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Fusion of PET and MRI for Hybrid Imaging
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Summary. Recently, the development of the fusion PET-MRI system has been
actively studied to meet the increasing demand for integrated molecular and anatom-
ical imaging. MRI can provide detailed anatomical information on the brain, such
as the locations of gray and white matter, blood vessels, axonal tracts with high res-
olution, while PET can measure molecular and genetic information, such as glucose
metabolism, neurotransmitter-neuroreceptor binding and affinity, protein—protein
interactions, and gene trafficking among biological tissues. State-of-the-art MRI sys-
tems, such as the 7.0 T whole-body MRI, now can visualize super-fine structures
including neuronal bundles in the pons, fine blood vessels (such as lenticulostri-
ate arteries) without invasive contrast agents, in vivo hippocampal substructures,
and substantia nigra with excellent image contrast. High-resolution PET, known as
High-Resolution Research Tomograph (HRRT), is a brain-dedicated system capable
of imaging minute changes of chemicals, such as neurotransmitters and —receptors,
with high spatial resolution and sensitivity. The synergistic power of the two, i.e.,
ultra high-resolution anatomical information offered by a 7.0 T MRI system com-
bined with the high-sensitivity molecular information offered by HRRT-PET, will
significantly elevate the level of our current understanding of the human brain, one
of the most delicate, complex, and mysterious biological organs. This chapter intro-
duces MRI, PET, and PET-MRI fusion system, and its algorithms are discussed in
detail.

2.1 Introduction

Among the modern medical imaging technologies, Positron Emission Tomog-
raphy (PET) and Magnetic Resonance Imaging (MRI) are considered to be the
most powerful diagnostic inventions. In the 1940s, modern medical imaging
technology began with advancements in nuclear medicine. In the early 1970s,
by combining the diagnostic properties of X-rays with computer technology,
scientists were able to construct 3D images of the human body in vivo for
the first time, prompting the birth of the Computed Tomography (CT). The
emergence of CT was an important event that motivated scientists to invent
PET and MRI. These imaging tools were not based on simple modifications
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of existing techniques or devices. Instead, they are the new medical imaging
modalities that were the result of the combined effort of numerous scientific
disciplines such as physics, mathematics, chemistry, computer science, biology,
medicine, and pharmacology.

Initially, PET was based on somewhat primitive form of positron imaging
device created in 1953 by Gordon Brownell et al. Massachusetts Institute of
Technology (MIT) and then newly born concept of the CT. The first modern
PET device was developed by two groups of scientist. One was at Univer-
sity of California at Los Angeles (UCLA) in the mid 1970s by Cho et al [1]
and the other was by Ter-Pogossian & Phelps at Washington university, St.
Louis [2]. Subsequently, a new detector material, Bismuth-Germanate (BGO)
was introduced for use in high-resolution imaging [3]. Today, most commer-
cial PET scanners have adopted the ring-type detector system, based on
the use of BGO or Cerium-doped Lutetium Oxyorthosilicate (LSO) scintil-
lators [4]. These PET systems now have spatial resolutions of 56 mm at
FWHM (Fig.2.1).

The development of MRI was based on Nuclear Magnetic Resonance
(NMR), explored in 1940s by Felix Bloch at Stanford University and Edward
Mills Purcell at Harvard University. The first principles of MRI were proposed
in 1973 by Paul Lauterbur, and necessary image reconstruction algorithm
were developed in the mid 1970s by Richard Ernst. For their achievements,
Ernst received 1990 the Nobel Prize in Chemistry, and in 2003, Lauterbur
and Mansfield won Nobel Prize in Physiology or Medicine. Much of the MRIs
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rapid success can be attributed to its non-invasiveness and tissue discrimina-
tion capability in the brain. Continuous hardware and software advancements
have followed, and new MRI scanners boast sub-millimeter resolution with
excellent contrast. The strength of the magnetic field used in the device is
described with a unit of Tesla (T) or Gauss G. 1 T is equal to 10,000 G.
Although currently available MRI in the market for humans use is up to 8 T,
only 4 T is permitted for clinical use by the Food and Drug Administration
(FDA) of the United States.

The invention of PET and MRI changed the scene of modern medicine
and was perhaps one of the greatest achievements in medicine and the biol-
ogy. This chapter provides a brief introduction of the basic principles of MRI
and PET, followed by an overview of state-of-the-art PET and MRI systems.
Subsequently, we described the complementary use of these two devices and
technical aspects related to the new PET/MRI fusion system, which has been
recently developed, and potential applications are discussed.

2.2 Positron Emission Tomography

2.2.1 Basic Principles

PET is an imaging system that detects two annihilation photons or gamma
rays originating from the tracer compounds labeled with positron-emitting
radionuclides, which are injected or administered into the subject. Many
proton-rich radioisotopes may decay via positron 31-decay, in which a proton
in the nucleus decays to a neutron by emission of a positron and a neutrino.
The decay product has one atomic number less than the parent. Examples
of radionuclides which undergo decay via positron emission are shown in
Table 2.1 [5].

Positron-emitting radionuclides possess an important physical property
that makes PET a unique high-resolution molecular imaging device. That is
the directionality or collinearity of two simultaneously emitted photons by
the annihilation process. When the emitted positron collides with a nearby
electron, they annihilate and produce two annihilation photons of 511 keV.
The two annihilation photons, which are identical to two gamma photons
with 511 keV of energy, then travel in nearly exact opposite directions of

Isotope Half life Positron energy  Positron range  Table 2.1. Radionuclides and
(min)  maximum (MeV) in water (mm)  their physical properties. The

Hc 20.30 0.96 11 positron range is given at
13N 9.97 1.19 1.4 FWHM

150 2.03 1.70 1.5

18F 109.80 0.64 1.0

68Ga 67.80 1.89 1.7

82Rb 1.26 3.15 1.7
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each other. This near collinearity of the two annihilation photons allows to
identify the location of the annihilation event or the existence of positron
emitters through the detection of two photons by detectors poised exactly on
opposite sides of the event, which are contacted by the photons at nearly the
same time. This simultaneity also plays an important role for the coincident
detection.

A set of detectors converts the high-energy photons into electrical signals
that are subsequently processed by signal processing electronics. For detec-
tion of these two annihilation 511 keV photons, two scintillation detectors
are coupled to an individual Photo-Multiplier Tube (PMT), pulse timer and
amplitude analyzer. The detectors of current PET systems are made of inor-
ganic materials called scintillation detectors. Scintillators convert the incident
gamma quantum into a large number of light photons. The scintillator must
be made of a highly dense material with high atomic number to maximize
the gamma photon absorption. In the early development of PET and up to
the late 1970s, Nal(T1) was a commonly used for scintillation detectors. Cur-
rently, most modern PET use BGO [3]. While BGO has larger absorption
power, LSO has a faster response time and more light output. The light, visi-
ble photons, from these scintillators are converted to electrical signals by the
PMT or equivalent device. The PMT multiplies the weak signals from the
scintillation detectors to electrically detectable signals with both pulse timing
and amplitude. Although PMT is the most widely used light photon amplifier,
more recently semiconductor type PMTs, such as an Avalanche Photodiode
(APD) and the Silicon Photomultiplier (SiPM) have been developed and are
in use. A semiconductor type PMT has the advantage over conventional PMTs
due to its non-magnetic properties, which supports use in MRI environments,
but it has several disadvantages in rigidity and stability (Fig.2.2).

The amplified electrical signals from PMTs, as electrical pulses, are ana-
lyzed to determine when the signal occurred and whether the signal is above
a certain threshold. When the valid PET signal is generated by annihila-
tion photons of 511 keV that pass the energy threshold, time information is
recorded and used for coincident time analysis. The detected pulses are then
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Fig. 2.2. Positron generation and annihilation. Left: positron emission from a
radionuclide; Right: positron annihilation, which generates two annihilation photons
or gamma photons
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fed to a coincidence module, which examine whether two pulses are truly due
to the annihilation process. The smaller the difference between the two pulses,
the closer the detection stems from the true annihilation event. Modern elec-
tronics, however, can measure time with a resolution of 10~% s or larger. As a
result, the event is registered as coincidence only if a pair of detectors (oppo-
site to each other) detects the signal simultaneously within a certain time
window. The coincident time window used is in the range of 10 ns.

2.2.2 Image Reconstruction

In a typical PET scan, 10°-10° events (decays) are detected depending on
the radioactivity injected and the time of measurement. Coincidence events
are saved as the special data set called sinogram. The sinogram is the line-
integral projection data obtained from a large number of detectors at different
views surrounding the entire object. The sinogram data is used to reconstruct
an image through mathematical algorithms such as analytical or iterative
reconstruction methods. Analytical methods calculate the radionuclide tracer
distribution directly from the measured sinogram data. Backprojection and
Filtering (BF) or Filtered Backprojection (FB) are typical algorithms used
for analytical methods. They require less computational burden than statisti-
cal methods such as the Expectation Maximization (EM) algorithm. Analytic
approaches, however, often suffer from an artifact known as the streak arti-
fact, which arises from the physical gaps existing between the detectors. In
contrast, iterative methods like EM reconstruct the image in an iterative fash-
ion using the measured sinogram. Iterative methods, therefore, are often more
robust to noise, such as streak artifacts, and can provide better Signal to Noise
Ratio (SNR) at a given spatial image resolution. Although iterative methods
require much more computational burden, due to the recent improvement of
computing technologies and algorithms, EM algorithm is now widely used as
the main stream method of PET image reconstruction.

2.2.3 Signal Optimization

In addition to the basic image reconstruction, it is important to note that there
are several physical phenomena, such attenuation, scattering, and random
coincidences, which are necessary to correct when more quantitatively accu-
rate PET images are required. Interactions within the body with incident pho-
tons, which result in scattering and attenuation, are known as scatter and coin-
cidence events, respectively, and require correction. The scattered coincidence
events and attenuation corrections are two major problems together with
accidentally-occurring coincidence events. In addition, the efficiency of each
detector may vary between each detector and influence the measured data.
Therefore, various correction techniques have been developed to correct the
effect of attenuation, scatters, and random events. Only when these corrections
schemes are completely incorporated into the main reconstruction algorithm,
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PET can quantitatively image various radio-labeled ligands binding to specific
receptors, transporters, and enzymes. This quantitatively calibrated molecular
imaging is one of the strengths of PET imaging. For example, the interac-
tion and distribution of the dopamine transporters or receptors in the brain
can be measured using a PET with ¥ FluoroPropyl-Carbomethoxylodophenyl-
norTropane (F-FP-CIT) or 1*C-Raclopride (Figs. 2.3, 2.4).

2.2.4 High-Resolution Research Tomograph

One of the most advanced PET scanners is the High-Resolution Research
Tomograph (HRRT), which has been introduced by Siemens. HRRT-PET is
designed to obtain the highest spatial resolution and the highest sensitiv-
ity known in human brain PET imaging [6]. In contrast to the commercial
PET, which usually has a system diameter of more than 80 cm to accom-
modate the whole body, the system diameter of HRRT-PET is only 46.7 cm,
which is only suitable for a human brain scan. This small system diameter
improved each detector’s solid angle and, therefore, the sensitivity. In addi-
tion, the HRRT-PET has a longer axial Field-of-View (FOV) of 25.2 c¢m, as
compared with the conventional PET, which has only 17 cm of axial FOV.
The shorter system diameter and the longer axial FOV provide a dramatically
improved detection efficiency, and thereby enhance the overall system sensitiv-
ity. With this increased sensitivity, HRRT-PET provides a considerably high
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Fig. 2.5. Detector configuration of HRRT-PET. The HRRT-PET detector system
consists of eight heads (left). Each head has 13 x 9 detector blocks build with two
layers of 8 x 8 detectors. This results in a total of 119,808 scintillation detector
crystals with dimension of 2.3 x 2.3 x 10 mm?. These small detector crystals are
packed in the form of a mosaic panel (right)

spatial resolution together with the small detector size, which has dimensions
of 2.3 mm X 2.3 mm for width and height, respectively (Fig.2.5).

This high spatial resolution combined with enhanced sensitivity [7, 8]
makes the HRRT-PET the most advanced PET scanner for human brain stud-
ies [9]. Simultaneously, the improved spatial resolution reduces partial-volume
effects, thereby improving quantification of metabolic rates in the brain such as
the regional Cerebral Metabolic Rate of Glucose (rCMRGlc) [10]. In addition,
transmission images are also obtained, supporting a more accurate attenuation
and scatter correction.

These improvements in performance by the brain optimized configuration
of the HRRT provided better imaging and allowed us to image smaller Region
of Interest (ROI) than the previously available. In addition to PET’s ability
to measure and visualize metabolism, the distribution of neuroreceptors and
neurotransporter in the brain can be measured. Also, HRRT-PET now allows
the ability to measure the specific distribution of different ligands in various
neurodegenerative disorders [10]. According to recent report, many small brain
structures can be studied due to the availability of HRRT-PET [10,11]. These
structures include:

1. The dopamine transporter-enriched nuclei in the midbrain where the
dopaminergic cell bodies are located [12].

2. The substantia nigra, from which dopaminergic neurons projecting to the
dorsal striatum.

3. The ventral tegmental area, from where neurons project to the limbic
regions and the cerebral cortex [13].
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PET/CT HRRT- PET

Fig. 2.6. Resolution of HRRT-PET. A section of the brain is captured with cur-
rently available PET scanner (left) and the HRRT-PET (right), which shows much
more details and higher resolution

Other small regions such as the ventral striatum are actively pursued in
search of potential ROIs for HRRT-PET research. Even arterial blood sam-
pling in the human brain using the HRRT-PET is being studied by several
groups [9,13].

The previously mentioned features made HRRT-PET have the one of
the highest sensitivities and spatial resolutions among any currently avail-
able PET scanners. In Fig. 2.6, two comparative 18F-Fludeoxygloucose (FDG)
PET images emphasize the clear advantage of HRRT-PET over a conventional
PET. In these images, the cortical gyri are seen much clearer with HRRT-PET
than with PET/CT, suggesting that the HRRT can more accurately localize
the molecular interactions in the brain than any other PET system available
today.

2.3 Magnetic Resonance Imaging

2.3.1 Basic Principles

The main components of the MRI system are the main magnet, the Radio
Frequency (RF) system, the gradient coil, the shim system, and the com-
puter. The main magnet generates a strong magnetic field, which determines
the imaging power of MRI. Permanent magnets and resistive magnets can
be used to produce the external magnetic field; however, they are unable to
produce high magnetic fields and are only used for the low field MRI. Today,
the main magnetic field is commonly produced by a superconducting magnet
maintained at a very low temperature. The superconducting electromagnet
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consists of a coil that has been made super-conductive by a cooling system,
which often consists of liquid helium surrounded by liquid nitrogen. By cool-
ing, the superconductor becomes resistance free, which means large amounts
of current can flow through the coil to produce high magnetic fields.

Once the coil becomes a superconducting magnet, it is capable of pro-
ducing strong and stable magnetic fields suitable for MRI applications. The
superconducting wire is usually made of Niobium-Titanium (NbTi), a rigid
material that is simple to handle. Once a magnet is constructed with the
strong magnetic field, one can insert an object which has spins of nuclei such
as water protons. The spins in the object then will be aligned either parallel
or anti-parallel to the main magnetic field. A slightly larger fraction of these
protons will be oriented in the anti-parallel form and lead to a net magnetiza-
tion. In a given magnetic field, all the spins precess with the specific frequency
known as the Larmor frequency, which is specific to the strength of the mag-
netic field. If an external magnetic field or energy oscillating at the Larmor
frequency is applied to the spins, the spins absorb the applied energy and are
excited to the high energy status due to the magnetic resonance absorption
phenomena.

The external energy is usually delivered by RF coils, which transmit RF
energy to the object with a specific resonance frequency, often within a certain
bandwidth that has a center frequency equivalent to the Larmor frequency.
The precessing spins with the corresponding frequency at the non-excited or
resting states are then flipped to a higher excited state where they last for a
certain time depending on the relaxation properties of the object. The excited
spins will return to the steady state and give off energy in the form of an
electromagnetic signal or radiation, which is referred to as the Free Induction
Decay (FID) signal. During the spin flips, the large numbers of small electrical
dipoles, which are proportional to the resonant proton density, induce current
on the RF coils that are surrounding the object. The simplest form of an RF
system is composed of a transmitter coil and receiver coil. The RF system
is an antenna which is sending excitatory RF pulses to the object or brain
and also receiving the signals generated from the object. RF coils are one
of the key components that determine the SNR of images. The development
of specific purpose RF coils, therefore, is one of the central themes of MRI
research.

2.3.2 Image Reconstruction

Each signal received by the antenna or RF coil contains information of the
total sum of the object signals, but they are not encoded to produce an image
yet. Formation of MRI requires the magnetic gradients to encode spatial
information to the object. The gradient system has various functions such
as slice selection, spatial encoding, spoiling, rewinding, echo production, and
pre-saturation, among others. Among them, slice selection and spatial encod-
ing are the most essential functions of the gradients system to spatially localize
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the magnetic resonance signal. There are three gradient coils located within
the bore of the magnet, which are wrapped along three orthogonal axes. The
gradient is called according to the axis along which they act when switched
on. For example, G, is assigned for the horizontal axis of the magnet bore
and alters the field along the z-axis.

These magnetic gradients are referred to as slice-selection gradient (G.),
phase-encoding gradient (G,), and frequency-encoding frequency-encoding
gradient or readout gradient (G), respectively. Slice selection gradients are
usually applied at the RF excitation period so that only spins within a slice
corresponding to the specific RF bandwidth are excited. Frequency-encoding
or phase-encoding gradients are typically applied during or before data acqui-
sition. This encoding scheme encodes spatial information into the RF signal.
The received signal is in the spatial frequency domain, what is called k-space,
equivalent to the 2D or 3D Fourier transform of the object.

2.3.3 Signal Optimization

The raw field produced by a superconducting magnet is approximately 1,000
parts per million (ppm) or worse, thus the magnetic field has to be corrected or
shimmed. The shim system is used to correct field inhomogeneity and optimize
for each imaging session. Field homogeneity is measured by examining an
FID signal in the absence of field gradients. Shimming is important for a
number of imaging applications. Most modern MRI techniques such as Echo
Planar Imaging (EPI) and Chemical Shift Imaging (CSI) require homogeneous
magnetic fields to be less than 3.5 ppm over the imaging volume. Usually this
is accomplished by a combination of current loops (active or dynamic shim)
and ferromagnetic material (passive or fixed shim). Gradient coils are used to
provide a first-order shim. Since the introduction of a patient also distorts the
magnetic field, often an active shim correction is made before scanning.

The signals that are detected via the RF coils are recorded in the computer
system, and an image is reconstructed using a mathematical algorithm, such
as the Fourier transform. The complexity of modern MRI arises mainly due
to the many physical parameters involved such as spin relaxations of different
kinds, for example spin-lattice and spin-spin relaxation times (T1 and T2),
respectively. Most of the conventional imaging utilizes these magnetic prop-
erties, such as T1, T2, and susceptibility. In simple terms, the T1 value is the
recovery time of the flipped spins and determines the interactions between
spins and its surrounding lattice (tissue). The T2 value is the dephasing time
of the in-phased spins due to spin-to-spin interaction, and the susceptibility
is a spin dephasing factor due to surrounding magnetic fields. These magnetic
properties can be weighted in the image by adjusting the pulse sequence and
related imaging parameters.

In summary, MRI is a multi-purpose medical imaging instrument utilizing
those intrinsic parameters mentioned and offers exquisite spatial resolution
often more than an order of magnitude better than PET (Fig.2.7). MRI,
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however, lacks molecular specificity, although a number of new techniques
are being developed in combination with spectroscopic techniques or, more
recently, with nano-particles.

2.3.4 High-Field MRI

The magnetic resonance signal is commonly proportional to the volume of
data acquired and magnetic field strength. Therefore, high-field MRI sys-
tems provide an image with a higher SNR. In higher magnetic fields, it
is possible to decrease the volume or voxel without sacrificing the SNR. It
means that a high-field MRI system makes it possible to obtain higher spa-
tial resolution and sensitivity than low-field MRI. Structural, metabolic, and
functional assessments of an intact, living brain can be made using high-field
MRI systems.

The 7.0 T MRI system, which uses an ultra-high field magnet, currently
exists for human imaging with the high performance gradient coil set and
RF coils. It provides us with many exquisite high-resolution images with
an extremely high SNR. Recently, many ultra high-resolution images were
obtained from 7.0 T MRI (Figs. 2.8, 2.9). Many fine structures, which were
once thought impossible to image using MRI, were observed in the brain in
vivo. The structures include the substantia nigra, red nucleus, and cerebral
peduncle or crus cerebri in the midbrain. As demonstrated in Fig.2.8a, the
red nucleus and substantia nigra are clearly visible. In addition, the image
of the cerebral peduncle surrounding the substantia nigra shows not only
the fine vascular structures but also the fibers, suggesting that the details
of ultra-fine high-resolution images can be of great help in identification of
various neurological disorders and in the planning of surgical operations in a
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corticospinal tract

Fig. 2.8. High-field MRI image ezamples. The brain images are obtained from the
7.0 T MRI. In contrast to previous MRI systems, details of brain substructures can
now be observed

totally non-invasive manner. The line of gennari in the visual cortex (Fig. 2.8b)
and the perforating arteries and the corticospinal tracts in the pontine area
(Fig. 2.8¢) are also visualized in the 7.0 T MRI. Note the details of the thala-
mic area and the structures of the deep gray and white matter areas, like the
anterior commissure, the mammillary body, and the red nucleus.

The substantia nigra is an important region in the area of Parkinson’s
disease research. Figure 2.9a and b are images of the central midbrain areas
obtained from the same subject using 1.5 T and 7.0 T, respectively. As seen,
7.0 T MRI images are far superior and clearer than 1.5 T, particularly, in the
boundary between the substantia nigra and surrounding tissues in 7.0 T MRI.
Since the substantia nigra is believed to include iron, it is darker than other
regions due to T2-related signal reduction. Likewise, the structure of the hip-
pocampus and the parahippocampal regions, major ROI in the Alzheimer’s
studies, were clearly visualized by T2-weighted imaging in vivo by using 7.0 T
MRI (not shown here). 7.0 T MRI began to show possible visualization of
micro-vascular structures, such as the Lenticulostriate Arterie (LSA) in the
human brain, which would be extremely useful for clinical purposes. Recently,
we have reported regarding the advancements in micro-vascular imaging,
such as the in vivo visualization of LSAs, which was once thought to be
impossible [14].
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Fig. 2.9. High- and low-field MRI. Resolution in 1.5 T images (left) is lower as
compared to 7.0 T (right), as it can be seen in the substantia nigra (top) and
hippocampal region (bottom)

2.4 Hybrid PET Fusion System

PET is one of the most widely used imaging tools in both clinical areas as
well as neuroscience research, especially for its ability to perform non-invasive,
in vivo imaging of biochemical changes. PET can show how well tissues are
working by the consumption of the amount of nutrients, neurotransmitter
bindings, and blood flow within the tissue. In addition, there have been many
new developments in radiopharmaceutical ligands and probes. PET uses var-
ious radioactive pharmaceuticals as tracers, which make it possible to detect
molecular changes down to the pico-molar range. It has allowed us to look at
in vivo physiology as well as the molecular chemistry of living humans non-
invasively and has opened up modern quantitative molecular neuroscience.
PET applications also expanded to the study of amino acid metabolism
([Methyl-11C]-L-Methionine) and gene proliferation '8F-L-Thymidine (FLT).
PET has changed classical nuclear imaging concepts and has led to an
entirely new domain of molecular imaging. Various radionuclide tracers of
PET are listed in Table 2.2. Depending on the radionuclides and their labeled
compounds, various PET imaging techniques are available [15-22].

Although PET provides direct information about tracer uptake into the
cell for specific tissues, the spatial resolution of PET is poor in comparison to
CT or MRI. As of today, 2.5 mm FWHM is the best spatial resolution that
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Table 2.2. Radionuclide tracers for PET [23]. The generation of the nuclides ' C,
13N, 150, 18F, and '?*I requires a cyclotron

Hemodynamic parameters Ho 150, 1°0-butanol, 11CO, 13NH3

Hypoxia or angiogenesis I8FMSIO, %4Cu-ATSM, 8F-Galacto-RGD

Substrate metabolism 18F_FDG, 1509, 11 C-acetate

Protein synthesis 11C-Methionine, 11 C-leucine, 1! C-tyrosine

DNA synthesis 18E_FLT, 11C—thymidine, 18F_fluorouracil

Drugs 11C-Cocaine, 3N-cisplatin, 8F-fluorouracil

Receptor affinity 18F_FESP, 8F-FP-Gluc-TOCA,®F-FES

Gene expression I8F_.FHBG, 8F-Penciclovir, 18I-FIAU

Antibodies 124|_.CEA mimibody, 64Cu-DOTA Her2/neu minibody

PET can have [24]. This resolution is still relatively poor for the localization
of many delicate organs in the brain, such as the sub-regions in hippocampus.

In order to overcome its limitations, combining PET images with other
high-resolution morphological imaging modalities such as radiography, CT
and MRI has been studied [25-27]. Combining two or more imaging modalities
is probably the best solution, especially in the field of neurological imaging.

In the past, to combine two different modalities, software registration has
been used, and it works well in some studies where resolution requirement is
relatively low.

2.4.1 PET/CT Systems

PET/CT is the first successful product in this series of research. Although
it was the simple overlay of two images based on a mechanically calibrated
shuttle bed or table, high-resolution anatomical images from CT partially
aided the PET image, which has poor spatial resolution. The hybrid PET/CT
imaging system can provide the functional image of PET with the superior
anatomical delineation of CT. For example, PET/CT provides better distinc-
tion between cancerous tissue and healthy tissue in the diagnosis of cancer
and the planning of radiation therapy.

2.4.2 PET/MRI Systems

On the other hand, magnetic resonance has much greater soft tissue contrast
than CT, making it especially useful in neurological, musculoskeletal, cardio-
vascular, and oncological imaging. Unlike CT, it uses no ionizing radiation.
Instead, it uses a powerful magnetic field to align the magnetization of hydro-
gen atoms in the body and provides excellent tissue contrasts in both brain
and body imaging.

MRI has many advantages, such as its nonhazardous nature, high-resol-
ution capability, potential for chemically specified imaging, capability of
obtaining cross-sectional images in any desired directions, ability to use a
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large variety of high tissue contrasts, diffusion imaging capabilities, flow-
related imaging capabilities, and ability to perform functional MRI [28]. MRI
is, therefore, preferred to CT in the new fusion imaging system.

In contrast to PET/CT, which provides the simple combination of func-
tional and anatomical images, PET/MRI could provide the complex com-
bination of various functional information, such as PET, functional MRI
(fMRI) or Magnetic Resonance Spectroscopy (MRS), and detailed morpho-
logical information through using soft tissue contrasts, for example. Thus, the
PET/MRI system allows us to complement quantitative biological functional
information from PET, such as metabolisms and binding potentials, with
the high-resolution morphological information or other functional information
from MRI. When PET/MRI fusion images are available, perhaps unique bio-
chemical and molecular information with high resolution will be obtained from
our body, especially where high-resolution imaging is of utmost importance,
such as the brain.

Fusion Concepts

A major obstacle in developing a fusion PET/MRI system is that conventional
PET uses PMTs for detector components. Because PMTs are very vulnerable
to magnetic fields, especially in ultra high-field MRI such as 7.0 T, the unac-
ceptably large stray magnetic fields from MRI practically prohibit any close
positioning of the PET to the MRI.

In order to alleviate this problem, two types of approaches have been
suggested [29-40]:

1. Fiber optics is used to relay the scintillation light from detection crystals to
the PET modules, which would be located outside the magnetic field of the
MRI. Since the scintillation crystals and optic fibers are not sensitive to the
magnetic field, this arrangement would be suited for the PET/MRI combi-
nation. Fiber optics, however, attenuate the optical signals and, therefore,
degrade the overall sensitivity and spatial resolution.

2. APD and a semiconductor-type PMT in the PET/MRI fusion system is
used. APDs can replace PMTs since they are insensitive to magnetic fields.
Although APDs have been used successfully on small scale PET scanners
for animal use, APD-based PET appears to suffer from long term stability.

Extensive research is still ongoing and some progress have been be achieved.
In 2008, Judenhofer et al. developed an APD-based PET and MRI hybrid
imaging system for animal use [41]. In three-dimensional (3D) animal PET,
the APD-based and magnetically compatible scanner can be inserted into an
animal 7.0 T MRI system to simultaneously acquire functional and morpho-
logical PET /MRI images from living mice. With this PET/MRI system, they
have found a tumor hidden in tissue through using high-resolution magnetic
resonance data and simultaneously determined whether it is malignant by
functional PET data.
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A PET/MRI hybrid system for humans using this APD-based PET inser-
tion is being developed by Siemens, Inc. and the Max Plank Institute in
Germany. This human PET/MRI consists of an APD based PET-insert and
a low field MRI (3.0 T MRI) system. Other companies and institutions are
also developing integrated PET/MRI systems using a 3 T or 1.5 T MRI [36—
39]. The major obstacle of this integrated PET/MRI system appears to be
the stability of APD circuitry due to interference with the magnetic fields and
radiofrequency waves from the MRI unit. It has been reported that there is
significant variation of the timing resolution of the APDs, thereby increasing
the coincidence timing window up to 40 ns, compared to less than 10 ns in
most of the current PET systems [36].

2.4.3 High-Resolution Fusion

In order to avoid these interferences and to fully utilize the molecular imag-
ing capability of PET and the anatomical imaging capability of UHF-MRI
such as 7.0 T in human imaging, each scanner can be operated separately and
connected using a high precision mechanical shuttle bed. This configuration
shares many characteristics with the current PET/CT configuration [42,43].
In this manner, one can conveniently avoid any possible artifacts due to the
magnetic field interference incurred with PET-inserts or magnetic field influ-
encing the PET operation. The major drawback of this approach is that image
acquisition is performed sequentially rather than simultaneously.

In 2007, Cho et al. [23] developed this kind of PET/MRI hybrid system
using shuttle bed system. One of the major differences of the system with
others is the coupling of two high-end systems, i.e., HRRT-PET and 7.0 T
MRI, was achieved without any compromise. For molecular imaging, HRRT-
PET is used and provides a spatial resolution of 2.5 mm FWHM, the highest
resolution among the human PET systems, and 7.0 T MRI system for the
highest resolution anatomical imaging. These two devices together will provide
the highest sensitivity and resolution molecular information, further aided by
sub-millimeter resolution 7.0 T MRI imaging.

The conceptual design of the new fusion PET/MRI is shown in Fig. 2.10.
PET and MRI are installed as closely as possible. The two are connected by
a shuttle system composed of a bed and its guided rails. Proper magnetic and
RF shielding was designed both in the PET side as well as shuttle bed to avoid
interference of strong magnetic fields of the 7.0 T MRI. The shuttle system is
designed to fulfill the mechanical precision of less than 0.05 mm and is able to
operate under a high magnetic field, such as 7.0 T. This precision is sufficient
to meet the spatial resolution of the 7.0 T MRI so that HRRT-PET images are
precisely guided into the desired neuroanatomical region(s). The major advan-
tage of this type PET/MRI system is that it allows the exploitation of the
best qualities of the two systems, i.e., the available resolution and sensitivity of
HRRT-PET and UHF 7.0 T MRI without any compromise and interference.
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Fig. 2.10. PET/MRI fusion system. The system combines by two separate high-end
imaging devices (top), the HRRT-PET (left) and the 7.0 T MRI (right) by means
of a high-precision shuttle railway system (bottom)

iy

Fig. 2.11. PET/MRI fusion image example. The functional HRRT-PET image
(left) and the high-resolution 7.0 T MRI image (middle) are overlaid (right)
providing full diagnostic information

Critical issues for the success of this approach are the design and development
of precision mechanics including the shuttle and railway, proper magnetic
shield, and image fusion algorithm. The calibration method is also one of the
important components of this system to correctly align the image coordinates
of both imaging systems.
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2.4.4 PET/MRI Fusion Algorithm

Two approaches are under development to integrate anatomical and molecular
information. One is the image visualization approach and the other is the
image restoration approach.

Image Visualization Approach

Most of the functional or molecular images, by themselves, cannot easily
localize their signal origin. Overlaying the molecular information onto the
structural image greatly improves the ability to characterize the desired
anatomical location in the brain or organs [25-27,44-46]. Advancement in
image fusion methods allow for blending of higher spatial information of
anatomical images with the higher spectral information of functional or molec-
ular images (Fig.2.11). These methods are classified into two categories by the
fusion domain:

e Principal Component Analysis (PCA) [47], the Brovey method, and the
Hue Intensity Saturation (HIS) method [48] are fused in the spatial
domain.

e Discrete Wavelet Transform (DWT) and “A-trous” wavelet methods are
fused in the transform domain [49, 50].

There are several ways to represent the color information depending on the
color models: Red, Green, Blue (RGB), Cyan, Magenta, Yellow (CMY), and
Intensity, Hue, Saturation (IHS). In some cases, the color transform between
color models, such as RGB and IHS, is useful to combine the information from
the multiple sensors.

OIHS =M - CRGB or CRGB =M-1- OIHS (2.1)
where
R I
Crgp= |G|, Cms=|n (2.2)
B (%)
and
111 1-% L
3 3 3
M= || Mo 1-h Y (2.3)
vi vz 0 1 V2 0

Hue and saturation information is obtained from the intermediate variables
v1 and vy as following

H = tan™* (Z—j) and S =/v?+v3 (2.4)

The IHS model separates the image information [ into the spatial information,
such as intensity, and spectral information, such as hue H and saturation S.
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The most common method of image fusion using HIS model is to substitute
the whole or partial information of intensity channel from the lower resolution
11, to the higher resolution Ig.

Brovey’s method simply modifies the brightness information by multiply-
ing the intensity ratio of the higher resolution and the lower resolution.

Iy

T (2.5)

Chap =7 Cragp  where =

The PCA technique transforms the inter-correlated variables to the uncor-
related variables.

PC1 ©11 P12 P13
Cpca =P - Crg  where Cpca = | PO2 |, &= |1 @22 023 | (2.6)
PC3 ©31 P32 P33

The hue and saturation is obtained in a similar way as the HIS method.

H = tan —1 (PC?)) and S =+/PC2%2+ PC3? (2.7)

PC2

The primary component PC'1y of the higher resolution image replaces the
one PC1y, of the lower resolution in the image fusion algorithm. The PCA
fusion has the advantage of minimally distorting the spectral characteristics.

The wavelet transform method can be applied to the image fusion based
on the multi-resolution analysis approach.

CraB = RrcB + [Wras]n (2.8)
where .
R, 25:1 Wh.k
Rrep = | Gr |, (WraBln = | 21 Waoik (2.9)
B, ZZ:1 Wa.k

The Crgp image is composed of a multi-resolution wavelet plane, [Wgrags]x,
and the residual multi-spectral images, Rrgp. Rrap and [Wrag], contain the
lower and higher spatial frequency of the image, respectively. For the image
fusion, replacing wavelet coefficients [Wrag|n, 1. of the lower resolution image
to the ones [WrgB]n,m of the higher resolution image.

Image Restoration Approach

Most of the functional or molecular images have lower resolution than anatom-
ical images. For example, the intrinsic resolution of PET images is substan-
tially poorer than MRI images. The intrinsic resolution of the PET system is
determined mainly by the scintillation detector or crystal size and is approx-
imately half of the detector width. The actual measured resolution is worse
than the intrinsic resolution due to other image blurring factors, such as the
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source size, the positron range, the traveling distance, the penetration effect
due to the adjacent detectors, and the angular jitters due to variations in the
angles of the annihilation photons. These blurring factors can be mathemati-
cally modeled as the spatially invariant system. Among the blurring factors,
the source size and the positron range are source-dependent and spatially
invariant factors, while the others are spatially variant.

For simplicity, PET system can be assumed to be the spatially invariant
system and the system blurring can be defined as a Point Spread Function
(PSF). Once the exact PSF of the system is properly estimated, it can be
used for an image deblurring operation or deconvolution. The PET image
deblurring operation can be performed using a number of parameters that are
extractable from neurochemical and molecular information, as well as image
resolution information obtainable from MRI. For example, it is well-known
that glucose utilization within cells takes place in the gray matter rather
than in the white matter or in the Cerebrospinal Fluid (CSF). To execute
the PET/MRI image fusion process, an appropriate segmentation of MRI
images is essential to separate the corresponding tissues (gray matter) from
the others such as white matter and CSF [51]. From an actual image processing
point of view, it is equivalent to deconvolution of the measured PET sinogram
with a Gaussian PSF derived from the MRI data to enhance the resolution
of the PET image [51-53]. It is often accomplished in an iterative fashion
(Fig.2.12). The resolution of molecular image of PET, which is usually much
poorer than that of MRI, can be enhanced by combining the high-resolution
image of MRI with additional information such as neurochemical or molecu-
lar a priori information, such as the potential neurophysiological location of

~ PET Data PSF MR Data
(Sinogram) (Image)
Deblurring Anatomical
(oS Information

Deblurred Data
(Sinogram) L

l

Fusion Image

Fig. 2.12. [terative fusion algorithm. The anatomical information of MRI data is
utilized iteratively to confine the blurred PET image

Reference
« (Sinogram)
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receptor distribution for a particular ligand. In this fusion scheme, the seg-
mented anatomical information from the MRI image is important and must
be strongly correlated to the molecular information from the PET image.

Mismatched a priori information may cause over- or under-estimation of
the PSF and the resultant fusion image may be biased. In order to utilize
the anatomical image as a priori information, the contrast of the target tis-
sue is also important. For instance, we know that the neuronal activities are
generally confined to the gray matter rather than white matter, and segmen-
tation of gray matter provides important morphological structures that can
be registered with cortical activity (confined to the gray matter) as detected
by FDG PET.

A preliminary human study was conducted to validate the usefulness of
our fusion algorithm. A human brain image obtained by PET/MRI and the
fusion algorithm is shown in Fig.2.13, demonstrating that PET images can
indeed be confined and localized with help of MRI, especially with an ultra
high-resolution MRI such as the 7.0 T system.

Segmented Gray Matter FDG PET Image

Fig. 2.13. High-resolution PET/MRI fusion image of human brain. The source
images are obtained with the author’s new PET/MRI fusion system. The spatial
resolution of the PET is improved via the deblurring process based on the anatomical
information of the MRI. The image data is processed in the sinogram domain
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2.5 Conclusions

PET and MRI have been the most promising diagnostic tools among medical
imaging tools, especially in the area of neuroscience. PET delivers information
on molecular activities of human brain in vivo including enzymes and receptor
distributions with resolutions down to 2.5 mm FWHM. On the other front,
the MRI can obtain images with sub-millimeter resolution (down to 250 pm)
and allows us to visualize the entire brain including the brain stem areas
as well as other cortical and sub-cortical areas. For advanced and accurate
diagnosis, these two systems are combined to overcome their limitations.

Although a few problems still remain, the current PET/MRI fusion sys-
tem produces the highest quality images of molecular activities of the human
brain in vivo and provides unprecedented molecular activity matched high-
resolution images, which represent highly correlated molecular information to
anatomically well established organs. This new PET/MRI fusion system, for
the first time, began to provide anatomically well-defined molecular activities
in the brain hitherto unavailable by any other imaging devices. This molecular
fusion imaging system would be an important and essential tool for studying
cognitive neurosciences and neurological diseases, such as the Parkinson’s and
Alzheimer’s diseases. A mathematical image processing strategy that inte-
grates anatomical and molecular information together is a still unfinished
challenge in the field of medical image processing. We hope that the tech-
nology will provide novel and unique information to clinicians and research
scientists in the field of neuroscience.
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