some
seconds to automatically recalibrate after abnormal events such as motion and breath-
hold.

The BioVet thermoprobe worked more robustly and recovered faster from irregular
breathing. Since the temperature of the respired air is higher during expiration, the
signal from the BioVet thermoprobe was always inverted as compared to the rest of the
sensors (Fig. 3.10). One drawback of the system was that the temperature signal was
not synchronized with respiration but it had some variable delay, explained by the time
needed between the change in the respiratory phase and the e�ective detection of the
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Figure 3.10: Comparison of the respiratory curves aquired with the BioVet and Anzai
systems. The small signal in the center corresponds to an additional pressure pad from
BioVet used only for temporal synchronization.

change in temperature by the thermoprobe. Variables such as the temperature of the
breathed air do potentially in�uence this delay, making it challenging to �nd a general
correction and an accurate synchronization for the system.

After the tests with volunteers, the Anzai and ART systems appeared as the best
suited sensors. Further measurements with patients allowed a better evaluation.

3.2.2.2 Measurements with patients

The respiratory signals provided by Anzai and by ART showed good agreement on all
3 cardiac patients acquired (Fig 3.11), independently on whether the ART signal was
computed as an average of the anterior-posterior coordinate or as the �rst component of
the PCA.

The correlation between both signals in the 6 patient acquisitions (3 in rest, 3 under
pharmacological stress) was 0.75± 0.26 (Fig. 3.12). More importantly, the signals resulted
in the same respiratory gate for 85 ± 14% of the time, with the gates computed using the
algorithm detailed in section 3.3. Therefore, similar de�nition of the gates and similar
gated images were obtained using both approaches. One patient acquisition (the �rst
stress acquisition in Fig. 3.12), showed a low correlation factor between both signals, but
still resulted in a fair correspondence between the derived gates.

3.2.2.3 Sensor-less approach

In 7 out of 10 patients, the respiratory signal derived from the PET listmode data agreed
well with that obtained using the Anzai belt (Fig. 3.13(a)). In 3 of the patients, however,
the data-driven signal did not correlate with the breathing cycle (Fig. 3.13(b)). Two of
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(a)

(b)

Figure 3.11: Respiration curves acquired during a stress PET scan with Anzai and ART
(a), and the resulting respiratory gates (b).

these 3 patients had tumors located in the upper part of the lungs (upper lobe), region
which is known to have notably less respiratory motion than the mid and lower part.

3.2.3 Discussion

Although all evaluated sensors were able to provide a correct respiratory signal during
normal breathing conditions, the Anzai and ART systems appeared to be the most robust
and both equally suitable for respiratory gating in PET. However, other factors have to
be considered for the decision on the best sensor to monitor respiration. In particular,
two drawbacks have to be mentioned for the ART system:

� It was technically very demanding, requiring advanced post-processing of the data
to extract the respiratory signal

� It is rather cumbersome in the examination room, occupying much space. More-
over, one of the patients manifested some discomfort because of the presence of the
infrared cameras

By contrast, the ART system presents the advantage that it can measure bulk patient
motion in addition to respiratory motion. As an example, �g. 3.14 shows the average
patient motion computed using the centroid of all infrared markers during the rest ex-
amination, the stress examination, and the complete examination (approx. 60 minutes).
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Figure 3.12: Quantitative comparison of the Anzai and ART measurements in the 6
patient acquisitions. Solid bars indicate correlation between the signals, dashed bars
indicate percentage of time with matching respiratory gates.

Using this information provided by the stereovision system, more sophisticated motion
correction techniques could be potentially implemented [19, 242]. Despite this potential
advantage, if no additional motion correction techniques are to be used, the Anzai system
appears as the most convenient for use in clinical routine.

The sensor-less approach appears as an attractive alternative. The results with pa-
tients indicate an apparent �failure� of the method in 3 tumors which showed no correlation
with Anzai and a noisy signal, but these cases could actually correspond to tumors show-
ing nearly no motion with respiration. This possibility is reinforced by the fact that two
of the 3 tumors were located in the upper lung, region showing only minor respiratory
motion.

The sensor-less approach would bring signi�cant advantages:

� No additional hardware is required during the PET acquisition, improving the clin-
ical work�ow and patient comfort.

� The measurement is done on the structure of interest, so that the internal motion
is measured and it can be directly used for motion correction approaches [47].

However, some drawbacks should also be noted:

� The method works well for focal isolated lesions, but might fail for more complex
structures with high background.
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(a)

(b)

Figure 3.13: Data-driven curves of two patients (solid curves) compared with curve ob-
tained using the Anzai respiratory sensor (dotted line). (a) Patient showing a good
agreement. (b) Patient showing no correlation due to a low-quality data-driven signal.
Image reprinted by permission of the Society of Nuclear Medicine from [49].

� The operator must manually de�ne the structure of interest for analysis of the
respiratory motion, which is inconvenient in clinical routine, and complex in cases
with several structures.

� Once the structure of interest is selected, the PET data must be reconstructed in
many 500 ms frames, requiring a long processing time. Using a dual-core work-
station, a 10 minutes listmode acquisition needed over 17 hours to be processed in
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Figure 3.14: Average body motion observed during the rest and stress PET examinations,
and during the complete examination. The motion was computed as the maximal distance
between the temporally smoothed centroid of the 3D position of all infrared markers.

order to determine the respiratory signal.

In conclusion, the sensor-less approach is attractive but not yet convenient for clinical
routine. The method should be further investigated, and ways to accelerate it should be
considered. One possibility would be for instance to work directly on the sinogram space
rather than reconstructing each frame [261, 45]; this would save a signi�cant amount of
computing time.

The Anzai respiratory sensor appears as the best suited method to acquire a respiratory
signal for respiratory gating in PET from all the approaches studied. This is the method
of choice for further experiments.
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3.3 Dual cardiac-respiratory gating

The availability of a suitable respiratory signal is a prerequisite for performing respiratory
gating, but it is only a part of the complete solution. An implementation of respiratory
gating requires four steps:

1. Acquisition of a respiratory signal

2. Processing the respiratory signal to identify the respiratory gates

3. Histogramming1 the PET listmode data according to the de�nition of the respiratory
gates

4. Reconstructing the sinograms into respiratory gated images

Besides the basic implementation, additional information can be gained by using more
sophisticated appraoches:

� Combination of respiratory and cardiac gating

� Correction of the respiratory motion in order to have one single frozen image con-
taining the data from all respiratory gates after spatial alignment

For cardiac imaging with PET, both cardiac and respiratory motion contribute to the
degradation of image quality. Therefore, cardiac PET can only exploit the spatial reso-
lution available in state-of-the-art scanners with techniques to account for both motions
simultaneously. A pioneering study indicated the feasibility of such an approach using
dual cardiac-respiratory gating in phantoms [151], but technical limitations were reported
(real-time de�nition of the gates, partial loss of data, maximum of 16 gates in total) and
the method was not implemented in clinical practice.

In mouse imaging, recent implementation of combined cardiac-respiratory gating in the
preclinical microPET II scanner overcame these limitations [313]. This methodological
achievement, however, proved unnecessary in this animal model as mice remain in an
end-expiratory state for more than 75% of the time. In contrast, the end-expiratory state
represents only 25-50% of the human natural breathing cycle and respiratory motion could
play a more signi�cant role. Respiratory gating was also proposed for clinical cardiac PET
[173], but the combination with ECG gating was not investigated.

In this section, the full implementation of respiratory gating is investigated as well as
its combination with cardiac gating.

3.3.1 Methods

3.3.1.1 MRI acquisition for validation of the respiratory triggering

For respiratory gating, it is important that the signal provided by the respiratory sensor
provides a surrogate signal for the internal organ motion. Therefore, the correlation

1Histogramming is the step necessary to process detected events and sort them into a sinogram con-
taining the number of detected events for each Line of Response
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between diaphragmatic excursion measured by real-time MRI and the expansion of the
chest measured with an elastic belt was studied in six subjects.

The subjects were examined using a clinical 1.5-Tesla Philips ACS-NT MRI (Philips
Medical Systems, Best, The Netherlands) equipped with a �ve-element cardiac coil and an
advanced cardiac software package (R11). Real-time MRI of the lung-liver interface was
performed in a coronal plane using a non-ECG triggered single-shot Cartesian steady state
free precession (SSFP) sequence. Imaging parameters included: TR/TE 2.5 ms/1.25 ms,
�ip angle 50◦, spatial resolution 3.2×3.2×8.0 mm3, temporal resolution 182 ms, dynamics
100, and SENSE factor 2 (SENSitivity Encoding). Simultaneous with the MRI real-time
measurement, the signal corresponding to the thorax expansion was measured with a small
pressure pad placed within a stretchable belt on the upper abdomen. A respiratory signal
was derived from the air �ow variations and recorded into a log �le in the MRI acquisition
computer together with timing information necessary to synchronize the signal with the
corresponding MRI acquisition. This system is standard equipment with the used MRI
scanner.

The diaphragmatic excursion due to respiration has been shown to correlate with the
respiratory motion of the heart with a patient-dependent linear factor [65, 305]. Thus, if an
adequate trigger to monitor the diaphragm excursion can be measured with the external
respiratory sensor, the trigger will equally serve for the respiratory motion of the heart,
comparable to what is done for cardiovascular MRI using diaphragmatic navigators. The
displacement of the diaphragm was measured from the sequence of images by quantifying
the craniocaudal motion of the liver-lung interface within a two-dimensional region of
interest (ROI), then compared with the respiratory signal obtained from the elastic belt
by means of the linear Pearson correlation coe�cient.

3.3.1.2 Patient population

Twelve patients belonging to two di�erent groups were included in the study: six of the
patients (age 61±13 years) were referred for diagnosis of coronary artery disease and
underwent an ammonia (13N-NH3) perfusion examination, consisting of an acquisition at
rest and one during adenosine-induced stress. The remaining six patients (age 67±6 years)
were referred for an 18F-FDG oncology examination and were included in the study owing
to their intense cardiac uptake. Using these two groups of patients, the gating approach
could be tested with short-lived perfusion radiotracers as well as with long-lived metabolic
radiotracers and thus represents tracers typically used in cardiac PET imaging.

3.3.1.3 PET/CT acquisition

All 12 patients were scanned using a Biograph Sensation 16 PET/CT (Siemens Medical
Solutions, Erlangen, Germany) for 10 min and the data were stored in listmode format,
that is, each detected coincidence event was recorded with millisecond temporal resolution
into a �le as a 32-bit word representing the couple of crystals detecting the coincidence.
The average injected dose was 256±35 MBq of 13N-NH3 for the rest acquisition and
295±61 MBq for the stress acquisition in the �rst patient group, and 400±62 MBq of
18F-FDG in the second patient group. The PET acquisition was started synchronized
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with the tracer injection for the ammonia patients and 60 min after injection for the FDG
patients.

In parallel to the listmode acquisition, the ECG provided with the PET/CT scanner
recorded the exact timing of the R waves in a binary log �le on the PET acquisition
computer. The respiratory signal of the patient was measured with the Anzai AZ-733V
system, as described in section 3.2.1.1.

In order to achieve accurate temporal synchronization between the listmode and ECG
acquired by the PET system and the respiratory signal acquired by the separate laptop,
the PET terminal was programmed to send an output signal on the parallel port when the
listmode acquisition started. This signal was then transferred via a customized parallel-
serial converter to the Anzai Wave Deck and stored together with the respiratory signal.

For attenuation correction, a low-dose CT (120 keV, 20 mAs) was performed during
shallow breathing. In order to reduce attenuation artifacts due to the misregistration
of the PET and CT datasets [185], the alignment of the heart between the PET and
CT volumes was visually controlled immediately after the PET acquisition, and in those
patients presenting a misalignment, an additional ultra-low-dose CT (80 keV, 13 mAs)
was acquired.

Figure 3.15: Combination of the m gates de�ned by the ECG (left) and by the n respira-
tory gates (right) results in m x n gates showing neither cardiac nor respiratory motion.
Correspondingly, the detected events are sorted throughout all gates, decreasing the num-
ber of events for each gate.

All data required for the dual gated reconstruction (listmode �le, ECG, respiratory
signal and CT-based attenuation map) were transferred through the network to another
computer for o�ine processing, so that the PET/CT scanner could be further used. There-
fore, the dual gated acquisition had no e�ect on the usual clinical work�ow other than
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the addition of the elastic belt to measure the respiratory signal. The events contained
in the listmode �le were then sorted into the corresponding gates, taking into account
both the cardiac and respiratory phase corresponding to the detection time of the event
(Fig. 3.15).

Finally, the PET images were reconstructed using the attenuation-weighted ordered
subsets expectation maximization (AW-OSEM) algorithm with four iterations and eight
subsets and an in-plane zoom of 2.2 to a matrix of 128×128×47 voxels, each voxel with
a size of 2.34×2.34×3.37 mm3.

(a) (b)

Figure 3.16: De�nition of the respiratory gates using two di�erent algorithms: (a) based
on equitemporal division of the respiratory cycles. (b) Based on the intensity division of
the signal range. Image reprinted with kind permission from Springer Science+Business
Media from [186].

3.3.1.4 De�nition of the gates

The cardiac and respiratory gates were de�ned retrospectively using the Interactive Data
Language (IDL, ITT Visual Information Solutions, Boulder, CO). The de�nition of the
cardiac gates was achieved by dividing the interval between two consecutive R-waves into n
frames of the same duration, n being the desired number of gates. The computation of the
respiratory gates out of the respiratory signal required some additional signal processing.
The noise in the acquired signal was reduced by means of a bandpass �lter (0.05Hz -
0.6Hz) and a gating algorithm comparable to the one for cardiac gating was applied: the
maximum inspiratory peaks were identi�ed as those having �rst derivative equal to zero
and a negative second derivative. The interval between two consecutive inspiration peaks
was divided into m frames of the same duration, m being the number of respiratory gates
(Fig 3.16(a)). As compared to an intensity based gating algorithm (Fig. 3.16(b)), which
was also tested but discarded for this study, this gating approach presents two signi�cant
advantages: it delivers equitemporal gates, which have therefore similar count statistics,
and it is robust to changes in the baseline of the signal, as will be discussed later in this
chapter. However, an intensity based gating algorithm might be able to better capture
the full amplitude of the motion, as reported in [66].
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Figure 3.17: Di�erent combinations to sort a dual gating matrix with eight cardiac and
eight respiratory gates. (a) Cardiac gated series. (b) Respiratory gated series. (c) Res-
piratory gated series after exclusion of the systolic phase. Image reproduced with kind
permission from Springer Science+Business Media from [186].

Thus, a matrix of n × m gates was obtained, with one dimension corresponding to the
cardiac beating motion and the other to the respiratory motion (Fig 3.17). Finally, these
gates could be combined �exibly during the sorting process. For example, if 8 cardiac
gates were de�ned, the user could de�ne a diastolic inspiratory image consisting in the
cardiac gates 1 and 5-8 combined with gate 1 from the respiratory dimension (Fig. 3.17C).

3.3.1.5 Motion analysis

In order to quantify exclusively the respiratory motion of the heart, the systolic phase of
the heart was discarded as indicated in Fig. 3.17C. The images corresponding to maximum
inspiration and maximum expiration were registered using the deformable registration
algorithm described in the following paragraph and the resulting motion was evaluated
for each of the myocardial walls. The analysis was performed using both four and eight
respiratory gates.

The used deformable registration algorithm was developed by Darko Zikic [322]. It
is an intensity-based and fully automatic method employing a variational method for
deformable registration and yielding a dense displacement �eld. It utilizes the sum of
squared di�erences as a dissimilarity measure and a di�usion regularization term to en-
force smooth results [204]. The resulting non-linear elliptic partial di�erential equation
(PDE) was solved by a modi�ed �xed-point iteration where a linear elliptic PDE arose
in every iteration. The linear PDE was solved numerically by applying an e�cient multi-
grid algorithm [41]. In order to improve the computation time and account for large
displacements, a multi-resolution pyramid was employed [7]. The pyramid was computed
by reducing the resolution by a factor of 2 along each dimension from level to level by
applying a discrete approximation to the Gaussian �lter. On every level of the pyramid,
the deformable registration was performed using the result of the next coarser level as
initial guess. The registration algorithm was implemented in C++ and the runtime for
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a pair of PET volumes of size 128x128x47 was 6-7 seconds on a Pentium M 1.8 GHz
computer.

3.3.2 Results

3.3.2.1 Validity of the respiratory trigger

The correlation between the image derived excursion of the diaphragm extracted from
the real-time MRI and the signal from the stretchable belt was excellent (mean R2 of
0.91, range 0.88 � 0.94), indicating the ability of the belt to provide a suitable respiratory
trigger signal (Fig. 3.18).

Figure 3.18: MRI coronal image (left) showing the de�nition of the ROI at the liver-lung
interface and comparison of both signals: red signal obtained from the diaphragmatic
excursion in the ROI, black signal obtained from the stretchable belt. The amplitude
ranges of both signals were adjusted to similar values in order to facilitate visual com-
parison. Image reproduced with kind permission from Springer Science+Business Media
from [186].

3.3.2.2 Variability of the respiratory signals

The respiratory patterns from the PET patients showed a very large interindividual vari-
ability (Fig. 3.19) for both the ammonia and FDG patients. This variability had not
been observed during previous measurements performed on young healthy volunteers, in-
dicating that several patients could have respiratory abnormalities probably related to
their health condition. Moreover, small irregularities in the respiratory signals were com-
mon, including very deep breathings, occasional speaking or coughing, and sudden or
progressive changes in the baseline.

The employed gating algorithm was robust to the di�erent patterns and irregularities
observed in the signals; in particular, changes of the baseline during the examination
(Fig. 3.19B) were handled e�ciently by the temporal division of the breathing cycles,
whereas the approach using intensity division failed to account for these changes.

3.3.2.3 Respiratory motion of the heart

The respiratory motion of the heart is observable in Fig. 3.20 on both the PET images
and the activity pro�les. The activity pro�les show that the myocardial wall in the static
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Figure 3.19: Fragments of three respiratory signals acquired from patients (solid curves)
and the corresponding respiratory gates (m=4) as de�ned by the applied algorithm. Half
of the patients had a respiratory pattern fairly similar to (a), but the other half had rather
unusual patterns, two of which are presented in (b) and (c). Signal (b) also shows a sudden
change of the baseline, probably introduced by a slight repositioning of the patient. Image
reprinted with kind permission from Springer Science+Business Media from [186].

image appears thicker and with reduced maximum activity as a result of the motional
blurring, indicating the potential improvement of spatial resolution that can be achieved
by means of respiratory and dual gating.

Results of the non-rigid registration are presented in Fig. 3.21, showing that the heart
followed mainly a craniocaudal displacement with respiration. The average respiratory
motion of each myocardial wall for all examinations is shown in Table. 3.1. The average
motion of the entire heart for each group of patients was 4.9±1.3 mm for the ammonia
rest acquisitions, 5.0±2.7 mm for the ammonia stress acquisitions and 4.6±1.3 mm for the
FDG acquisitions. The motion for all 18 examinations averaged 4.8±1.8 mm. Changing
the number of respiratory gates used from four to eight produced a signi�cant increase in
the motion extent (3.92 vs. 4.82 mm average motion, p<0.001) as a consequence of the
better temporal resolution of the gates.

Combined with the craniocaudal displacement, a deformation of the heart during
respiration was observed, with the inferior wall presenting a signi�cantly larger motion

51



Advances in PET respiratory gating

Figure 3.20: Data from an examination with 10-mm feet-head respiratory motion at
the inferior segment of the heart. (a) Coronal view of the respiratory gated images in
the diastolic phase. (b) Craniocaudal activity pro�le through the left ventricle showing
the displacement of the myocardial walls with respiration. Image reproduced with kind
permission from Springer Science+Business Media from [186].

than the anterior wall (5.84 vs. 4.16 mm average motion, p<0.001).

3.3.3 Discussion

The reported results showed the feasibility of acquiring dual cardiac-respiratory gated
PET data using a clinical PET/CT scanner. The quanti�cation using the deformation
�eld resulting from the non-rigid registration resulted in an average respiratory motion of
the heart of 4.8 mm, which is comparable to the spatial resolution of current clinical PET
scanners. The motion showed signi�cant local di�erences: the inferior wall of the heart
moved 5.8 mm on average, 40% more than the anterior wall, indicating that the heart is
not only moving craniocaudally with respiration, but also deforming.

The observed average respiratory motion of the heart (4.8 mm) is a rather low value as
compared with other data in the literature. This is a consequence of important di�erences
in the methodology: one essential factor is how breathing is performed. Some MRI studies
have reported respiratory motion measured comparing breath-holding at inspiration and
expiration [197], motion which is known to be higher than that observed during free
breathing, as in the case of the present study. A second di�erence is the population
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Figure 3.21: Displacement �eld resulting from the non-rigid image registration between
inspiratory and expiratory phases. The displacement vectors are plotted on top of the
image in the axial, coronal and sagittal views. Image reproduced with kind permission
from Springer Science+Business Media from [186].

examined. Reports from MRI studies are frequently based on young healthy volunteers,
whereas the population included in this study consisted of CAD and cancer patients with
an average age of 64 years; clear di�erences between motion in volunteers and patients
can be seen in [197], where young volunteers showed an average craniocaudal motion of 16
mm and patients (age 56±9 years) a motion of 8 mm. Finally, in this study the average
motion for the entire heart is reported, but it is also observed that this motion is not
homogeneous and, in particular, the inferior wall shows a higher motion (5.8 mm); for
comparison, a recent study including eight young healthy subjects showed an average
motion at the infero-apical extreme of the heart of 6.7 mm [36].

A study which compares well in the patient population (65±11 years) and also uses
free-breathing acquisition is that by Shechter et al. [273]; during free-breathing coronary

Myocardial segment
Anterior Septal Inferior Lateral Apex

4 gates
CC motion 3.2±1.6 3.8±1.6 4.4±2.0 3.7±2.1 3.1±1.5
3D motion 3.4±1.6 4.1±1.5 4.7±2.0 4.0±2.1 3.4±1.6

8 gates
CC motion 4.0±1.5 4.5±1.8 5.5±2.2 4.6±2.1 3.8±1.8
3D motion 4.2±1.5 4.9±1.8 5.8±2.2 4.9±2.2 4.3±1.7

Table 3.1: Average respiratory motion (mean ± standard deviation) in millimeters for the
18 PET examinations. CC indicates motion only in the craniocaudal direction, whereas
the 3D motion refers to the Euclidean distance taking into account also motion in the
anterior-posterior and lateral directions. Table reproduced with kind permission from
Springer Science+Business Media from [186].
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angiograms, the heart was reported to have an average craniocaudal motion of 4.9±1.9
mm, in agreement with the measurements reported here.

Dual gating su�ers from the problem of low statistics: the gain achieved by the re-
duction of motion blurring involves a signi�cant loss of count statistics. If the same
histogramming approach as for single gating is used, image quality is signi�cantly re-
duced: for instance, when using eight cardiac gates and eight respiratory gates, the total
counts are divided by 64. The reduction of count statistics derived from dual gating
can potentially be overcome by spatial registration. That is, all respiratory gates can be
registered to the expiratory gate and summed into one respiratory-free image with high
counts. Although rigid registration has been proposed for this purpose [174], the results
from this study indicate that the motion is not uniform across the left ventricle, a �nding
which is supported by previous studies [197, 150, 182]. Thus, a non-rigid correction will
provide greater accuracy. However, the PET gated images are noisy and any error in the
registration could result in biased summed PET images and eventually diagnostic errors.

As an alternative to image registration, the selection of only those parts of the cardiac
and respiratory cycles where minimal motion is present provides a suitable approach.
Respiratory patterns suggest that end-expiration may be the most suitable part of the
respiratory cycle as it has the longest period without motion. Thus, approximately 25-
50% of the data could be considered to have nearly no respiratory motion. The same
applies for ventricular diastole, which represents more than 60% of the cardiac cycle in
most patients, depending on the degree of ventricular dysfunction. By combining both,
15-30% of the total acquired data could be considered to have virtually no motion, cardiac
or respiratory, so that a motion-free image of the heart could be obtained without the use
of any registration technique.

A limitation of this study is that only the PET acquisition was gated, and one single CT
was used for attenuation correction of all PET gates. This approach inherently involves
some misregistration between the PET and CT datasets and could potentially introduce
artifacts due to a biased attenuation correction [185, 224], as will be discussed in chapter
4. Although the possibility of acquiring respiratory gated or respiratory averaged CT
for attenuation correction has been proposed [226], its clinical bene�t has not yet been
established, and it was decided to perform a single CT in order to avoid the substantial
additional radiation for the patients.

The incremental value of dual gating and the associated gain in e�ective spatial resolu-
tion is still undetermined and should be further investigated. The e�ects observed in this
study do not seem to justify its use for routine perfusion and metabolic examinations in
this clinical setting. However, dual gated acquisitions are likely going to gain importance
with the continuous improvement of PET spatial resolution, and it might be speculated
that the correction for respiratory motion could be standard in future cardiac applications
as it is in cardiac MRI. Furthermore, such an approach can be a determinant point for
successful hot spot imaging of vulnerable coronary plaques [247, 69], where the imaged
target might be smaller than the combined cardiac-respiratory motion itself.
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3.4 Conclusion

During the course of this PhD, substantial progress was done in the area of respiratory
gating. At the start of this work, respiratory gating was not commercially available
in PET/CT tomographs; available hardware was used and the necessary software was
developed in order to be able to perform respiratory gating with the clinical PET/CT
scanner present at this clinic.

Other research institutions followed parallel paths, and the potential impact of respi-
ratory gating for managing PET patients was soon demonstrated. Still, it was not clear
how to implement it at best, especially regarding the method to acquire a respiratory
signal. The results of this work led to the conclusion that the use of an elastic belt with
a pressure sensor is optimally suited for PET acquisitions, performing reliably and with
minimal impact on the clinical work�ow.

An additional �nding regards the di�culty of detecting and de�ning the respiratory
gates for the patient population undergoing PET examinations. The measurements per-
formed on healthy volunteers showed always regular respiratory signals, following a well-
de�ned pattern, and this was also the case for nearly half of the patients. But it was
also observed that the respiration for many of the patients was extremely irregular, with
variations probably related to their health condition, resulting in additional challenges for
the detection and de�nition of the respiratory gates.

Finally, this work explored the combination of respiratory and cardiac gating in a
clinical setup and showed that this combination could be achieved successfully. However,
it could not be demonstrated that dual gating provides a clinical gain with the PET scan-
ner employed for routine clinical applications. New developing applications such as hot
spot imaging may pose higher requirements regarding the quality of the acquired images,
better exploiting the increasing spatial resolution of state-of-the-art scanners and needing
motion-correction techniques such as dual gating in order to achieve its full potential.
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CHAPTER 4

Cardiac PET/CT misregistration

4.1 Introduction

Since the introduction of hybrid PET/CT tomographs, CT has replaced external rotat-
ing sources (e.g. 68Ge or 137Cs) for the measurement of the transmission scan used for
attenuation correction. The use of CT has several advantages:

� The CT scan is signi�cantly faster, improving patient comfort and throughput

� It contains much lower statistical noise

� It can be acquired post-injection without bias from the injected tracer

� It eliminates the need for periodical replacement of the external rotating sources

� It provides anatomical information which complements the functional data provided
by PET

CT has been validated for attenuation correction of cardiac images even when low tube
currents are used [154, 278]. However, CT-based attenuation correction potentially su�ers
from a non simultaneous acquisition as well as di�erences in scanning time between PET
and CT: the latter is acquired in a few seconds, covering only a fraction of the respiratory
cycle, whereas PET shows an image averaged over several respiratory cycles.

These di�erences result in PET-CT misregistration in the thorax and upper abdomen.
Since the CT scan is used for attenuation correction of the PET data, artifacts can
potentially appear in the PET image due to this misregistration. For oncological imaging,
such artifacts have been previously reported [223, 224, 99, 26], and they can eventually
compromise the correct localization of lesions in the thoracic area (Fig. 4.1).

By the start of this work, and despite the fact that the heart is closely coupled with the
diaphragm and thus shows a signi�cant respiratory motion [197], no studies had reported
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Figure 4.1: Coronal CT (left), PET (middle) and PET/CT (right) images of a 39 year
old woman with breast cancer and CT-proven liver lesions but no lung lesion. Lesions
are mislocalized to right lung base on fused PET/CT. Image reprinted and adapted by
permission of the Society of Nuclear Medicine from [223].

on the e�ects of this misregistration for cardiac PET/CT. By contrast, the problem of
emission-transmission misalignment in cardiac imaging �due to pharmacological stress,
breathing or other patient motion� had been previously investigated using PET with
rotating sources [176, 196], SPECT [193] and SPECT/CT [88].

Despite the lack of reports on this issue in combined PET/CT scanners, several perfu-
sion studies acquired with the PET/CT at this clinic showed moderate to severe PET-CT
misregistration, and apparent perfusion defects were observed in spatial coincidence with
the misregistered segments (Fig. 4.2). Therefore, it was investigated whether these de-
fects could be artifactual and originated from a wrong attenuation correction in presence
of emission-transmission misregistration. The severe di�erence between the attenuation
factor of the lung and that from the heart tissue was assumed to be the underlying reason
for reduced uptake in the misregistered cardiac segments.

The purpose of this study was to understand the e�ects of PET-CT misalignment
on the measured tracer distribution and to investigate possible solutions such as image
registration and an automatic algorithm based on the adjustment of the cardiac outline
in the attenuation map.
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Figure 4.2: Fused PET/CT images of a myocardial perfusion 13N-NH3 study with a se-
vere misregistration. On the top, the PET images were reconstructed without performing
attenuation correction (coronal, sagittal and transaxial planes). On the bottom, the PET
images were reconstructed with CT-based attenuation correction. There is an evident
decrease of observed uptake in the misaligned regions produced by the attenuation cor-
rection.
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4.2 Methods

4.2.1 Patient population

A total of 28 consecutive patients (20 men and 8 women, age 63±12y) referred for eval-
uation of coronary artery disease were enrolled in this study. All patients underwent a
PET/CT rest/stress 13N-NH3 perfusion study.

4.2.2 Protocol

The patients were examined using a Siemens Biograph 16 PET/CT (described in appendix
C). Transmission data for the thorax were acquired with a low-dose CT scan (120kV,
26mAs) performed in shallow breathing. After that, patients received a 300 to 500 MBq
injection of 13N-NH3 synchronized with the start of the PET acquisition. The PET
rest examination lasted for 10 min and 30 min later pharmacological induced stress was
achieved by a 6-min infusion of adenosine at 0.14 mg/min/kg of body weight. Patients
received a second 300 to 500 MBq 13N-NH3 injection and the PET stress examination
was acquired for 10 min. Image data from 5 min post-injection to 10 min post-injection
was summed and used for further analysis. Both CT and PET were acquired in the arms
down position to improve patient comfort and reduce the probability of motion.

4.2.3 Data analysis

The acquired PET data were reconstructed using the ordered-subsets expected maxi-
mization (OSEM) algorithm [125] with 4 subsets and 8 iterations. The attenuation map,
image containing the attenuation factor for each voxel which is used for AC, was obtained
from the CT image after the necessary transformations including scaling from X-rays to
attenuation factors at 511 keV and smoothing to match PET spatial resolution [149].

In order to investigate whether emission-transmission misregistration was at the origin
of perfusion defects, the CT data were realigned to the PET data and the PET recon-
struction was repeated with the aligned CT-based attenuation map. For this purpose,
a registration program was developed using IDL (Interactive Data Language, RSI Inc.,
Boulder, CO, USA), allowing three di�erent possibilities to realign the PET and CT
examinations: manual registration, automatic registration, and an emission driven in-
house developed correction method to modify the heart outline based on the PET data
(Fig. 4.3). Details on each of the realignment techniques are provided in the following
sections.

For each PET examination acquired, all three realignment techniques were separately
applied. PET rest and stress scans were processed independently, as motion could poten-
tially happen in only one of both scans. Using each of the realigned attenuation maps,
the PET raw data were reconstructed again. The tracer uptake was quanti�ed before and
after realignment by spatially sampling the left ventricle and projecting the measured
activity on a polar map basis [218]. The polar map was then divided in 17 segments
according to the AHA17 model [54] as shown in Fig. 4.4, normalized and compared to a
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Figure 4.3: Screenshot of the IDL program to perform the PET-CT image registration,
showing the fused images in transaxial, coronal and sagittal views.

normal 13N-NH3 perfusion map. Segments where the uptake di�ered by more than 2.5
standard deviations were considered as perfusion defects.

Furthermore, 7 patient PET/CT scans which were evaluated as being originally aligned
were used to simulate the e�ects of misregistration in the di�erent spatial directions. For
this purpose, the CT was shifted by 1 to 4 voxels in each spatial direction (the voxel size
being 5.1 x 5.1 x 3.4 mm3), the PET image was reconstructed again using each of the
shifted attenuation maps, and the tracer uptake in each segment of the myocardium was
quanti�ed.

4.2.3.1 PET-CT Registration

In both manual and automatic PET-CT registration, motion between the PET and CT
scans was approximated as being a rigid translation, with no rotational component. Man-
ual registration was done by interactively moving the CT image over the PET image and
assessing the overlap in fused PET/CT images from coronal, sagittal and transaxial views.
Careful manual registration required 30 to 60 seconds for a PET-CT dataset.

The principle of automatic image registration is to �nd the spatial transformation be-
tween both images providing the highest value for the similarity measure, and it is com-
monly achieved through the maximization of the similarity measure using an optimization
algorithm. However, the most simple and robust algorithm, although the one which is by
far the most computationally expensive, is to do an exhaustive search throughout all the
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Figure 4.4: Polar map display showing the division of the left ventricle in 17 myocardial
segments together with their recommended nomenclature. Image reproduced from [54]
with kind permission from Wolters Kluwer Health.

transformation parameters, checking all possible spatial transformations to �nd the one
providing the highest similarity measure. The advantage of such an approach is that the
algorithm will not stop in the presence of local maxima, so that the absolute maximum of
the function is going to be found in all cases. As the transformation was approximated to
be purely translational, and with the additional assumption that the displacement in each
direction could be no larger than 3 cm, registration using an exhaustive search required a
runtime of approximately 20 seconds for each PET/CT dataset (Pentium M 1.8 GHz, 1
GB RAM). Mutual information was used as the metric to evaluate each pose [301, 179].

4.2.3.2 Emission Driven Correction

The emission driven correction was developed based on the following assumption: if there
is tracer uptake corresponding to the left ventricle (LV) in the PET image, the corre-
sponding voxel in the CT should contain cardiac tissue as well. However, in case there is
an inconsistency and the voxel contains lung tissue and therefore nearly no attenuation,
the value of the voxel in the CT is modi�ed to match that of cardiac tissue.

As this operation is only to be applied in the LV, a fully automatic segmentation
of the LV from the PET scan was required. The LV has always high 13N-NH3 uptake
except for the infarcted or hibernated regions, but a simple histogram thresholding for
the whole volume would have failed as other organs in the same bed position, e.g. the
liver, may show higher uptake (Fig. 4.5(A)). The assumption that the heart is located
on the left side of the patient allowed discarding half of the image. Furthermore, an a

62



4.2 Methods

Figure 4.5: Segmentation of the left ventricle used by the emission-driven algorithm. (A)
Central transaxial plane of the initial PET image. (B) Image after masking the left side
and applying a strong smoothing �lter; the spatial center of the LV is assumed to be
roughly the point with maximum intensity in the image. (C) 3D ellipsoid de�ned around
the spatial center; the 3D ellipsoid is a circle in each transaxial plane. (D) Segmentation
results after histogram thresholding within the ellipsoid. Image reprinted by permission
of the Society of Nuclear Medicine from [185].

priori knowledge of the acquisition was used: the bed position used for cardiac imaging
was always selected so that the LV is located in the central transaxial slice, corresponding
to the plane 23 out of 47 in the scanner used. A strong smoothing �lter (boxcar average
of 90 millimeters) was applied to this plane (Fig. 4.5(B)), so that the maximum value
contained in it after the application of the �lter was roughly the spatial center of the LV.
A 3D ellipsoid approximating the shape of the LV (but slightly larger) was automatically
de�ned around this point, and a binary mask was used to exclude all voxels outside of
this ellipsoid (Fig. 4.5(C)). As the location of the LV was now de�ned, a local histogram
thresholding within this area was able to classify the voxels as belonging or not belonging
to the LV (Fig. 4.5(D)).

After the segmentation, the proposed correction was as follows: if a voxel was classi�ed
as belonging to the LV in the PET image, it was tested whether the CT-based attenuation
factor corresponded to heart tissue, that is, if it was higher than 0.095 cm−1, assuming
0.1 cm−1 is the reference cardiac tissue attenuation factor. If the attenuation factor was
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lower, it was replaced by the average cardiac attenuation factor from all other voxels
classi�ed as belonging to the LV.

The segmentation and modi�cation of the attenuation map required less than one
second runtime on a Pentium M 1.8 GHz computer with 1 GB of RAM. Although the
focus of this study were rest/stress 13N-NH3 perfusion examinations, the emission-driven
correction could be applied to most tracers used in cardiac PET/CT such as FDG and
Rubidium, with the only condition that the left ventricle can be segmented out of the
PET data.
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4.3 Results

4.3.1 Simulated misalignment

When shifting the attenuation map of originally aligned PET/CT scans to simulate
emission-transmission misregistration, each region was di�erently a�ected by the displace-
ment. The decrease in the average uptake of the lateral wall due to the motion was up to
42.5% when displacing the attenuation map by 4 voxels (21 mm) to the left direction. The
application of the correction algorithm reduced this di�erence down to a 16.5% decrease
(see Fig. 4.6). An example of the correction algorithm applied to a scan with a simulated
misalignment of 15 mm is presented in Fig. 4.7.

Figure 4.6: Change of uptake in the 5 myocardial segments produced by misaligning the
emission and transmission images prior to performing the attenuation correction. The
uptake after application of the emission-driven correction is shown with dashed lines.
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Figure 4.7: PET transaxial images and associated polar maps for: 1st column) data with
no misalignment 2nd column) data reconstructed with simulated emission-transmission
misalignment of 3 voxels (15 mm) to the left 3rd column) data reconstructed with the same
emission-transmission misalignment after application of the emission-driven correction
algorithm. The uptake in the anterior and lateral segments appears like a perfusion
defect when no correction is applied, leading to potential errors in the image reading.

The results indicate that the anterior and lateral wall su�ered at most from the misreg-
istration, with a decrease in uptake of over 30% in some cases, in particular for left-right
misalignment. On the other hand, the septal and inferior wall appeared to be quite robust
to misregistration. The sensitivity of the anterior and lateral segments to misregistration-
induced artifacts could be explained by the fact that these two segments are in direct
contact with the lungs, so that a misregistration can lead to a completely biased attenu-
ation factor at this region.

4.3.2 Manual registration

The misalignment between the PET and CT datasets was quanti�ed following manual
registration using the Euclidian distance between the original and the registered pose,
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that is, as the square root of the sum of the misalignments in each individual direction.
The misalignment averaged 6.1±7.0 mm for the 28 rest acquisitions and 6.0±5.6 mm
for the 28 stress acquisitions, revealing that the extent of observed misalignment is not
increased despite the pharmacological stress and the delay in the acquisition.

The spatial distribution of the motion for all 56 examinations was as follows: left-right
1.3±2.2 mm (range: 0 - 5.1 mm), anterior-posterior 1.6±2.9 mm (range: 0 - 15.4 mm),
head-feet 4.7±6.1 mm (range: 0 - 23.6 mm). Head-feet motion represented the major
component of the misalignment, in agreement with the main direction of the breathing
motion. The maximum value of the misalignment for an examination was 29 mm.

Figure 4.8: Classi�cation of the 56 scans according to the degree of misalignment. For
each group, two parameters indicating the e�ects resulting from manual registration are
shown: the average number of segments from the AHA17 model which su�ered an uptake
change superior than 10% and the change of the defect size in % of the myocardium.
Image reprinted by permission of the Society of Nuclear Medicine from [185].

Figure 4.8 shows the distribution of the misalignment according to its magnitude, as
well as the changes on measured tracer uptake and defect size observed after reconstruc-
tion with the manually registered CT for attenuation correction. The registration had
noticeable e�ects when the misalignment was greater than six millimeters, which occurred
in half of the examinations. When the misalignment was greater than 8 mm (29% of the
scans), the e�ects on the tracer uptake were severe, resulting in notable changes of the
defect size (average of 10.1 %LV) assessed by comparison to a normal 13N-NH3 database.

The mean local di�erences of normalized uptake between the original studies and
the studies after manual registration are shown in Fig. 4.9A. Signi�cant di�erences were
observed in the anterior and anterolateral segments, suggesting that a bias due to misreg-
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Figure 4.9: Polar map plots showing the mean di�erences in normalized uptake: (A)
between studies with and without manual registration, (B) between studies with manual
registration and with emission-driven correction. * denotes p < 0.10, ** p < 0.05. Image
reprinted by permission of the Society of Nuclear Medicine from [185].

istration could exist in PET/CT perfusion studies showing up as slightly reduced uptake
in these segments.

The defect size of 6 out of 28 patients (21.4%) changed by more than 10 %LV in
either the rest or stress examinations, all of them following a manual realignment greater
than 10 mm. From these 6 patients, 4 had a defect (15 to 46 %LV) located in the
anterior or anterolateral segment which was completely artifactual and disappeared after
reconstruction with the realigned CT, one patient had an artifactual defect (15 %LV) in
the inferoapical wall, and another one had an increase of size (by 13 %LV) of a septal
perfusion defect induced by the registration. This was the only case where the correction
resulted in a modest increase of the defect size.

4.3.3 Automatic registration

Despite using an exhaustive search, the results from the automatic registration were dis-
appointing. When the complete image (bed position corresponding to the heart) was
used as input for the registration, the initial PET-CT pose was usually considered to be
optimal by the registration algorithm, due to the presence of other dominant structures
in the image which were correctly aligned, such as the body contour. In other words, the
relevance of the local misalignment of the heart for the computation of the mutual infor-
mation is too small as compared to the impact of the rest of the structures. Subsequently,
a more regional approach was tested by manually de�ning a volume of interest around the
heart and removing all other surrounding structures. Unfortunately, this approach did
also not produce the desired result as the low correlation between the functional (only LV)
and anatomical images (atria, ventricles, blood) in the heart made mutual information
incapable of properly assessing the agreement between both poses.
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Figure 4.10: Comparison between correction methods. (A) Regression plot between vari-
ation of local measured uptake (in % of the original uptake) introduced by manual re-
alignment and by the emission-driven algorithm. Each point corresponds to one segment
of the AHA17 model from the perfusion examination of one patient. Regression line
(solid line) and line of equality (dotted line) are shown. (B) Di�erence in the correction
plotted against their average (Bland-Altman plot, see [29]), with mean di�erence (dashed
line) and 1.96 SD intervals (dotted line). Image reprinted by permission of the Society of
Nuclear Medicine from [185].

4.3.4 Emission-driven algorithm

Figure 4.10 shows the comparison between the variation of measured uptake produced
by the emission-driven algorithm and by manual registration. Due to the reduced size
of the regions considered in the AHA17 model, some local di�erences were observed.
The correlation between both methods was high (R2 = 0.74, p < 0.001) and good
agreement was seen for large misregistration-induced defects. Mean local di�erences of
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uptake between the studies corrected by manual registration and by the emission-driven
algorithm were all non-signi�cant and within a 2% interval (Fig. 4.9B), indicating good
agreement between both approaches. Figure 4.11 shows an example of the emission-driven
correction compared to manual registration for a patient with a severe misalignment.

Figure 4.11: Study with a PET-CT misregistration of 11 millimeters. Columns from left to
right: PET, CT, fused PET/CT and polar map. From top to bottom: (A) Original study.
(B) Study after manual registration and reconstruction using the coregistered attenuation
map. (C) Study after emission-driven correction and reconstruction using the modi�ed
attenuation map. Undercorrection for attenuation in the anteroapical and anterolateral
segments produced reduced apparent uptake and was assessed as a perfusion defect (24%
of the myocardium) after comparison with a normal database. Both correction methods
had comparable results, recovering the uptake in these segments and demonstrating that
the defect was completely artifactual. Image reprinted by permission of the Society of
Nuclear Medicine from [185].

Although it was not observed in this study, one theoretical limitation of the emission-
driven algorithm is as follows: for a severe perfusion defect located in a misaligned area,
the uptake would probably be so low that the segmentation would not identify it as cardiac
tissue and would therefore not perform any correction for this area. That is, the emission-
driven algorithm would preserve this area as it initially was in the original study, where
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the misregistered perfusion defect would likely appear more intense than it really is. This
limitation is related to the segmentation step of the algorithm, which is currently based
on thresholding of the image intensity. Improvements of the segmentation step by spatial
constraints, model-based segmentation or use of the tracer dynamics of the myocardium
could help overcome it.
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4.4 Discussion

The results indicate that, despite the use of combined PET/CT hardware, emission-
transmission misregistration occurs frequently in perfusion studies using PET/CT.
Changes of the defect size larger than 10% of the myocardium were observed in 6 out
of 28 patients (21.4%), in 5 of these patients being fully artifactual defects which com-
pletely disappeared after coregistration, results which are in agreement with previous
studies [176].

The misregistration had larger e�ects in the anterior and anterolateral segments, pro-
ducing a signi�cant reduction of measured uptake in these areas. This supports the
hypothesis that the severe di�erence in the attenuation factor of cardiac and lung tissue
(0.1 cm−1 vs. 0.02 cm−1) could be the core reason for the changes of measured uptake:
indeed, the anterior and lateral segments have the largest common surface with the lungs,
whereas the septal and inferior walls are in contact with other soft tissue (right ventricle,
liver, etc.) so that a misalignment will produce only minor changes in the attenuation
factors for these segments.

PET-CT misregistration can be minimized during acquisition with optimized protocols
where patient comfort is maximized (e.g. arms down acquisition, short protocols) and with
adapted breathing protocols [26, 100]. Despite these precautions, which were already
adopted in this study, misalignment can still be present and needs to be corrected. A
possible approach is modifying the CT acquisition protocol in order to reduce its temporal
resolution to match that of the PET examination by using a slow CT averaged over the
complete respiratory cycle [226, 6, 221]. Such an approach can indeed minimize the
breathing-induced misalignment at the expense of increased radiation dose for the patient
and/or longer acquisition times. However, misalignment resulting from other sources (e.g.
patient motion or changes of the heart location due to pharmacological stress agents) will
still not be corrected.

One further strategy which was explored was the analysis of the misalignment immedi-
ately after reconstruction of the PET images while the patient was still lying on the bed,
in order to perform a second ultra low dose CT (80 kV, 13 mAs) if a moderate to severe
misalignment was detected. This approach was not convenient for the regular work�ow
and increased slightly the radiation dose received by the patient. Moreover, the second
CT scan could potentially present misalignment as well. Therefore, this approach was
considered suboptimal and was interrupted.

Image registration would be a convenient post-acquisition approach to overcome the
problem. If robust automatic registration was possible, this would certainly be a suitable
solution: unfortunately, the initial tests revealed that mutual information was unable to
register the cardiac contour on PET and CT images, probably due to the fact that the PET
perfusion images show mainly the left ventricular mass, whereas CT does not distinguish
between the myocardium and blood pool; alternative approaches must be investigated.
Manual registration is a solid option, with the inconvenient of being time consuming and
observer dependent. Alternatively to manual registration, the proposed emission-driven
correction has the advantages of being fast and fully automatic, having therefore a high
potential for clinical routine application. Its application yielded results comparable to
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those achieved by manual registration. However, patients showing large perfusion defects
in severely misregistered areas could represent a weakness of this approach as compared
to manual registration. Furthermore, the CT data is modi�ed so that it may be argued
that this approach is physically incorrect.

More recently, this issue was further investigated by [145], who proposed a more sophis-
ticated automatic registration approach. In their work, Khurshid et al. used the borders
of the anterior and lateral myocardial walls in both PET and CT images to align them;
the walls are identi�ed in the PET image using fuzzy clustering and masking to isolate
the cardiac region, and then applying a Canny edge detection algorithm [50] to obtain
the cardiac border; this information is used as starting point to locate the borders in the
CT image, and then the distance between the borders in each of the spatial directions is
computed and used to correct for the misalignment. Although no numerical result was
given to assess the accuracy of the registration or compare it to manual registration, the
authors indicated that the automatic registration successfully aligned the PET and CT
cardiac images independently of the respiratory phase in which the CT was acquired. The
execution time was reported to be 6 minutes on a 2 GHz Intel Core 2 Duo machine with
2 GB of RAM for a couple of images. This approach could potentially su�er from the
same limitation as the emission-driven approach presented above, since a strong perfusion
defect could jeopardize the detection of the cardiac contour in the PET images and have
an impact on the registration.

Moreover, researchers at Siemens have also recently presented results of automatic
cardiac SPECT-CT [35] and PET-CT [34] registration; by using mutual information on
a cropped image around the left ventricle, they reported that automatic translation pro-
duced visually acceptable results for 95% of the SPECT-CT cases and 98% of the PET-CT
cases. Mean distances of 12 mm (SPECT-CT) and 8±4 mm (PET-CT) as compared to
manual registration were reported. Since 3 CTs were available for each patient, the consis-
tency of the registration was evaluated using each separate CT, and for both SPECT-CT
and PET-CT the consistency of automatic registration was reported to be comparable to
that of manual registration.

Registration of cardiac PET and CT data to avoid potential attenuation-related arti-
facts appears therefore to be a topic still under research, and although automatic tools
have not reached the commercial software packages yet, they will surely be part of clinical
routine in the coming years.

Lastly, the method presented here can also be extended to account for emission-
transmission misregistration in areas other than cardiac imaging [48]. For example, the
method was applied on the images of a patient with an adenocarcinoma of the oesopha-
gogastric junction showing a clear PET-CT misregistration (Fig 4.12). The SUV su�ered
an important change after the correction (Fig 4.13), relevant enough to have an e�ect on
the patient management.

4.4.1 Limitations

A limitation of this study is the lack of a gold standard to con�rm that the defects
which disappeared after PET-CT registration were artifactual defects and not real per-
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Figure 4.12: Patient with an adenocarcinoma of the adenocarcinoma of the oesophagogas-
tric juntion juntion showing a notable PET-CT misregistration. Fused PET/CT (a), PET
(b) and CT (c) images, showing that the focal uptake in the tumor corresponds to lung
tissue in the CT. Reproduced from [48] with permission from Schattauer.

fusion defects; coronary angiography of the patients would have helped to con�rm and
support the results. However, the primary motivation for this study was the observa-
tion that rest/stress studies presenting moderate to severe emission-transmission mis-
registration had apparent perfusion defects in spatial coincidence with the misregistered
segments. This, combined with the conclusions from previous works which observed sig-
ni�cant changes of local uptake following a simulated emission-transmission misalignment
in PET and SPECT [196, 193], provided con�dence that the apparent defects were due
to the observed misregistration. The fact that the defects disappeared completely after
manual registration by an expert �rmly supported the hypothesis that the defects were
artifactual and due to a biased attenuation correction.

Another limitation of the study is that only one observer performed manual registra-
tion of the PET and CT data, and inter-observer variability was not studied. Indeed,
registration of PET/CT cardiac data can be challenging because of the lack of anatom-
ical landmarks which can be identi�ed in both images. One recent study which further
investigated this issue [277] reported an average di�erence between observers of 3.4 mm
(see Fig. 4.14).
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Figure 4.13: Top: CT image before (left) and after correction (right), using a similar
emission-driven algorithm as for the heart. Bottom: Transaxial PET image reconstructed
with the original (left) and the corrected attenuation map (right), showing a 56% increase
in SUV after correction (from 5.2 to 8.1) and a 55% increase in lesion volume. Reproduced
from [48] with permission from Schattauer.

Figure 4.14: Interobserver variability in PET/CT manual alignment. Table reprinted by
permission of the Society of Nuclear Medicine from [277].
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4.5 Conclusion

This work served to better understand the problem of PET-CT misregistration in cardiac
imaging and acknowledge its relevance. Indeed, when a part of the myocardium in PET
appears to be within the lung in the CT image, the biased attenuation factors result in un-
dercorrection of photon attenuation and decreased apparent uptake, potentially resulting
in false perfusion defects and therefore decreased speci�city of PET for myocardial per-
fusion imaging. It was shown that manual registration of the PET/CT datasets followed
by a new PET image reconstruction was able to avoid this artifact.

These results underline the relevance of this issue and the potential decrease of diag-
nostic accuracy for cardiac imaging using combined PET/CT scanners. The image-readers
must be aware of the misregistration-induced artifact and know that, when no correction
technique is implemented, they cannot be con�dent on their diagnosis if misregistration
is present. The implementation of a correction technique is therefore a requisite.

The publication of the results from this investigation [189, 192, 190, 185] was followed
by further studies con�rming these �ndings also with di�erent perfusion tracers and sup-
porting the urgent need of correction techniques [198, 101, 221, 6, 166, 277]. By the end
of this thesis, within three years of the publication of the �rst results, all major PET/CT
vendors had added software to manually register the PET and CT data and to repeat
the PET reconstruction afterwards, acknowledging the potential artifact and o�ering a
solution in order to preserve the otherwise excellent diagnostic accuracy of PET for the
assessment of myocardial perfusion.

There is no consensus yet regarding the optimal correction technique. Manual reg-
istration is of de�nite help, but it is also time-consuming and operator dependent. The
emission-driven algorithm proposed here seems promising but would need to undergo fur-
ther validation before introduction in clinical routine, and could potentially fail in the case
of a strongly hypoperfused and misregistered area, which would not be properly corrected.
The initial tests with automatic registration based on maximization of the mutual infor-
mation did unfortunately not provide satisfactory results. Recent studies [145, 34] have
further investigated the possibility of performing automatic cardiac PET-CT registration
reporting positive results. It is expected that such automatic tools will be further tested
and integrated in commercial software for combined PET/CT and SPECT/CT scanners
in the coming future.
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CHAPTER 5

Attenuation correction in combined MRI/PET scanners

5.1 Strengths and challenges of combined MRI/PET

Hybrid MRI/PET scanners are technologically very challenging, mainly due to the sensi-
tivity of the usual PET design to strong magnetic �elds. The idea of building combined
MRI/PET scanners was discussed in the 1990's, with the motivation of reducing the
e�ects of the positron range using the magnetic �eld to achieve improved spatial res-
olution [107]. The focus has progressively shifted to clinical and research applications
exploiting the simultaneous acquisition of MRI and PET data. Development of combined
MRI/PET scanners has recently received renewed attention due to the success of com-
bined PET/CT scanners, which have made standalone PET scanners virtually obsolete.
Hardware manufacturers such as Siemens and Philips have announced plans to develop
combined MRI/PET scanners in the coming years.

Besides providing an anatomical reference for the PET functional data, the same way
as CT does in combined PET/CT acquisitions, a combined MRI/PET could provide other
advantages as compared to a combined PET/CT scanner, such as:

Improved soft tissue contrast MRI provides better tissue contrast than CT, allowing
the distinction of several tumor entities which cannot be identi�ed based on CT.

Reduced ionizing radiation MRI uses no ionizing radiation, making it better suited
for serial follow-up examinations and pediatric imaging [42].

True simultaneous acquisition As opposed to combined PET/CT scanners, where
the acquisition is done sequentially, integrated MRI/PET scanners would allow true
simultaneous acquisition. This makes new applications possible, as for instance
measuring neurological activation and deactivation processes simultaneously with
PET and MRI.
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MRI-based motion correction for PET Acquisition of navigator signals to measure
breathing and heart beating are already available in clinical MRI acquisitions of the
thorax [79]. Due to the simultaneous acquisition and the lack of ionizing radiation,
real-time MRI data could be used to account for the patient motion during the PET
acquisition as well. More advanced correction techniques including 3D models of
motion could also be used for this purpose.

Availability of advanced MRI sequences The large variety of possible MRI mea-
surements, including functional MRI, di�usion and perfusion imaging as well as
MR spectroscopy, could provide important complementary information to the PET
functional measurements.

The complementary value of PET and MRI has already been pointed out for appli-
cation in neurology [113, 13, 260, 53, 103, 141, 159, 283], cardiology [217, 284, 109, 21,
20, 119, 144, 286] and oncology [11, 10, 9, 170, 114, 180, 248, 220, 252, 265, 264]. There-
fore, combined scanners are expected to be advantageous for many research and clinical
applications.

However, the development of combined MRI/PET scanners faces several technological
challenges, among them:

� Sensitivity of the PET detector technology to strong magnetic �elds

� Spatial integration of the PET components within the magnet

� In�uence from the PET components on the MRI image quality and vice versa

� Photon attenuation and scatter correction of PET data

The major di�culty is the fact that the photomultiplier tubes (PMTs), used in most
PET scanners to read the light output generated by the scintillation crystals, cannot
work within a strong magnetic �eld. Therefore, combined scanners must be completely
redesigned [70, 304]. The �rst tests for combined MRI/PET measurements were done
using optical lightguides to move the light output some meters away from the magnet
[60, 93, 271, 84, 241], so that the PMTs were not disturbed by the magnetic �eld.

Although such a design is adequate for a moderate number of detectors and eventu-
ally feasible for animal PET scanners, the burden of the lightguides is inconvenient for a
clinical MRI/PET scanner. A di�erent approach was undertaken by researchers at this in-
stitution, who investigated replacing the PMTs by other light readout systems, and found
the Avalanche Photodiodes (APDs) to be a potential alternative [262], proving that their
performance was una�ected even by strong magnetic �elds [235]. Prototype small animal
PET systems based on this design have already been built [169, 320]. Several academic
and corporate research groups are focusing on the development of hybrid MRI/PET to-
mographs using APD technology, and the �rst preclinical and clinical results appear very
promising [52, 236, 135].

More recently, Silicon Photomultipliers (SiPMs) have also demonstrated to provide ef-
�cient light readout una�ected by magnetic �elds [2, 225, 74] and appear also as potential
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candidates for their use in combined MRI/PET scanners [205, 279, 175]. Further infor-
mation on the di�erent PET detector technologies and their application for MRI/PET
imaging can be found in [168].

In future combined scanners, the in�uence of the MRI components on the PET image
quality and of the PET components on the MRI image quality still needs to be established.
The �rst studies on this topic concluded that the MRI data are nearly una�ected by the
presence of the PET detectors [276, 236], but the in�uence of the MRI components on
the image quality of the PET data still has to be better investigated based on the design
of the scanner; redesign of many MRI components which can heavily interact with 511
keV photons (e.g. patient bed and coils), is also necessary to minimize its impact on the
PET image quality.

Figure 5.1: Di�erent solutions adopted to determine the attenuation map: in standalone
PET scanners, the attenuation map is determined by means of a rotating radionuclide
source (left column); in PET/CT scanners, by means of a transform to bring the CT
intensity values to attenuation at 511 keV (middle column); in hybrid MRI/PET tomo-
graphs, MRI data are not based on the transmission of photons throughout the body
and therefore di�erent approaches must be investigated (right column). Rows from top
to bottom: picture of a representative scanner, sketch of the acquisition physics, and
representative transaxial slice of the image acquired at the thorax.

The last challenge indicated above is correction of attenuation and scatter of photons in
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the PET data. In order to account for these e�ects, it is necessary to have an attenuation
map with the radiodensity of each volume element for 511 keV photons. For whole-body
PET imaging, there are currently two approaches to obtain an attenuation map: either by
using a radionuclide source rotating around the patient to obtain a transmission image, or
by using spatially registered CT data after conversion of the attenuation factors to PET
energies, as it is usually done in combined PET/CT scanners (Fig. 5.1).

Since hybrid MRI/PET tomographs will most likely neither include a radionuclide
source nor an x-ray source, none of these approaches can be used and alternative solutions
must be developed. Using the MRI data to generate an attenuation map appears therefore
as an interesting option [315]. Unlike CT or radionuclide-based transmission scans, MRI
is not measured by transmitting high-energy photons through the body and its signal
is therefore not related to the radiodensity of the tissue. One example is cortical bone,
which shows nearly no signal in MRI despite having a high attenuating power. Therefore,
a simple scaling approach such as the one used for generating CT-based attenuation maps
is not suitable for MRI data, and new approaches must be investigated.

The attenuation map, and also an eventual MRI-based attenuation map, should in-
clude the attenuation produced from the body of the patient as well as the attenuation
produced by any hardware component present between the patient and the PET detec-
tors, such as the patient bed, body and surface coils from the MRI scanner and eventual
ECG or respiratory sensors. Hardware components can be accounted for by having pre-
computed attenuation models of the components and placing them at the appropriate
location within the attenuation map (Fig. 5.2); however, correction for hardware compo-
nents will not be investigated in this work. The rest of this chapter will concentrate only
on attenuation due to the body of the patient.

Figure 5.2: Example of the creation of attenuation models for the hardware components:
CT acquisition of an MRI head coil. The acquisition was performed by Siemens Health-
care. Once a 3D model of the components is available and those can be spatially localized
in the MRI acquisition, the model can be added to the attenuation map.
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5.2 State of the art

The use of MRI data to evaluate photon attenuation was �rst mentioned in [246], who
questioned the at that time constant attenuation factor of 0.12 cm−1 used in Technetium-
99m SPECT in the upper thorax. Rowell et al. used the anatomical images provided either
by CT or MRI to geometrically measure the length of the path traveled by the photons
through each tissue type (lung, bone, soft tissue), as shown in Fig. 5.3, and computing
the additive attenuation su�ered by the photons by assigning well-known attenuation
factors for each type of tissue. This way, they demonstrated that the attenuation factor
should be lower than the constant used due to the presence of the lungs.

Figure 5.3: Determination of attenuation coe�cients using topographical information
from computed tomography (CT) scans. Diaphragmatic representation of CT image
showing bone, soft tissue, tumor and lung. Dashed lines represent photons emitted from
the tumor center. The authors did not use an algorithm to derive attenuation values
directly from the images, but rather performed geometrical measurements on the images
to estimate the attenuation su�ered by the lines of response. Image reprinted with kind
permission from Springer Science+Business Media from [246].

In 2000, Stodilka et al. proposed an indirect use of MRI for attenuation correction of
SPECT neurological data [280]. Their method consisted in registering a SPECT atlas to
the patient's SPECT image and apply the transformation matrix to an MRI-based head
atlas on which attenuation factors for each voxel had been assigned. A few years later,
Zaidi et al. [317] pointed out that most patients undergoing a neurological PET were also
examined using MRI, and proposed skipping the radionuclide-based transmission image
and using an MRI-derived attenuation map instead; for this purpose, they segmented T1-
weighted images of the patients in �ve regions: air, skull, nasal sinuses, brain and scalp,
with the last two regions having the same attenuation factor. The segmentation process
was complex, involving a fuzzy clustering algorithm combined with a contour detection
algorithm, a technique to identify the nasal sinuses and manual intervention to improve
the segmentation of the skull. The same group later proposed the registration of the
patient's brain MRI to an MRI atlas in order to apply well-known attenuation factors
from the atlas and avoid the segmentation step [206].
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All investigations targeted applications for neurology, for which atlas-based approaches
based on registration techniques appeared to work reliably. At this institution, the investi-
gation on the topic of MRI-based attenuation correction was started by a Master thesis by
Diego Vivancos Gallego [303] and two Interdisciplinary Projects by Darko Zikic [321] and
Loren Schwarz [269], all carried out in collaboration between the Department of Nuclear
Medicine Department and the Department of Computer Science. Although these projects
mainly focused on application for animal imaging and the problem of image registration,
interesting results were observed.

In particular, [321] investigated the use of an intensity-based segmentation algorithm
on a proton-weighted image of a human foot, observing that the fat and soft tissues
could be distinguished. It was also noted that cortical bone was incorrectly identi�ed
as air due to its low signal, so that improvements were needed. Moreover, use of a
joint histogram was also explored. The basic idea is to combine the information from
two di�erent MRI acquisitions, so that if a sequence shows a common intensity for two
tissue types, the other sequences helps distinguish between them. The joint histogram
between the proton-weighted and T1 sequences was computed and clustered using the
K-means algorithm [110]. The resulting segmentation was equivalent to the intensity-
based segmentation (see Fig. 5.4), so in this case no advantage was found by using this
additional information. This preliminary study of possible segmentation approaches was
visually evaluated, and no comparison to CT or numerical assessment on PET data was
performed.

Figure 5.4: Results of the joint histogram clustering of a proton-weighted and T1 images,
with the segmented image shown in the top right frame. Reproduced from [321] with
permission from the author.
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For clinical whole-body imaging, no results had been reported on the use of MRI-based
attenuation maps by the start of this work. With the growing interest for the development
of MRI/PET scanners, also for whole-body imaging, research on this topic was triggered
and several centers started to focus on this issue as well.
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5.3 Initial investigation and observations

As indicated above, an attenuation map should show the attenuation factor of each voxel
for 511 keV photons. CT is well adapted for that: it operates at a lower energy but
a scaling can be used to provide an excellent approximation for most biological tissues.
MRI images are not related to radiodensity of the tissue but show information on the
relaxation times of the nuclear spins; obtaining a perfectly accurate MRI-based attenua-
tion map is comparable to acquiring a CT image using an MRI scanner, being therefore
a virtually impossible objective. Consequently, MRI-based attenuation maps cannot be
100% accurate, but they should provide su�cient accuracy so that their clinical purpose
is not compromised.

Using a joint histogram is a powerful approach since eventually some features can be
shown only in some sequences and not in others. However, eventual motion, even of a few
millimeters, could lead the method to completely biased results, so that the acquisition
of a single scan would be preferable. A single scan requires also less acquisition time and
is more convenient for the clinical work�ow. For these reasons, it was decided to �rst
investigate the limits of using a single sequence, and whether this could be su�cient for
a clinical use.

To know the requirements for a suitable attenuation map, the attenuation maps used
clinically in the available scanners were analyzed. As mentioned above, two di�erent ways
of determining the attenuation map are used clinically. In standalone PET scanners, the
attenuation map is derived from transmission measurements performed using a rotating
radionuclide source; one example of such an attenuation map with its corresponding
histogram is shown in Fig. 5.5A. For work�ow reasons, this scan is typically acquired
within a few minutes and segmented to di�erentiate mainly between the background,
lungs and soft tissue [311].

A second way to derive attenuation maps is by using spatially registered CT data. A
bilinear transformation serves to convert from CT Houns�eld units, which measure the
radiodensity at x-ray energies (60-140 keV), to attenuation factors at 511 keV [148]. This
is the most commonly used approach in PET/CT scanners. As compared to radionuclide-
based attenuation maps, CT provides much higher spatial resolution and improved statis-
tics (see also section 4.1), being able to distinguish between the radiodensity of fat
(0.086 cm−1) and soft tissue (0.1 cm−1), which appear clearly separated on the histogram
(Fig. 5.5B). Also, a small fraction of voxels show an attenuation factor above 0.105 cm−1,
corresponding to bones or to a mixture of bone and soft tissue. It is worth mentioning
that the resolution provided by CT is eventually too high for correction of the PET data,
so that the CT image undergoes a 3D Gaussian �ltering of 5 mm after the energy scaling
for use in attenuation correction.

Both radionuclide-based and CT-based attenuation maps are used in clinical routine.
Although CT-based attenuation maps have some drawbacks such as metal artifacts, they
are commonly considered to result in better PET image quality, mainly because they
contain much less statistical noise, which is otherwise propagated into the PET image.
Thereafter, CT-based attenuation maps were considered the gold standard for this work
and MRI-based attenuation factors which are as close as possible to the CT-based atten-
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Figure 5.5: Histograms of an attenuation map acquired with a transmission source (A),
and with low-dose CT (B). The tissue classes which can be clearly separated are color-
coded on the histogram: lungs (green), fat (blue) and soft tissue (pink). The peak for the
background (white area on the left with the lowest attenuation factor) has been cropped
for improved visibility. Image reprinted by permission of the Society of Nuclear Medicine
from [184].

uation factors were sought.

For that, the features of CT-based attenuation maps were analyzed, identifying �ve
attenuation classes with their respective factors (Table 5.1).

The attenuation factors for the background, fat and soft tissue are well de�ned and
similar in all patients. But the attenuation factor for the lung tissue is dependent on
the patient and his respiratory state; after analysis of the CT-based attenuation map
from over a dozen patients, a value of 0.018cm−1 was found to represent the average
attenuation. Moreover, cortical bone is reported to have a higher attenuation factor,
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Tissue Attenuation factor (cm−1)

Background 0
Lungs 0.01 - 0.03
Fat 0.086
Soft tissue 0.1
Bones 0.105 - 0.14

Table 5.1: Attenuation factors observed for each type of tissue in CT-based attenuation
maps. The values observed for bones in CT and reported here are smaller than the real
attenuation value of cortical bone due to partial volume e�ect, so that only a fraction of
cortical bone is present in each voxel.

about 0.15 cm−1 [317], but the values observed for bones in the CT-based attenuation
maps are usually lower (<0.12cm−1) due to partial volume e�ect; indeed, the cortical bone
is a thin structure (see Fig. 5.6) and the CT-based attenuation map is blurred to adjust
it to the spatial resolution of PET. Moreover, the bone radiodensity and attenuation are
also dependent on the patient's age and eventual diseases such as osteoporosis, so that a
unique attenuation factor cannot be assigned for bone in all patients.

Figure 5.6: Slice from a magnetic resonance acquisition of a human's knee. In the image,
the two main components of the bone are visualized: cortical bone, seen as a thin dark
rim (with white arrows), and trabecular bone, the inner part, which appears brighter in
this acquisition. Trabecular bone (also called spongy bone) occupies a much larger space,
but it is less dense and has an attenuation factor comparable to that of fat. Cortical bone
is thinner but has a higher attenuation factor.
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Ideally, an MRI-based attenuation map should precisely identify these �ve classes. It
is important to note that no additional classes need to be identi�ed (e.g. single muscles,
organs or speci�c tissue types); the objective is limited to the assignment of attenuation
factors, so that the di�erent intensities in the MRI image have to be all mapped to the 5
classes referred above.

5.3.1 Limited MRI Field of View

MRI tomographs are designed to have a very homogeneous B0 magnetic �eld within
a limited region. In most MRI scanners, the transverse diameter of the region with
homogeneous �eld is below 45 centimeters, and it drops quickly after this limit. This
means that, for rather large patients or for most patients acquired with arms-down, some
parts of the body will be located out of the �eld of view (Fig. 5.7).

Figure 5.7: Volume rendering of an MRI acquisition performed arms-down showing the
limited MRI �eld of view, with a signi�cant part of the arms and parts of the hips missing.

In order to extend the �eld of view, it is necessary to increase the size of the main
magnet and of the complete scanner, with a consequent increase in its price. At least for
the �rst generation of combined MRI/PET scanners, this possibility is not viable.

If a part of the patient is outside the �eld of view, the attenuation correction is biased
even if the segmentation of the attenuating classes present in the �eld of view was perfect
[68], as shown in a reconstruction using PET/CT data in Fig. 5.8. A somewhat similar
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problem was observed in PET/CT scanners: most CT systems provide a transverse �eld
of view of 50 cm, occasionally resulting in some parts of the body extending beyond the
�eld of view [27]. The solution adopted for PET/CT imaging was to use an extended
�eld of view (eFOV), which consists in an extrapolation of the CT projections followed
by a cosine roll-o� �lter to force them to converge to zero at the limits of the �eld of view
[222].

(a) (b) (c) (d)

Figure 5.8: Data from a PET/CT patient acquired with arms-down, coronal view. a) CT
data after cropping the borders simulating a limited �eld of view as observed in MRI.
b) PET data reconstructed using the original CT-based attenuation map. c) PET data
reconstructed using the cropped CT-based attenuation map. d) Normalized error (in %)
between both PET reconstructions. Besides strong errors at the regions located close to
the arms, also the mediastinum and heart show errors over 30%, inacceptable for clinical
use. Image courtesy of Dr. Gaspar Delso.

A similar solution is not possible using the acquired MRI data, and alternative ap-
proaches must be explored in order to account for the parts of the patient which are not
visible within the �eld of view. Possible solutions are to include additional sensors (e.g.
laser systems) which detect the body contour, or to use the content of the PET image
to deduce some information about where there is radiotracer uptake and therefore tissue
must be present [68].

Although this problem is out of the scope of this research, it is necessary to ac-
knowledge its importance for the implementation of a complete solution for MRI-based
attenuation correction in combined MRI/PET scanners.

5.3.2 Cortical bone in MRI

For the intensity-based segmentation, an MRI sequence was needed which allows mapping
of each MRI intensity into one of the 5 classes. Initial research led to the conclusion that a
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robust segmentation of bone in whole-body MRI images would not be feasible. The signal
produced by cortical bone in conventional MRI sequences is very low and unspeci�c, as
explained in [75]:

On clinical scanners TE is typically several milliseconds or longer, which
works well for signals with long T2*. But the water present in cortical bone
has a very short T2* of about 200 to 500 µs in the mature skeleton, so the
MRI signal from it decays to near zero before the receive mode of clinical MRI
systems can be enabled and the signal can be encoded. As a result, bone has
zero signal with all conventional pulse sequences on clinical MRI systems.

Bone segmentation in MRI is useful in a number of applications in orthopedics and
rheumatology, and automated segmentation has attracted the attention of several research
groups [63, 89, 37]. Research is mostly done in speci�c applications (e.g. knee imaging)
and the use of information from several sequences has occasionally been suggested; still,
automated segmentation is application-speci�c and error-prone. Currently, a solution for
robust bone segmentation in whole-body images does not seem possible. Sequences such
as ultra-short echo time (UTE) could help for this purpose [95, 243, 75, 293], but further
research is still needed.

Since MRI-based attenuation correction is to be used clinically, robustness is a major
requisite, and automated bone segmentation must be excluded. It is then justi�ed to ask:
is it accurate enough for clinical application to perform attenuation correction ignoring
the speci�c in�uence of cortical bone? If it is not the case, alternative approaches must
be explored.

In this work, a method suitable for whole-body MRI-based attenuation correction of
PET data was investigated, using a segmented attenuation map with four di�erent classes:
background, lungs, fat and soft tissue. The proposed method can be used with any MRI
acquisition which allows segmentation in these four classes.

89



Attenuation correction in combined MRI/PET scanners

5.4 Segmentation of the attenuation map on PET/CT

data

Quantitative validation of the attenuation map using PET and MRI acquisitions per-
formed on separate scanners is challenging, because the spatial registration might be
compromised despite the use of non-rigid registration techniques. The misregistration
might lead to errors in the attenuation corrected images which could potentially be larger
than the approximation done by the segmentation itself [28, 185] and would as a conse-
quence not fully re�ect the results expected in a combined scanner. Therefore, PET/CT
data was used to assess the impact and accuracy of the proposed segmentation.

5.4.1 Methods

5.4.1.1 Patient population

The study population was comprised of 35 patients referred for whole-body 18F-FDG
PET/CT for clinical staging of malignancy. The patients were retrospectively selected
in order to study only cases where the technical challenge to the proposed approach was
high. Therefore, only patients with bone metastases, lung nodules or neck lesions with
focal pathological FDG uptake were selected. On one hand, the lesions located in the
bones are expected to be the most sensitive to the absence of bone in the attenuation
map, as well as lesions in the neck due to the signi�cant fraction of bones for these areas.
The lung lesions, on the other hand, are sensitive to the variable lung density in each
patient.

The only condition for patient selection was the presence and localization of an FDG
avid lesion in the aforementioned regions. No other factors (age, weight, malignancy, etc.)
were considered. Altogether, 35 patients with 52 lesions were included in the study. Bone
metastases were present in 9 of these patients (21 lesions: 12 in the pelvic bone, 8 in the
spine, 1 in the sternum), lung nodules were present in 14 patients (15 lesions), and neck
lesions were present in 12 patients (16 lesions).

5.4.1.2 PET/CT acquisition

All patients underwent the routine clinical 18F-FDG protocol for oncological staging in
the Siemens Biograph Sensation 16 PET/CT. Patients were injected 350 to 500 MBq
of 18F-FDG, depending on their weight. The acquisition started 90 minutes after tracer
injection. For attenuation correction (AC), a low-dose CT (120 keV, 20 mAs) without
intravenous contrast agent was performed.

5.4.1.3 Data processing

The attenuation maps were obtained from the CT data by a bilinear transformation [148].
The CT-based attenuation maps were then segmented based on the intensity of each
voxel in the 4 aforementioned classes and prede�ned attenuation factors were assigned
as observed in the CT-based attenuation maps. The intensity mapping was as follows:

90



5.4 Segmentation of the attenuation map on PET/CT data

voxels in the range 0-0.005 cm−1 were assigned to background (0 cm−1), voxels in the
range 0.005-0.05 cm−1 were assigned to lung (0.018 cm−1), voxels in the range 0.05-0.093
cm−1 were assigned to fat (0.086 cm−1), and voxels over 0.093 cm−1 were assigned to
soft tissue (0.10 cm−1). The Interactive Data Language (IDL, ITT Visual Information
Solutions, Boulder, CO, USA) version 6.4 was used for all data processing. It is important
to note that the segmentation was only based on the intensity at each voxel, so that no
assumptions were done regarding the location of the tissues or organs. For example, due
to partial volume e�ect, a voxel at the skin could potentially be classi�ed as lung with
its corresponding attenuation factor. Similarly, a mass in the lung would be classi�ed as
soft tissue rather than lung.

In addition, the speci�c importance of bone for AC of PET data was evaluated. For
this, all bones were removed from the original CT-based attenuation maps by replacement
of all voxels with attenuation factors above 0.105 cm−1 to values of 0.1 cm−1, correspond-
ing to soft tissue.

Figure 5.9: Diagram showing the three di�erent PET reconstructions obtained with dif-
ferent processing of the attenuation map. On the left, segmented attenuation map using
prede�ned attenuation factors. On the center, standard CT-based attenuation map as
used routinely. On the right, attenuation map after replacement of bones by soft tissue.
Image reprinted by permission of the Society of Nuclear Medicine from [184].

PET sinogram data were reconstructed using the original CT-based attenuation map,
the attenuation map segmented in four classes, and the attenuation map without bones,
as summarized in Fig. 5.9. PET reconstruction software from Siemens Molecular Imaging
(e7 tools, Knoxville, TN, USA) was used for this purpose. The images were reconstructed
using the Ordered Subsets Expectation Maximization (OSEM) algorithm with 4 iterations
and 8 subsets.
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5.4.1.4 Image Analysis

A Volume of Interest (VOI) was manually de�ned on the lesions. The VOI was de�ned on
a fused view of the PET data reconstructed with the original attenuation map and the CT
data, and the same VOI was used to assess the SUV in all three PET reconstructions. The
e�ects of the di�erent modi�cations of the attenuation map were quanti�ed as percentage
of change as compared to the original Standard Uptake Value (SUV).

In addition, an experienced observer interpreted the images reconstructed using the
original and segmented attenuation map and evaluated whether there was a di�erence in
the clinical interpretation of the studies. The observer was blinded to the attenuation
map used for the reconstruction.

5.4.2 Results

The SUV changes resulting from the modi�cation of the attenuation map depended largely
on the location of the lesion considered, as summarized in Fig. 5.10. The absence of bones
in the attenuation map resulted in undercorrection for bone attenuation, causing the SUV
of the lesions to be generally inferior than the SUV from the images reconstructed using
the original attenuation map.

The SUVmax in the PET images reconstructed with the segmented attenuation map
decreased at most for osseous lesions, with an average decrease of 8.0±3.3%. The SUV
of lesions in the neck su�ered an average decrease of 3.8±2.0%, and that of lung lesions
decreased by 1.9±2.3%. The SUV variations in the PET images reconstructed with the
attenuation map without bones were comparable, indicating that the absence of bones
was the main reason for these variations. The largest change observed in the 52 lesions
considered was an underestimation of the SUV by 13.1%, which occurred in a lesion in
the pelvic bone and is presented in Fig. 5.11.

Examination of the PET images by an observer blinded to the attenuation map used
for reconstruction revealed no di�erences in the clinical interpretations of the PET scans of
all patients. Neither false-positive nor false-negative �ndings as compared to the original
reconstruction were observed. Although visual inspection of the complete PET image
did not reveal noticeable changes in the activity distribution after segmentation of the
attenuation map, detailed quantitative inspection revealed that the relative change of
SUV for background regions with low uptake could be signi�cantly higher than for high
uptake lesions. Although clinically irrelevant, regions with very low SUV (<0.2) could
occasionally show SUV variations of up to 50%. Such variations in very low uptake regions
could be related to numerical instability in the reconstruction algorithm. Furthermore,
the correlation coe�cients between the original and segmented attenuation maps, as well
as between the reconstructed PET images using each attenuation map, were found to be
over 0.98 in all cases.

5.4.3 Discussion

Use of a segmented attenuation map with the 4 described classes resulted in most cases in
a slight decrease of the SUV, in particular in bone lesions, which su�ered most from the
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Figure 5.10: Changes in SUVmax (top) and SUVmean (bottom) in each group of lesions
produced by attenuation correction using the segmented attenuation map (segm) and the
attenuation map with the bones removed (no bones) as compared to the original map.
• = mean ± standard deviation. Image reprinted by permission of the Society of Nuclear
Medicine from [184].

absence of bones in the attenuation map. Lung and neck lesions su�ered only minor SUV
changes (<8%). Reconstruction using the segmented attenuation map had no impact on
the clinical interpretation of the images for all patients.

Even small SUV changes as reported here can be critical in the context of patient
follow-up. An SUV change (before and shortly after start of therapy) of -25% can result
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Figure 5.11: Lesion in the pelvic bone (arrow) which showed the largest SUV variation
(13%) when reconstructed using a segmented attenuation map. It is di�cult to note
any visual di�erences. a) Original PET/CT image. b) PET image reconstructed using a
segmented attenuation map fused to the original CT. c) CT-based attenuation map. d)
Segmented attenuation map used to reconstruct image (b). Image reprinted by permission
of the Society of Nuclear Medicine from [184].

in di�erent conclusions regarding tumor responsiveness to the current therapy as compared
to an SUV change of -35%, therefore having an impact on patient management. Therefore,
it is important to note that the variation observed when using the segmented attenuation
map as compared to the CT-based attenuation map would not prevent the segmented map
and a potential MRI/PET scanner using this technique to be accurate for patient follow-
up. Indeed, the SUV variation introduced by the segmented attenuation map should
remain constant for a tumor throughout examinations at several time-points.

The decrease in SUV for bone lesions using the segmented attenuation map agrees
with the �nding by Nakamoto et al. [212], who warned, shortly after the emergence
of PET/CT scanners, that calculated radioactive concentrations in osseous lesions were
higher when corrected with CT as compared to Germanium based AC (average of 11%
di�erence). As with fast transmission measurements, bones cannot be reliably segmented
in whole-body MRI data. The results presented in this thesis work also indicated that
the absence of bones has an impact on lesion quanti�cation, but this impact was small
for all lesions, even for those located in the pelvic bone and lumbar vertebrae. However,
the in�uence of bones could be higher in neurological studies due to the skull, which all
photons must pass before they reach the detectors. Therefore, the proposed segmented
attenuation map is not suitable for neurological PET.

For the other body regions, the observed deviations should be put in perspective by
considering further aspects: �rst, the transition from radionuclide-based attenuation to
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CT-based attenuation resulted in a comparable variation for osseous lesions [212]. Second,
larger variability (10%) is observed in repeated patient measurements as a result from all
factors a�ecting the acquisition and data processing [306, 202]. And last, CT enhanced
with iodinated contrast media is being used for AC of PET data in many centers despite
its acknowledged bias [195, 314, 211]; these studies report that when CT scans with
intravenous contrast agents are used for AC, it results in average variations of SUVmax of
6% for the liver, 17% for the heart, 27% for the subclavian vein and 8% for the site of
primary malignancy. However, these variations did not result in di�erences in the clinical
interpretation of the PET scans in any of the studies.

Figure 5.12: Patient with a tumor in the right lung and a pulmonary edema in the left
lung. Attenuation maps used for the reconstruction (left), and reconstructed PET image
fused to the original CT (right) are shown. Upper row: original CT-based attenuation
map. Middle row: CT-based attenuation map with lung tumor manually removed from
the map. Bottom row: segmented attenuation map. While the segmented attenuation
map results in a ∆SUV of +1.6%, the deletion of the lung tumor results in a ∆SUV
of -35%, indicating potential pitfalls for atlas based approaches. Image reprinted by
permission of the Society of Nuclear Medicine from [184].

An alternative approach for MRI-based AC is an atlas-based registration, where the
known distribution of attenuation factors of the atlas can be applied to the patient data
after registration. This would have the bene�t of taking bone into account for photon
attenuation. While this approach performs well for neurological studies, the registration
of whole-body images to an atlas is much more demanding and error-prone, since the
thorax and abdomen do not have the same rigidity as the head. So far, the experience
with PET/CT shows that even small emission-transmission misregistration can have an
impact on the diagnostic [185, 26]. Moreover, anatomic variation cannot be regarded by
an atlas while being common in the cancer patient population and often essential for AC.
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Fig. 5.12 illustrates this with a patient having a lung tumor and a pulmonary edema,
abnormalities which cannot be taken into account by an atlas. The potential absence
of the lung tumor in the attenuation map results in a variation of the tumor's SUV by
35%. In contrast, the segmented attenuation map would re�ect the real tissue distribution
being therefore more robust to unusual anatomies.
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5.5 MRI-derived attenuation maps

The results from the previous section indicate that an attenuation map distinguishing
between four di�erent attenuation factors (background, lungs, fat, soft tissue) would pro-
vide su�cient accuracy for clinical use. However, an MRI sequence for that purpose was
not described, neither was it indicated how the MRI data should be processed in order to
obtain these four classes.

For an MRI sequence to be convenient for the derivation of an attenuation map, several
conditions should be ideally ful�lled:

� Good contrast between the 4 above mentioned classes

� Fast acquisition (less than 20 seconds for each bed-position to enable breath-hold)

� Enough spatial resolution (below 4 mm in each spatial direction)

� Tolerant to unavoidable physiological patient motion

� Reduced geometric distortion [282, 15]

It is di�cult to accomplish these requirements simultaneously. In particular, the con-
trast between the 4 classes can be jeopardized by common artifacts which can arise in MRI
due to e.g. inhomogeneities in the main magnetic �eld and physiological patient motion.
Therefore, the MRI sequence was optimized together with a segmentation algorithm so
that the combination of both would provide satisfactory results.

5.5.1 Methods

The procedure applied for each patient examination can be divided in 7 steps:

1. Acquisition of the PET/CT

2. Acquisition of the MRI

3. MRI-CT spatial registration

4. Segmentation of the registered MRI and conversion to attenuation factors

5. Addition of the PET/CT patient bed to the MRI-based attenuation map

6. Re-reconstruction of the PET data using the MRI-based attenuation map

7. Comparison of the PET images with MRI-based and CT-based AC
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5.5.1.1 Acquisition of the PET/CT

The patients included in the study were referred for an oncological PET/CT examination.
The PET/CT protocol was the usual protocol for oncological scanning with 18F-FDG as
described in section 5.4. The patients were pre-selected in order not to have intravenous
iodinated contrast agent in the CT examination for attenuation correction, since this
would have biased the results and made the CT-based attenuation correction invalid as
gold standard. Furthermore, patients without oral contrast agent were preferred, although
this was not always possible due to the time constraints for the scanners.

Patients provided informed consent and were then brought to the MRI tomograph to
perform the additional acquisition.

5.5.1.2 Acquisition of the MRI

Three di�erent MRI sequences were investigated. In all cases, the sequences were �rst
tested and optimized on volunteers before proceeding to perform patient acquisitions.
Each patient was examined using only one of the sequences, since the three sequences
used respond rather to a progressive improvement towards more suitable MRI-based at-
tenuation maps. Here is a short description of each of the sequences:

Proton-weighted Proton-weighted fast gradient echo sequence with fat saturation, ac-
quired on a Philips ACS-NT scanner. Image matrix of 128x128, with 3.5x3.5 mm
voxel size and a slice thickness of 5 mm.

VIBE Dixon A volume interpolated breath-hold examination (VIBE) two-point Dixon
sequence [73, 62, 177] was used, acquired on a Siemens Espree scanner. Image ma-
trix of 256x256, with 1.8x1.8 mm voxel size and a slice thickness of 5 mm. With
this acquisition, in-phase and opposed-phase images are obtained, allowing the re-
construction of fat-only and water-only images.

Dual-echo Dixon A dual echo one-point Dixon sequence [178] was used, acquired on a
Siemens Espree scanner. Image matrix of 128x128, with 3.5x3.5 mm voxel size and
a slice thickness of 4 mm. Short and long echo are acquired, and, similarly to the
VIBE Dixon, they allow to derive fat-only and water-only images.

In both Dixon sequences, the patients were covered with two surface coils. Moreover,
a pressure pad to monitor the respiration of the patients was placed on the abdomen.

The patients were usually asked to place their arms in the same position as for the
PET/CT examination, which is mostly performed with the arms up. Breath-holding was
performed for the stations (bed positions) corresponding to the thorax and abdomen.

Due to time constraints, only one or two stations could be acquired for each patient
with the proton-weighted sequence. In contrast, the Dixon sequences required only 14-
18 seconds per station, so that 4 to 5 stations could be acquired in a reduced time and
composed afterwards to obtain one single image.
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5.5.1.3 MRI-CT Spatial registration

At the start of this study, the proton-weighted sequence was used, and the MRI-CT spatial
registration was performed only as a translation, and applied separately to individual
PET bed positions (covering only 15 cm in the craniocaudal direction). However, many
problems were observed in the registered images: the position of the patient was not
the same in both images, partially due to di�erent bed curvature in each scanner; the
respiratory position was di�erent; and even if the examinations were done within less
than one hour, occasional internal motion (stomach, bowel) was observed.

For that, a non-rigid registration was used, implemented as a combination of a rigid
registration algorithm based on the maximization of mutual information [301, 179] and a
dense non-rigid registration method. The non-rigid deformation was modeled as a vector
�eld obtained by composition of small displacements minimizing a statistical measure of
similarity between the images, following the approach described in [56]. The computation
time of the non-rigid registration on a dual-core PC at 3.0 GHz ranged between 30 seconds
and 1 minute, depending on the size of the images and the amplitude of the misalignment.
Manual tuning of the registration parameters was needed for each patient in order to
obtain successful results.

The MRI-CT non-rigid registration was applied on the MRI in-phase image (for the
two-point Dixon) or on the short echo image (for the one-point Dixon). It was not applied
retrospectively on the proton-weighted data after discarding this sequence for further use.

5.5.1.4 Segmentation of the registered MRI

The implementation of the MRI segmentation was di�erent for each sequence used. With
the proton-weighted approach, a binary segmentation was initially performed, classifying
each voxel only as air or soft tissue based on a �xed threshold [191]. This was due to a
poor histogram distribution in the �rst tests (Fig. 5.13). This binary segmentation was
tested before the work reported in the previous section analyzing the requirements for
an attenuation map (see section 5.4). After the simulations reported in the last section
and improvement of some acquisition parameters, segmentation in four classes based on
the intensity distribution of the histogram appeared possible in some cases (Fig. 5.14).
However, the peaks were not always as clearly separated as in this last example, so that
the segmentation was prone to error, and no further tests with such a segmentation were
done.

With the use of the Dixon sequence, the segmentation approach was changed in order
to identify four compartments (air, lungs, fat, soft tissue). The image processing steps
were as follows: the fat and water images were thresholded in order to identify the voxels
corresponding to fat and soft tissue and separate them from the background; voxels rep-
resenting a mixture of fat and soft tissue were also used when the values in both images
were above the thresholds. The lungs were identi�ed by connected component analysis of
the air in the inner part of the body [245], with application of morphological operators in
order to avoid any possible connection with the external air. It was observed that some
voxels containing cortical bone were occasionally identi�ed as air due to the absence of
MRI signal, as well as some voxels in the heart and aorta due to artifacts resulting from
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Figure 5.13: In the �rst proton-weighted acquisitions, the MRI histogram showed two
di�erent peaks for air (including the lungs) and soft tissue.

blood �ow. This was addressed by means of a morphological closing �lter (5 mm in each
spatial direction) applied on the binary tissue/air image.

5.5.1.5 Addition of the PET/CT patient bed to the MRI-based attenuation
map

Since the MRI-based attenuation map is used in this study for attenuation correction
of the PET data acquired in a PET/CT scanner, the attenuation corresponding to the
PET/CT bed must also be present. For that, after spatial registration, the region of
the CT-based attenuation map corresponding to the patient bed was semi-automatically
determined and copied to the MRI-based attenuation map.

The last processing step before using the map for attenuation correction was done by
the tomographic reconstruction software (e7 tools), consisting in a 3D Gaussian �ltering
of 5 mm, the same way as it is done for CT-based attenuation maps.

5.5.1.6 Re-reconstruction of the PET data using the MRI-based attenuation
map

The PET data were reconstructed with the original CT-based attenuation map as well
as with the MRI-based attenuation map. In all cases, the reconstruction parameters
from clinical routine were used, namely the AW-OSEM algorithm with 4 iterations and 8
subsets (see section 2.1.6). The e7 tools reconstruction software from Siemens Molecular
Imaging was used for this purpose.
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Figure 5.14: On the left, best case histogram acquired using the proton-weighted sequence.
Here, four peaks can be easily separated, corresponding to each of the main four peaks
observed in the CT histogram. On the right, intensity-based separation shown on the
image space. A reasonable agreement between both segmentations can be observed despite
an incorrect spatial registration. From top to bottom: original image, lung, fat, and soft
tissue compartments.

5.5.1.7 Comparison of the PET images with MRI-based and CT-based AC

Comparison of the reconstructed images was done qualitatively (visual assessment) and
quantitatively. For quantitative assessment, VOIs were manually de�ned on clinically
relevant regions (tumors for the Dixon sequences, cardiac regions for the proton-weighted
data) and their attenuation-corrected uptake was evaluated.

5.5.2 Results

5.5.2.1 Proton-weighted sequence

The rigid registration initially used with the proton-weighted sequence was far from op-
timal. Seven patients were acquired with both PET/CT and proton-weighted MRI, two
bed positions for each. From these data, one bed position corresponding to the heart of
a patient showed a good MRI-CT registration. The other datasets showed severe mis-
registration and were not used. As described in the methods section, the attenuation
map derived from the proton-weighted sequence included only two classes: air (including
lungs) and tissue, including both fat and soft tissue.

The bed position with a correct registration could be then processed, and the re-
sults from the binary MRI-based attenuation map are shown in Fig. 5.15. This was the
�rst MRI-based attenuation correction performed in this investigation and also the �rst
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Figure 5.15: Cardiac transaxial slice and polar map showing the myocardial 18F-FDG
uptake (top) observed using the attenuation maps showed in the bottom row. From
left to right: data without attenuation correction, with standard CT-based attenuation
correction, with binary CT-based attenuation correction, and with binary MRI-based
attenuation correction.

MRI-based attenuation correction reported for a non-neurological human study. The
quantitative analysis indicated that the method was moderately biased. For example, the
septal wall activity (determined using the polar map) was 79.5% of the maximum in the
CT-AC data, 79.6% in the binary CT-AC, and 83.7% in the binary MRI-AC. That is, the
MRI-based AC resulted in a 5% di�erence as compared to the CT-based AC. Still, these
scarce results were far from being conclusive.

Since the MRI-CT misregistration would not allow to assess the e�ects of a binary
attenuation map, it was decided to segment the CT-based attenuation map itself; that
is, assess the e�ects of such a binary segmentation in the case of a perfect registration.
This assessment was done before the results reported in the previous section (section 5.4)
and served to establish the methodology used in it. In this case, the results showed a
positive correlation between the change of uptake and the patient's weight (Fig. 5.16).
This correlation was the consequence of ignoring the di�erence in the attenuation coe�-
cient between fat and soft tissue, which resulted in an overcorrection of the attenuation
produced by fat and therefore in an increased measured uptake.

Although the results from the proton-weighted approach were scarce and poor due to
the initial registration problems, they were important since they led to the more accurate
investigation of the requirements for the attenuation map and the development of the
four-tissue model presented in the previous section.
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Figure 5.16: Change in uptake at manually de�ned VOIs between original CT-based at-
tenuation map and binary CT-based attenuation map, shown as a function of the patient's
weight. The regression line indicates a positive correlation between uptake change and
patient weight.

5.5.2.2 VIBE Dixon

The VIBE Dixon approach allowed the segmentation in all four tissue classes, as shown in
Fig. 5.17. Although 20 patients were acquired with this sequence, most cases could not be
successfully used due to several practical issues. One of the most important issues is that
the acquisition performed did not allow suitable composing of the di�erent MRI stations,
so that very often the PET bed positions could be reconstructed e�ciently. Moreover,
some patients showed no PET lesions, the position of the arms was occasionally di�erent
in both acquisitions, and the non-rigid registration did not always succeed. Finally, some
patients had intravenous contrast agent in the CT acquisition (required for the clinical
protocol), so that the CT-based attenuation map was slightly biased and could not be
considered as the gold standard anymore.

Despite these problems, the segmentation results based on the sequence were promis-
ing. The feasibility of the method can be seen in Fig 5.18, showing a PET dataset re-
constructed using the CT-based and MRI-based attenuation maps. No visual di�erences
can be observed between both reconstructions. Quantitative comparison of the lesion's
measured uptake revealed a 4.6% di�erence. Later, the acquisition of further patients
using this MRI sequence was interrupted, in order to use a more adapted sequence.

5.5.2.3 Dual-echo Dixon

After the initial experience, the VIBE Dixon sequence was replaced by a dual-echo Dixon
sequence with some re�nements adapted to the requirements of the method and solving
some of the practical issues mentioned above. Seven patients were examined using the
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Figure 5.17: Segmentation of a VIBE Dixon sequence for attenuation correction purposes.
The MRI water (A) and fat (B) images are combined and segmented to produce the
MRI-based attenuation map (C). For comparison, CT-based attenuation map of the same
patient (D).

dual-echo sequence. The acquisitions served to observe some weaknesses such as some
motion-related artifacts appearing as signal outside of the body (Fig. 5.19) and also even-
tual misclassi�cation of static �uids (e.g. bladder and eventual cysts) as air due to the
small associated signal (Fig. 5.20). An enhancement of the signal from static �uids was
then achieved through a stronger proton-density weighting in later acquisitions. Still,
some of the practical acquisition problems as observed in the VIBE Dixon sequence re-
mained unchanged, having sometimes contrast agent in the CT, strong di�erences in
patient positioning, or absence of FDG-avid lesions.

Figure 5.21 shows the results of the segmentation for a patient with mediastinal and
bihilar lymph node metastases. The resulting PET reconstructions (Fig. 5.22) demon-
strated that suitable attenuation maps for large body regions can be obtained by means
of MRI, achieving good visual and quantitative results. However, despite the use of a non-
rigid registration, the exact values must be considered carefully because they represent a
combination of variations resulting from 2 di�erent sources, namely, the segmentation of
the attenuation map and potential inaccuracy in the spatial registration between images.

5.5.3 Discussion

The work served to demonstrate the feasibility of MRI-based attenuation correction with
a four-classes compartment ignoring the speci�c contribution of bone. MRI sequences
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Figure 5.18: Attenuation map (left), PET images (center), and fused PET/CT images
(right) of patient with an 18F-FDG-avid mediastinal lymph node metastasis. On the top,
original CT-based attenuation map and PET image reconstructed with this map. On
the bottom, MRI-based attenuation map for region indicated by dashed lines and PET
image reconstructed with this map. Use of MRI-based attenuation map resulted in a SUV
change of -4.6% for the metastasis relative to results obtained with CT-based AC.

Figure 5.19: Shadowing artifacts were occasionally observed in the MRI image (left),
producing signal outside the patient's body and misleading the segmentation of the body
contour (right). The artifacts observed were likely related to patient motion.

with the required contrast properties are readily available.

The scarce results indicate the di�culty of validating the approach on a large number
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Figure 5.20: Transaxial (left) and coronal (right) views of the in-phase Dixon MRI (top)
and CT (bottom) acquisitions of the same patient after spatial registration. Problematic
regions (bladder and a large cyst located below the liver) showing very low signal due
to the presence of static �uids are shown with a yellow circle on the MRI. These regions
can eventually be misclassi�ed as air by the segmentation approach. A stronger proton-
density weighting helped increase this signal in the MRI data and improve the robustness
of the segmentation.

of patients. On the one hand, it is di�cult to coordinate the acquisition of PET/CT
and MRI on the same patients because of logistical and work�ow reasons: both scanners
belong to di�erent departments (nuclear medicine and radiology) and nearly-simultaneous
free time slots must be available on both scanners; moreover, the patient has to agree to
perform an acquisition which does not provide him/her any clinical bene�t, and quali�ed
sta� is needed to perform and supervise the MRI acquisition. On the other hand, a large
part of the patient data acquired has to be discarded because of many practical issues
such as a failure of the non-rigid registration to recover the deformation for severe changes
in patient positioning, parts of the patient's body located out of the �eld of view in the
MRI acquisition or absence of FDG-avid lesions on the PET data. Also patients with
contrast agent in the CT acquisition should be excluded, since the CT-based attenuation
correction can then be biased.
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Figure 5.21: Segmentation of a two-point Dixon sequence for attenuation correction pur-
poses, showing a larger �eld of view through composing of several MRI bed positions.
The MRI water (A) and fat (B) images are used to produce the MRI-based attenuation
map (C) as in Fig. 5.17. For comparison, CT-based attenuation map of the same patient
(D). Image reprinted by permission of the Society of Nuclear Medicine from [184].

The measurements performed until now served also to underline the importance of an
optimized and robust MRI acquisition. The segmentation approach cannot adequately
deal with motion artifacts. The sequence must then be short enough to allow breath-
holding and avoid other patient motion. Moreover, it is essential that the complete body
is within the MRI �eld of view, since missing parts can have a dramatic e�ect on the
attenuation correction; problems are likely to arise for large patients or acquisitions per-
formed with the arms-down. The design of combined MRI/PET scanners should prefer-
ably include a large �eld of view for the MRI component. Otherwise, speci�c correction
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Figure 5.22: Attenuation map (left), PET images (center), and fused PET/CT images
(right) of patient with multiple 18F-FDG-avid mediastinal and bihilar lymph node metas-
tases. On the top, original CT-based attenuation map and PET image reconstructed with
this map. On the bottom, MRI-based attenuation map for region indicated by dashed
lines and PET image reconstructed with this map. Use of MRI-based attenuation map
resulted in average SUV change of 2.3% (range, -6%�+1%) for 6 lymph nodes metastases
relative to results obtained with CT-based AC. Image reprinted by permission of the
Society of Nuclear Medicine from [184].

techniques must be set up, such as using the uncorrected PET data to detect where the
activity is arising from.

More patient measurements are needed in order to validate the method. Potential
weaknesses of the sequence (such as the presence and misclassi�cation of cysts or other
eventual artifacts) can only be detected by scanning a large sample of individuals. The
data acquired until now made clear that many practical issues make the validation com-
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plex. But the project is still running and some promising results served as a proof of
feasibility of the segmented attenuation map.
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5.6 Conclusion

In a comment article in the Journal of Nuclear Medicine in 2007 [25], the development of
hybrid MRI/PET tomographs was addressed by Thomas Beyer, one of the developers of
combined PET/CT scanners, with a brilliant statement:

A mere 2 y after the advent of commercial PET/CT, Johannes Czernin from
UCLA, at the 2003 annual DGN meeting, commented that �PET/CT is a
technical evolution that has led to a medical revolution.� Today, at the dawn
of PET/MRI, it may be said that �PET/MRI is a medical evolution based on
a technical revolution.�

The complementary value of PET and MRI makes combined MRI/PET scanners an
appealing option for many research and clinical applications. Although there is still some
uncertainty about the cost-e�ciency of the procedure in the case of excessively expensive
scanners, current expectations are high and the major hardware vendors are investing
resources in its development. Still, a complete redesign of the current PET and MRI
scanners is required and signi�cant technical challenges must be overcome.

Correction for photon attenuation is part of this �revolution�, being acknowledged as
one of the main challenges. MRI-based attenuation correction was a nearly unexplored
�eld when this investigation started. Novel solutions had to be developed, and approaches
viable in a clinical setup were sought, where the maximum robustness is required.

Based on the previous experience with standalone PET and PET/CT, and consid-
ering the properties of MRI, a segmented attenuation map with four tissue classes was
proposed, with the target of deriving it from one single MRI acquisition. It was shown
on PET/CT data that such a segmentation would provide adequate attenuation maps,
with the acknowledged drawback of the undercorrection for bones; therefore, according
to the results reported here, osseous lesions will show a slightly decreased SUV when us-
ing MRI-based AC with the segmentation approach as compared to CT-based AC. This
SUV decrease did not change the diagnosis in all patients analyzed, and appeared to be
acceptable for clinical routine. Still, the image-readers have to be aware of this fact when
comparing examinations between both scanners.

PET/CT data were used to perform a preliminary assessment of the potential and
limitations of a segmented attenuation map. However, MRI data is needed for the �nal
validation, since it is necessary to demonstrate that the segmentation applied on the CT
image can also be achieved based on MRI data. One example is the misclassi�cation of
bones: if bones were classi�ed as soft tissue in the segmented CT attenuation map, it is
necessary to show that segmentation of the MRI data would also result in bones being
classi�ed as soft tissue, and not as air or lung tissue.

The PET/CT and MRI data acquired from the same patients served to show that
comparable segmentation could be achieved with a Dixon sequence. Limitations in the
MRI �eld of view were not addressed: patients acquired with arms-down could not be used
because of this reason. Despite the numerous practical issues, further PET/CT and MRI
acquisitions on the same population are needed to fully validate the proposed approach
and eventually indicate if any additional re�nements are needed on the MRI sequence.
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Furthermore, comparison of the segmented attenuation map to other approaches such
as a combined atlas and pattern-recognition [121] would be certainly interesting, once a
patient atlas is developed for this purpose.

With the currently available results, segmentation of the attenuation map in four
classes appears to be accurate enough for implementation in future clinical MRI/PET
scanners. A small decrease of the SUV for osseous lesions is predicted by the measurements
reported here; although this di�erence was clinically irrelevant in all patients analyzed,
the image-readers should be aware of it when comparing PET images obtained from an
MRI/PET scanner to images from a PET/CT scanner. The data acquired serve to show
the feasibility of an MRI-based segmentation, but further validation with a large number
of patients is needed to demonstrate that the segmentation performs robustly enough for
clinical use.
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CHAPTER 6

Conclusions

Molecular imaging with PET o�ers a broad spectrum of possibilities. The development
of new radiotracers and new therapeutic approaches makes it an exciting and dynamic
area. And also an area with numerous new challenges.

The sensitivity of commercial PET tomographs has increased dramatically in the last
decade mainly because of acquisition in 3D mode and the development of new scintillators.
Diagnostic image quality in PET can be now obtained with an acquisition time below 2
minutes per bed position (about 20 cm). This has a direct impact on the observed
spatial resolution for clinical acquisitions: the patient motion due to anxiety, fatigue, etc.
is signi�cantly reduced, and therefore sharper, less blurred images are obtained. This
is to be added to improvements in intrinsic spatial resolution achieved by using smaller
crystals, faster electronics and new reconstruction algorithms. Performance measurements
with state-of-the-art PET scanners report a spatial resolution close to 4 mm at the center
of the �eld of view.

Although an acquisition time below 2 minutes per bed position results in a signi�cant
reduction of the patient's voluntary motion during the acquisition, respiratory and cardiac
motion are still present. Their contribution to the degradation of image quality is critical.
Myocardial imaging su�ers from both motions simultaneously, so that the observed spatial
resolution in clinical examinations is far worse than the scanner's intrinsic resolution. In
this work, respiratory sensors for use in PET imaging were evaluated, and a respiratory
gating scheme which could be combined with cardiac gating was implemented. Dual
gated acquisitions might play an essential role in cardiovascular imaging, with potential
application to resolve transmurality of the perfusion defects and also for imaging the
vulnerable coronary plaque with PET once suitable tracers are available. The main PET
manufacturers decided to include respiratory gating in their commercial PET/CT scanners
in the recent years, realizing its usefulness for both cardiac and oncologic imaging, and
some of them also introduced the capability to perform dual gated acquisitions.

The recent evolution of PET re�ects a clear trend towards multimodality imaging.
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Standalone PET scanners are virtually not sold anymore and have been replaced by com-
bined PET/CT scanners. CT undeniably helps the diagnosis, but it also allows faster
acquisition by saving the time which was previously dedicated to transmission scans,
needed to correct for patient speci�c photon absorption. CT-based attenuation maps can
be acquired within seconds and provide better statistics, so that the resulting PET images
are less noisy. However, the non-simultaneous acquisition and di�erent temporal resolu-
tions of PET and CT have resulted in misregistration problems which a�ect especially
the thoracic area, due to di�erences in the respiratory state in both images.

This issue was investigated focusing particularly on cardiac imaging, and it was shown
that it could often mislead the diagnosis and produce false-positive defects. Image-readers
must be aware of this limitation when reading cardiac examinations performed in PET/CT
scanners, and a quality control appears necessary. Manual registration is possible, but
somewhat inconvenient and operator-dependent. As alternative, an automatic emission-
driven approach was developed and evaluated, showing potential for routine use. These
�ndings, novel in cardiac PET/CT imaging, were soon con�rmed by other studies, and
the possibility of correcting the misregistration after the acquisition has been since then
included in all commercial scanners.

The success of multimodality imaging with PET/CT scanners has recently renewed
the interest in combined MRI/PET scanners. Its development faces many challenges.
Among those, the necessity of achieving a satisfactory MRI-based attenuation correction,
which is essential for the scanner to be clinically viable.

MRI is not based on the transmission of high-energy photons throughout the body;
due to the fundamentally di�erent physics, it is not possible to directly measure an atten-
uation map with MRI. Based on previous approaches for attenuation correction in PET,
a segmented attenuation map which can be derived from a single MRI acquisition and dif-
ferentiates between four di�erent attenuation classes was proposed. Simulations based on
PET/CT data showed that such an approach would be suitable and not change diagnosis
as compared to CT-based attenuation correction, although an undercorrection for osseous
lesions was observed. The patient data acquired so far with PET/CT and MRI served to
show the feasibility of this method and to set the basis for use in combined whole-body
scanners. Further acquisitions should help validate the method before its introduction for
routine clinical use.

In summary, the work presented serves to overcome some of the current limitations of
PET imaging and �nally to improve the diagnostic value of PET and contribute therewith
to the bene�t of the patient.
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APPENDIX A

Computed Tomography

Computed Tomography (CT) in modern scanners is usually acquired by rotating an x-
ray source around the patient, having x-ray sensors positioned on the opposite side, and
moving the patient's bed continuously, in the so called helical acquisition mode (Fig. A.1).

Figure A.1: Principle of the helical CT, with an x-ray source on one side and x-ray sensors
on the other side. Both rotate simultaneously while the patient's bed is displaced. Image
reproduced from [40] with permission from the Publishing division of the Massachusetts
Medical Society.
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The data acquired are a forward projection of the radiodensity of the imaged object,
so that tomographic reconstruction techniques are used (similarly to PET). Most often,
reconstruction is achieved by means of the �ltered backprojection algorithm described in
section 2.1.6 together with techniques to account for the helical acquisition geometry.

After reconstruction, the CT images re�ect the radiodensity of each voxel according to
the scale proposed by Houns�eld, where air has a radiodensity of −1000 Houns�eld Units
(HU) and distilled water a radiodensity of 0 HU. For any material X, the radiodensity in
HU is computed as:

µX − µH2O

µH20 − µair
× 1000

With µ being the linear attenuation coe�cient of the materials. The radiodensity of
some relevant human tissues according to Houn�eld's scale is shown in Tab. A.1.

Material HU

Air −1000
Lungs −900 � −600
Fat −120
Water 0
Muscle 40
Contrast agent > 100
Bone > 100

Table A.1: Radiodensity of materials and human tissues according to Houns�eld's scale.

CT provides high resolution morphological images of the body (Fig A.2), with an
excellent contrast beween air, adipose tissue, soft tissue and bone. Contrast agents may
additionally be used to highlight some regions, such as the gastrointestinal tract or the
blood vessels. However, the soft tissue contrast is poor if compared to other imaging
modalities such as MRI.

CT technology has impressively evolved in the last 20 years [90, 227, 86]. The spiral
acquisition mode was introduced in 1989 [139], allowing continuous volume scanning. This
was followed in the late 1990's by a major breakthrough with multi-slice systems [12, 171,
124], resulting in improved spatial and temporal resolutions and faster acquisition times;
systems with 256 slices are commercialized nowadays. Moreover, 2005 saw the advent of
dual source CT [85, 233, 200], which makes it possible to halve the temporal resolution
(Fig A.3) and is capable of providing dual-energy images acquired simultaneously.

State-of-the-art CT scanners have a temporal resolution below 100 ms and an isotropic
spatial resolution below 0.4 mm. These features make CT able to assess the coronary tree
with an accuracy comparable to that of conventional angiography, as will be discussed in
more detail in section 2.3.

CT images can su�er from di�erent artifacts resulting from the physics of the acqui-
sition, the scanner and the patient motion. Most artifacts can be e�ciently corrected
by software, but some are still be present in the images. Despite the speed of modern
scanners, motion artifacts are sometimes observed, appearing as shadowing or eventually
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Figure A.2: Example of a CT transaxial slice of the abdomen acquired with a Siemens
64-slice CT. A good contrast can be observed between air, adipose tissue (fat), soft tissue
and bone.

Figure A.3: Volume rendering of a dual source CT angiography, showing high spatial
resolution and clearly depicted coronary arteries without motion artifacts. Reproduced
with kind permission from Springer Science+Business Media from [85].

as deformed anatomy. Furthermore, metal objects or implants can also lead to streaking
artifacts, because of the high attenuation produced by metal, making it di�cult to assess
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the regions in its proximity.
One important drawback of CT is its associated ionizing radiation [40]. The patient

dose depends strongly on the purpose of the exam and the acquisition parameters, but
can be above 15 mSv for acquisitions such as coronary angiography (CTA). However, dose
reduction techniques have been implemented and improved in the last years, making it
possible to acquire a high-quality CTA with a dose below 5 mSv.
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APPENDIX B

Magnetic Resonance Imaging

The Nobel prize in physics in 1952 was awarded to Felix Bloch and Edward Purcell for
the development in 1946 of Nuclear Magnetic Resonance (NMR), the scienti�c principle
behind Magnetic Resonance Imaging (MRI). In 1971 Damadian proposed measuring the
relaxation time of the spin of the hydrogen protons in water to get information about
biological tissues, reporting that normal tissue and tumors studied in vitro had di�erent
relaxation times [64]. Due to the high concentration of hydrogen protons in the human
body (e.g. in water and fat), application for clinical detection of diseases could be envi-
sioned.

In 1973 Paul Lauterbur made a fundamental proposal on how to form an NMR image:
in addition to the static magnetic �eld, a magnetic �eld gradient also had to be applied,
allowing spatial localization of the signals [167]. For this, he was awarded the Nobel prize
in physiology and medicine in 2003 together with Sir Peter Mans�eld, who patented the
method of selectively exciting and de�ning a slice across a sample [94] and made essential
advances on echo-planar fast pulse sequences [183], allowing much faster imaging. Shortly
after the publication of the work from Lauterbur, phase and frequency encoding and the
Fourier transform started being used [158, 78], establishing the basis of modern MRI
acquisition and for which Richard Ernst would get the Nobel Prize in Chemistry in 1991.
Finally, in the early 1980s, MRI entered the clinical arena, quickly becoming a mainstream
imaging modality.

The basic idea of MRI is to study the response of the magnetized tissue to radio
frequency (RF) signals and deduce the underlying properties of the tissue. An MRI
system consists mainly of three hardware components (Fig B.1):

Main magnet The main magnet produces a high magnetic �eld B0 which is used to
magnetize the tissue. The higher the magnetic �eld, the higher the SNR which can
be potentially achieved with the scanner [258]. It is essential that it is homogeneous
over the imaging volume in order to avoid distortions in the acquisition; additional
shim coils are used to guarantee the homogeneity even after the introduction of the
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Figure B.1: Schematic view of an MRI scanner, with the main magnet producing a strong
homogeneous magnetic �eld (a), the gradient coils responsible for the spatial localization
of the signal (b), and a RF transmit coil (c), with the signal response from the excited
spins within the patient being measured by local surface coils placed on the imaging
volume. Reproduced from [209] with permission from the authors.

patient in the bore. Other than some open MRI scanners using permanent mag-
nets, most clinical scanners use a cylindrical superconducting magnet consisting of
a solenoid of wire (typically niobium-titanium), which operates within liquid helium
at 4 kelvin in order to have superconducting properties and not o�er resistance to
the �owing current. Therefore, the magnetic �eld always stays on even when the
scanner is not being operated. Modern clinical MRI scanners have a main magnet
producing a �eld strength of typically 1.5 or 3 Tesla, although preclinical and re-
search scanners can use 7 Tesla and above. For comparison, the Earth's magnetic
�eld strength is about 0.00005 Tesla.

Gradient coils The gradient coils allow the spatial localization of the signal. Usually,
three pairs of coils are used to generate magnetic �eld gradients in the x, y and z
directions, but they can also be combined to generate oblique gradients for imaging
any o�-axis plane. The coils generate a less intense magnetic �eld which is added on
top of that from the main magnet, and which varies linearly throughout the imaging
�eld of view. As opposed to the main magnet, these coils are normal electromagnets
and the current which �ows through them can be modi�ed within a short time. Both
scan speed and image quality are in�uenced by the gradient coils: they should have a
high gradient amplitude (in mT/m) and a fast gradient slew rate (in mT/m/ms) for
optimal performance. However, these parameters are also limited by safety concerns
over peripheral nerve stimulation [256].

Radiofrequency system The radio frequency system is responsible for creating a mag-
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netic �eld B1 which selectively excites the spins of the nuclei in the tissue by varying
at their Larmor (resonance) frequency, and for measuring the magnetic �eld pro-
duced as a response by the tissue, which can be measured by induction of a current
�ow in the coils. For that, some coils are transmit coils, some coils are receive coils,
and some coils can operate in both modes. Usually, a so called body coil is perma-
nently integrated into the MRI housing, which can operate as transmit and receive
coil. Additionally, local surface coils positioned directly over the imaged areas of the
patient can be used, allowing to achieve a higher SNR at the expense of an eventual
loss of signal homogeneity. Furthermore, several coil elements can be combined as
phased-array coils to cover larger regions and speed up the acquisition, in the so
called parallel imaging mode [128, 164].

MRI cannot be understood without the concept of spin, �rst proposed by Wolfgang
Pauli in 1924 [230]. Individual unpaired protons, neutrons and electrons each possesses a
spin of 1/2. However, two or more particles can pair up to eliminate the manifestations
of their spin. MRI can use the nuclei of the atoms with a non-zero net spin, such as 1H,
2H, 31P and 13C. Due to the non-zero spin, these nuclei have a magnetic moment in the
direction of the spin axis, behaving like a tiny magnet rotating around this axis.

For clinical imaging, only those nuclei with non-zero spin which are abundant enough
within the human body can be used. For this reason, hydrogen nuclei are most often used,
since hydrogen represents over 60% of the atoms in the body. Furthermore, they have the
advantage of having a strong magnetic moment since they have one single proton. From
now on, for reasons of simplicity, imaging will be described using protons, with protons
referring speci�cally to the nuclei from the hydrogen atoms. However, the explanations
can be extrapolated to any other nuclei with non-zero spin.

(a) (b)

Figure B.2: a) In the absence of a magnetic �eld, the spins are arbitrarily oriented, with
a net magnetization equal to zero. b) Within a strong magnetic �eld, the spins tend to
align with the direction of the �eld, with a small excess of spins in the parallel state.
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In the absence of a magnetic �eld, each proton aligns in an arbitrary orientation,
and therefore the net magnetization M (the sum of the magnetic moment of all spins)
is zero. However, when placed in a strong magnetic �eld B0, protons tend to align with
the �eld, the same way a magnet would (Fig B.2). They can align in a low energy state
(parallel state), with the north face of the proton towards the south face of the magnet,
and in a high energy state (antiparallel state), with the north face towards the north face.
At absolute zero temperature, all protons would align in the parallel state, but at room
temperature, due to thermal agitation, the spins are distributed in both states, with a
very small excess of spins in the parallel state, only a few per million. The excess of spins
in the parallel state depends linearly on the strength of the magnetic �eld applied. Since
only this excess is used to produce a signal in MRI, as will be described below, higher
SNR can potentially be achieved by using stronger magnetic �elds.

Figure B.3: Schematic representation of a precessing proton, showing the wobbling around
the direction of B0 and spinning simultaneously around its axis.

Even though the net magnetization of an ensemble of protons is parallel to the mag-
netic �eld B0, single protons have a rotation axis which precesses around the direction
of the magnetic �eld (Fig B.3). The frequency of the precession is called the Larmor
frequency, and depends mainly on the strength of B0 and on the nuclear species. For ex-
ample, in a 1.5 Tesla magnetic �eld, the protons from the hydrogen nuclei have a Larmor
frequency of about 64 MHz.

When radio frequency energy at the Larmor frequency is provided by the transmitter
coil, creating a rotating magnetic �eld B1, some of the exceeding spins in the parallel
state swap to the antiparallel state, that is, to a state with higher energy. The strength
and duration of the RF signal applied will determine the energy available for the spins
to achieve transitions between both states. For example, the RF signal can be adjusted
in order to rotate the net magnetization vector M by 90◦ (to be perpendicular to the
direction of the magnetic �eld) or by 180◦. The angle of the tilt is referred to as the �ip
angle.

After the RF transmitter coil is shut o�, the magnetization vector M goes back to its
equilibrium state M0, in the original parallel state, in a process known as relaxation. The
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relaxation of the magnetization M with time is mathematically described by the Bloch
equations [31]. Two components of the relaxation can be distinguished, which are both
characterized by an exponential process:

T1 relaxation T1 relaxation indicates how the longitudinal component of M , MZ (par-
allel to B0), goes back to the equilibrium state M0, dissipating the excess energy of
the spins as heat to the surrounding tissue (or lattice). Each tissue will be charac-
terized by a value T1, which is the time to reduce the di�erence between MZ and
its equilibrium state M0 by a factor of e (that is, to approx. 37% of the original
di�erence), according to:

MZ = M0 · (1− e−t/T1)

T1 is also called the spin-lattice relaxation time or the longitudinal relaxation time.
For the tissues in the human body, T1 values in the range of 200 ms to 1000 ms are
usually observed at 1.5 T, but they can be above 2 seconds for some �uids such as
cerebrospinal �uid.

T2 relaxation T2 relaxation indicates how the magnitude of the transverse magnetization
MXY (perpendicular to B0) decreases to 0, which is its equilibrium state. Transverse
relaxation is due to two reasons: to the interaction between the magnetic moments
of the protons within the tissue, and to the inhomogeneity of the external magnetic
�eld B0, which makes protons at di�erent locations precess with slightly di�erent
frequencies. These two e�ects contribute to the loss of the initial phase coherence
achieved after e.g. a 90◦ pulse. T2 is the time to decrease MXY 0 (the transverse
magnetization present after applying the RF signal) by a factor of e due exclusively
to the interaction between the magnetic moments, according to:

MXY = MXY 0 · e−t/T2

T2 is also called the spin-spin relaxation time or the transverse relaxation time. For
human tissues, T2 values between 40 ms and 100 ms are typically observed at 1.5 T,
but some �uids (such as cerebrospinal �uid) have T2 values above one second. T2 is
always shorter or equal to T1. Because of the inhomogeneities in B0, a shorter value
T ∗2 is usually observed. Spin echo sequences can account for this e�ect and measure
the T2 value corresponding exclusively to the spin-spin relaxation.

The receiver coil serves then to measure -by induction of a voltage due to the moving
magnetic �eld- the net transverse component of the magnetization which rotates around
the direction of the main magnetic �eld B0. The transverse component has a sinusoidal
form, corresponding to the rotation of the spins with time at the Larmor frequency. Due to
the progressive dephasing of the protons described by the T2 relaxation, the amplitude of
the transverse magnetization decays with time, resulting in a decaying sinusoidal waveform
measured by the receiver, which is called free induction decay (FID). The FID after RF
excitation is usually too rapid to generate an MRI image, because the system electronics
do not allow to image after RF excitation within such a short time (for T2 values usually
below 100 ms). Therefore, a temporal separation between the RF pulse and the acquisition
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is introduced, and a so called echo of the initial FID is measured. The delay between the
RF excitation and the signal acquisition is called echo time (TE).

In MRI, each signal measured is a mixture of signals from all voxels in the sample. In
order to perform spatial encoding, gradient coils are used. Three di�erent gradients are
used for spatial encoding: selection of the imaged slice by applying a gradient orthogonal
to the slice during RF excitation (as an example, in the z-axis) which results in the
resonance of only this slice of spins; phase encoding after RF excitation by applying a brief
gradient (in the y-axis following the example) which dephases the di�erent rows of spins;
and frequency encoding, applied as a gradient (in the x-axis following the example) during
signal readout which changes the frequency of each column of spins. In order to form a
complete image, the phase encoding is stepped during the acquisition, with increasing
strength of the phase encoding gradient. The time interval between the application of
subsequent RF excitations while varying the phase encoding gradient is called repetition
time (TR). In most standard scans, each repetition allows to �ll a line in the so-called
k-space. Once the complete k-space has been sampled, the MRI image can be obtained
by applying a two-dimensional Fourier transform to it.

By varying acquisition parameters such as TR and TE, di�erent contrasts can be
obtained, such as T1-weighted (short TE and TR), T2-weighted (long TE and TR) and
proton-density weighted images (short TE and long TR).

The signal intensity resulting at each voxel will depend on the sequence used as well
as on the chemical composition of the tissue. This makes MRI so unique, in its ability to
tailor the exam to the particular clinical question, being able to provide di�erent images
from the same organ depending on the parameters of the acquisition (Fig B.4). Moreover,
paramagnetic contrast agents can be used, most of them employing chelated Gadolinium,
which shorten the T1 of the region where they are located. Contrast agents which are
absorbed by speci�c tissues can be used to e�ectively produce new contrasts and better
diagnose some pathological conditions.

MRI o�ers additional acquisition techniques, which are out of the scope of this ap-
pendix. Among them, it is worth pointing out MR spectroscopy. MR spectroscopy of
the hydrogen nucleus, the most commonly used, works by suppressing the signal from
water and identifying metabolites through the slightly di�erent Larmor frequency result-
ing from the electron cloud surrounding the hydrogen nuclei. SNR and acquisition time
still represent major limitations for MR spectroscopy, being therefore mainly used for
research applications, but with increasing clinical use in areas such as brain, tumor and
in�ammatory imaging.

MRI �nds application in a large number of clinical areas. As compared to CT, MRI
provides an excellent soft tissue contrast, making it useful for diagnosing and monitoring
several neurological, oncological and cardiovascular conditions, as well as many muscu-
loskeletal diseases and post traumatic injuries. In addition, MRI is increasingly used
intraoperatively for image-guided minimal invasive procedures.

MRI has the advantage of having no ionizing radiation associated with it; this is
particularly relevant for pediatric imaging and makes it suitable for serial follow-up ex-
aminations. Still, there are some risks involved, which are harmless if basic precautionary
measures are respected. These risks include:
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Figure B.4: Choice of multi-parameter soft tissue contrasts available with MRI. Repeated
MRI imaging of an axial cross-section through the brain of a normal volunteer demon-
strates how the soft tissue contrast can be varied simply through the appropriate choice
of imaging sequences and corresponding sequence parameters. (a-d) show the basic MRI
contrasts: (a) T1-weigthing (T1w), (b) T1w with contrast agent, (c) T2w, (d) proton-
density-weighted. (e) and (f) show FLAIR and inversion recovery sequences, respec-
tively. (g) Di�usion-weighted image of the brain, and (h) provides a maximum-intensity
projection (MIP) of a non-contrast-enhanced 3D time-of-�ight (TOF) angiogram of the
intracranial vessels. Reproduced from [209] with permission from the authors.

� The energy introduced in the body by the RF system, which produces heating. This
energy is usually measured as Speci�c Absorption Rate (SAR), in Watts/kg.

� The high acoustic level which might occur during the acquisition.

� The in�uence of the magnetic �eld on pacemakers and other devices.

� The eventual heating of the liquid helium in the case of a system failure, which stops
the superconducting properties of the magnet and results in a sudden heating and
a fast, explosive expansion of the helium gas.

� The attraction of ferromagnetic objects to the magnet, which can convert many
objects in projectiles dangerous for the patient.

As indicated above, when MRI is correctly operated and basic precautions are taken,
these risks are virtually inexistent.

For further information about MRI physics and its clinical applications, please refer
to [111, 209].
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APPENDIX C

Medical hardware used for the data acquisition

Here is an overview of the clinical scanners available at the Department of Nuclear
Medicine that served to acquire the data used within this thesis together with some
of their relevant parameters.

Biograph Sensation 16 PET/CT The Siemens Biograph 16 PET/CT (Fig. C.1) was
available between 2004 and May 2008, prior to the installation of the Biograph
TruePoint scanner. It combines an ECAT ACCEL PET and a 16-slice Somatom
Emotion CT.

Regarding the PET component, it has an axial �eld of view of 16.2 cm and has
no septa, so that all PET data is acquired in 3D mode (see section 2.1.5). Since
2005, it was also upgraded with improved detection electronics (Pico3D), allowing
better energy and timing resolutions. The scanner contains approximately 11,000
Lutetium Oxyorthosilicate (LSO) crystals with a size of 6.45x6.45x20 mm3, resulting
in a spatial resolution of approximately 6 mm at the center of the �eld of view. The
scanner's sensitivity is reported to be 4.5 %.

The CT component is a Siemens Somatom 16, with 16 rows of detectors made of
ultra-fast ceramic and a rotation time of 500 milliseconds. The spatial resolution of
the CT component is reported to be below 0.6 mm.

Biograph TruePoint PET/CT The Siemens Biograph TruePoint was installed at the
department in May 2008, replacing the Biograph Sensation 16. It combines an
LSO-based Hi-Rez PET scanner with a 64-slice CT.

Regarding the PET component, it has an axial �eld of view of 21.6 cm and has no
septa, so that all PET data is acquired in 3D mode. It contains 32,448 LSO crystals
with a size of 4x4x20 mm3, resulting in a spatial resolution of approximately 4.2
mm at the center of the �eld of view. The scanner's sensitivity is reported to be
7.9 %.
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Figure C.1: Siemens Biograph PET/CT architecture, with PET and CT scanners besides
each other.

The CT component includes 64 rows of detectors made of ultra-fast ceramic. It has
a rotation time of 330 milliseconds. The scanner's spatial resolution is reported to
be 0.4 mm.

ECAT EXACT HR+ The Siemens ECAT EXACT HR+ (Fig. C.2) contains 18,432
bismuth germanate (BGO) crystals with a size of 4x4.4x30 mm3 arranged in 32
rings and covering an axial �eld of view of 15.5 cm with a patient port of 56.2 cm.
It has retractable septa, so that acquisitions can be done in 2D or 3D mode.

Figure C.2: Siemens ECAT EXACT HR+ PET scanner. Since the introduction of
PET/CT scanners in the clinic and their clear advantage for oncological examinations,
the HR+ scanner is used mainly for neurological and cardiac examinations.

Attenuation correction is performed by means of a transmission measurement done
with a rotating 68Ge rod source. Due to the reduced statistics of the transmission
measurements, these can be segmented post-acquisition in order to reduce the noise
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propagation into the reconstructed PET image [311].

The transaxial resolution of the scanner in 2D mode is 4.3 mm in the center of the
�eld of view and the axial slice width 4.2 mm. In 3D mode, the observed spatial
resolution at the center of the �eld of view is 4.4 mm (transaxial) and 4.1 mm (axial)
[43].

Figure C.3: Siemens Espree MRI.

Espree MRI The Siemens Espree (Fig. C.3) is a 1.5 Tesla MRI with open-bore (70
cm diameter) and a 125 cm magnet. It utilizes the Z-engine gradient system with
33 mT/m, slew rate of 100 T/m/s, and features the Total Imaging Matrix (Tim)
technology.

Gyroscan ACS-NT MRI The Philips Gyroscan ACS-NT is a 1.5 Tesla MRI. It in-
cludes a 60 cm short bore magnet with 15 mT/m gradients.

129



Medical hardware used for the data acquisition

130



APPENDIX D

Respiratory signal acquisition using an infrared stereovision camera

Since the ART stereovision system employed is an all-purpose tracking system, several
in-house developments needed to be performed in order to adapt it for monitoring the
patient's respiration. These developments were mainly performed within the frame of an
interdisciplinary project [242]. They can be summarized in the following steps:

Camera setup It was veri�ed that the system could be placed in the PET/CT exami-
nation room to monitor patients during the scans. The position of the cameras had
to be adjusted in order to have a direct sight of the markers on the patient's torso
during the acquisition, avoiding occlusion by the scanner's gantry and by the patient
himself. In the clinical setup of this clinic, given the position of the PET scanner
within the PET/CT gantry, it was decided that the camera would be placed one
and a half meters apart from the bed-head. Moreover, this distance to the markers
�tted well to the recommendations provided by the manufacturer of the infrared
camera.

Calibration For logistical reasons, the camera system could not permanently stay in the
examination room but had to be setup for every examination. In order to determine
the position of the cameras with respect to the PET/CT scanner, a �x reference
body consisting in a set of �at markers was attached to the scanner (Fig. D.1).
Calibration of the system was achieved by measuring well-known displacements of
markers using the motion of the PET/CT bed (see details in [242]), and provided
the basis to get relative motion of the markers measured in the PET/CT coordinate
system. After the calibration phase, a position vector ~p given in the raw ART marker
data could be transformed to a position vector ~p ′ in coordinates of the PET/CT
scanner following this equation:

~p ′ = C−1B−1(~p−~b).
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(a) (b)

Figure D.1: Set of �at markers attached to the PET/CT gantry used as reference body
(a) and spatial transformations used to compute the motion in the PET/CT coordinate
system (b). Image reproduced from [242].

Marker tracking A set of �ve separate markers was attached to the patient, as shown in
Fig. 3.7, page 37. Three of the markers were placed on top of the Anzai elastic belt,
whereas the other two were �xed to ECG electrodes. Having several markers served
to increase the reliability of the system and its sensitivity to occlusion. The tracking
data was recorded in a �le using the DTrack software provided with the ART system
with a sampling rate of 20 Hz. The �le showed the position of each single marker
as well as that of the calibration body with its 6 degrees of freedom (DOF). An
occlusion handling algorithm was implemented by taking into account the location
of the markers before and after occlusion, and the appropriate transformations were
applied to go from the ART coordinate system to that of the PET/CT.

Data merging The output of the previous operations is an array with the three-
dimensional position relative to the PET/CT scanner of each of the �ve markers
at every time-point. Patient motion as well as displacements of the patient bed
can be detected with a low-pass �lter (frequency < 0.1 Hz) and removed from the
signal. In addition, the data had to be combined in order to get a one-dimensional
respiratory signal. Two di�erent possibilities were investigated: 1) projecting of the
marker locations to the anterior-posterior axis and computing its average. 2) Using
principal components analysis (PCA, see [232, 134]) and assuming that the �rst
component responds to the respiratory motion.
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