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Foreword

Bayer Schering Pharma welcomes Springer Verlag’s endeavor to open its well-
known Handbook of Pharmacology to the exciting field of molecular imaging and
we are pleased to contribute to the printing costs of this volume.
In principle, noninvasive diagnostic imaging can be divided into morphologi-

cal/anatomical imaging on the one hand, with CT/MRI the most important imaging
technologies, and molecular imaging on the other. In CT/MRI procedures, contrast
agents are injected at millimolar blood concentrations, while today’s molecular
imaging technologies such as PET/SPECT use tracers at nanomolar blood concen-
trations. Morphological imaging technologies such as X-ray/CT/MRI achieve very
high spatial resolution. However, they share the limitation of not being able to de-
tect lesions until the structural changes in the tissue (e.g., caused by cancer growth)
are large enough to be seen by the imaging technology. Molecular imaging offers
the potential of detecting the molecular and cellular changes caused by the disease
process before the lesion (e.g., a tumor) is large enough to cause the kind of struc-
tural changes that can be detected by other imaging modalities. On the other hand,
molecular imaging methods suffer from a rather poor level of spatial resolution,
although current PET machines are better than SPECT devices.
The current diagnostic imaging revolution of fusing conventional diagnostic

imaging (CT, MRT) with molecular imaging technologies (PET, SPECT) combines
the strength of molecular imaging — i.e., detecting pathophysiological changes at
the onset of the disease — with the strength of morphological imaging — i.e., high
structural resolution. Today, already more than 95% of new PET scanners installed
are PET/CT scanners. PET/CT fusion imaging is currently the fastest-growing imag-
ing technology. And PET/MRI fusion scanners are also on the horizon. The trend
toward specialized imaging centers, where all the required equipment is available in
one facility, is expected to continue. The former technology-driven focus in diag-
nostic imaging research looks set to change into a more disease-oriented one.
Fusion imaging will make it possible to detect the occurrence of a disease earlier

than is possible today. This is significant, because the likelihood of successful
therapeutic interventions increases the earlier diseases are diagnosed. Furthermore,
because a disease can be characterized at the molecular level, patients can be
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vi Foreword

stratified for a given therapy and therapeutic responses monitored early on and in
a quantitative manner. The growing pressure for selection, early therapy monitor-
ing and justification (outcome) of a specific treatment will have a significant impact
on molecular imaging procedures. Hence, molecular imaging technologies are now
an integral part of both research and development (early clinical prediction of drug
distribution and efficiency) at most pharmaceutical companies.
Bayer Schering Pharma (BSP) has always been a pioneer in the research and

development of new imaging agents for “classic” modalities like CT and MRI. In
line with this history and BSP’s focus on innovation, we are now fully committed to
breaking new ground in molecular imaging, especially in research and development
of radio-tracers like PET imaging agents.
A strong and active partnership with academia is essential in order to be success-

ful in the exciting new field of molecular imaging. We want to help make innovative
imaging solutions invented in university research labs available to the patients. Fur-
thermore, the low doses of “tracers” injected make it possible to perform clinical
research studies under the microdosing/exploratory IND regulations. This will help
molecular imaging move into the hospital and, hopefully, also generate early and
fruitful collaborations between academia, clinic, regulatory authorities and the phar-
maceutical industry.

Bayer Schering Pharma, Berlin Matthias Bräutigam and Ludger Dinkelborg



Preface

“Molecular imaging (MI) is the in vivo characterization and measurement of bio-
logic processes on the cellular and molecular level. In contradistinction to ‘classical’
diagnostic imaging, it sets forth to probe such molecular abnormalities that are the
basis of disease rather than to image the end results of these molecular alterations”
(Weissleder and Mahmood 2001).a

Imaging has witnessed a rapid growth in recent decades. This successful devel-
opment was primarily driven by impressive technical advances in structural imag-
ing; i.e., fast computer tomography (CT) and magnetic resonance imaging (MRI).
In parallel, functional imaging emerged as an important step in the diagnostic and
prognostic assessment of patients addressing physiological functions such as organ
blood flow, cardiac pump function and neuronal activity using nuclear, magnetic res-
onance and ultrasonic techniques.More recently the importance of molecular targets
for diagnosis and therapy has been recognized and imaging procedures introduced
to visualize and quantify these target structures. Based on the hypothesis that mole-
cular imaging provides both a research tool in the laboratory and a translational
technology in the clinical arena, considerable funding efforts in the US and Europe
were directed to accelerate the development of this imaging technology. In addition,
the industry responded to the new demand with the introduction of dedicated imag-
ing equipment for animal research as well as multimodality imaging (PET/CT), used
to combine high-resolution imaging with the high sensitivity of tracer techniques.
Molecular imaging has been applied academically in neuroscience with empha-

sis on cognition, neurotransmission and neurodegeneration.Besides this established
area, cardiology and oncology are currently the fastest growing applications. Vascu-
lar biology provides new targets to visualize atherosclerotic plaques, whichmay lead
to earlier diagnosis as well as better monitoring of preventive therapies. Labeling of
cells allows localization of inflammation or tumors and labeled stem-cell tracking of
these cells in vivo. The noninvasive biologic characterization of tumor tissue in an-
imals and humans opens not only exciting new research strategies but also appears

a Weissleder R, Mahmood U (2001) Molecular imaging. Radiology 219:316–333

vii



viii Preface

promising for personalized management of cancer patients, which may alter the di-
agnostic and therapeutic processes.
Detection and characterization of lesions, especially tumors, remains challeng-

ing, and can be only achieved by using specific tracers and/or contrast media.
The past decade has seen the development of specific approaches that use labeled
antibodies and fragments thereof. However, in general only a relatively low target-
to-background ratio has been attained due to the slow clearance of unbound
antibody. Other target-specific approaches include labeled proteins, peptides, oligo-
nucleotides, etc. Due to the low concentration of proteins, such as receptors in
the target (e.g., tumors, cells), imaging requires highly sensitive probes addressing
these structures. Whereas this challenge does not affect the use of positron emis-
sion tomography (PET) nor single photon emission tomography (SPECT) because
of their high physical sensitivity, optical imaging methods (OT) as well as magnetic
resonance imaging (MRI) have limitations: low penetration depth (OT) and inherent
low physical sensitivity (MRI prevents straightforward imaging strategies for both
latter modalities). PET and SPECT have been successfully used in the past for mole-
cular imaging, employing imaging probes such as monoclonal antibodies, labeled
peptides [i.e., somatostatine analogues (Octreotide)], and labeled proteins such as
99mTc-AnnexinV, etc. Specific imaging probes for OT and MR are under develop-
ment. However, OT is likely to remain an experimental tool for investigations in
small animals, and will be used in humans only for special indications, where close
access to targets can be achieved by special imaging devices such as endoscopy or
intraoperative probes. In recent years, molecular imaging with ultrasound devices
has developed quickly and the visualization of targeted microbubbles offers not only
identification of specific binding but also the regional delivery of therapeutics after
local destruction of the bubbles by ultrasound.
Achieving disease-specific imaging requires passive, or better yet, active accu-

mulation of specific molecules to increase the concentration of the imaging agent
in the region of interest. Marker substrates as well as reporter agents can be used
to visualize enzyme activity, receptor or transporter expression. The introduction
of new imaging agents requires a multistep approach, involving the target selection,
synthetic chemistry and preclinical testing, before clinical translation can be consid-
ered. Target identification is supported by molecular tissue analysis or by screening
methods, such as phage display. Subsequently, further development requires meth-
ods to synthesize macromolecules, minibodies, nanoparticles, peptide conjugates
and other conjugates, employing innovative biotechnology tools for specific imag-
ing with high accumulation in the target area. This process involves optimization
of the target affinity and pharmacokinetics before in-vivo application can be con-
sidered. Amplification of the imaging signal can be enhanced by targeted processes
which involve internalization of receptors, transport mechanisms or enzymatic inter-
action with build-up of labeled products. (i.e., phosphorylated deoxyglucose). Re-
porter gene imaging provides not only high biological contrast if a protein, which
does not occur naturally, is expressed after gene transfer but also leads to signal am-
plification if tissue-specific promoters in combination with enzymatic or transporter
activity are used.
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The development process usually produces numerous candidates, of which only a
few pass preclinical evaluation with the promise of clinical utility. The most suitable
substances have to undergo in-depth toxicological evaluation before the regulatory
process for clinical use can be started. Currently, this is the major rate-limiting step
in the process and requires not only the biological qualification of the compound but
also the necessary financial support for the clinical testing required by the regulatory
agencies.
With the increasing interest in the experimental and clinical application of mole-

cular imaging, many institutions have created research groups or interdisciplinary
centers focusing on the complex development processes of this new methodology.
The aim for this textbook of molecular imaging is to provide an up-to-date review of
this rapidly growing field and to discuss basic methodological aspects necessary for
the interpretation of experimental and clinical results. Emphasis is placed on the in-
terplay of imaging technology and probe development, since the physical properties
of the imaging approach need to be closely linked with the biological application
of the probe (i.e., nanoparticles and microbubbles). Various chemical strategies are
discussed and related to the biological applications. Reporter-gene imaging is being
addressed not only in experimental protocols but also first clinical applications are
discussed. Finally, strategies of imaging to characterize apoptosis and angiogenesis
are described and discussed in the context of possible clinical translation.
The editors thank all the authors for their contributions. We appreciate the extra

effort preparing a book chapter during the already busy academic life. We hope
this methodological discussion will increase the understanding of the reader with
respect to established methods and generate new ideas for further improvement and
for the design of new research protocols employing imaging. There is no question
that this young field will further expand, stimulated by the rapid growth of biological
knowledge and biomedical technologies. It is expected that the experimental work
of today will become the clinical routine of tomorrow.

Heidelberg, Germany Wolfhard Semmler
Munich, Germany Markus Schwaiger
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bernd.pichler@med.uni-tuebingen.de

Michael Reinhardt
Global Drug Discovery, Bayer Schering Pharma, 13342 Berlin, Germany,
michael.reinhardt@bayerhealthcare.com



Contributors xvii

Daniela Santelia
Dipartimento di Chimica I.F.M. – Università degli Studi di Torino; V. P. Giuria
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Glossary

Definition of the terms used in molecular imaging.

Allele The gene regarded as the carrier of either of a pair of alternative hereditary
characters.

ααννββ3 An integrin expressed by activated endothelial cells or tumor cells which
plays an important role in angiogenesis and metastatic tumor spread (⇒ Integrins)

Amino acid An organic compound containing an amino and carboxyl group.
Amino acids form the basis of protein synthesis.

Angiogenesis Formation of new blood vessels. May be triggered by physiological
conditions, like during embryogenesis or certain pathological conditions, such as
cancer, where the continuing growth of solid tumors requires nourishment from new
blood vessels.

Annexin V A protein in blood which binds to phosphatidyl serine (PS) bind-
ing sites exposed on the cell surface by cells undergoing programmed cell death.
⇒ Apoptosis.

Antibody A protein with a particular type of structure that binds to antigens in a
target-specific manner.

Antigen Any substance which differs from substances normally present in the
body, and can induce an immune response.

Antiangiogenesis The inhibition of new blood vessel growth and/or destruction of
preformed blood vessels.

Antisense A strategy to block the synthesis of certain proteins by interacting with
their messenger RNA (mRNA). A gene whose messenger RNA (mRNA) is comple-
mentary to the RNA of the target protein is inserted in the cell genome. The protein
synthesis is blocked by interaction of the antisense mRNA and the protein-encoding
RNA.

xix



xx Glossary

Apoptosis Programmed cell death. A process programmed into all cells as part of
the normal life cycle of the cell. lt allows the body to dispose of damaged, unwanted
or superfluous cells.

Aptamer RNA or DNA-based ligand.

Asialoglycoproteins Endogenous glycoproteins from which sialic acid has been
removed by the action of sialidases. They bind tightly to their cell surface receptor,
which is located on hepatocyte plasma membranes. After internalization by adsorp-
tive endocytosis, they are delivered to lysosomes for degradation.

Attenuation correction (AC) Methodology which corrects images for the differ-
ential absorption of photons in tissues with different densities.

Avidin A biotin-binding protein (68 kDa) obtained from egg white. Binding is so
strong as to be effectively irreversible.

Bioinformatics The science of managing and analyzing biological data using ad-
vanced computing techniques. Especially important in analyzing genomic research
data.

Biotechnology A set of biological techniques developed through basic research
and now applied to research and product development. In particular, biotechnology
refers to the industrial use of recombinant DNA, cell fusion, and new bioprocessing
techniques.

Biotin A prosthetic group for carboxylase enzyme. Important in fatty acid biosyn-
thesis and catabolism, biotin has foundwidespread use as a covalent label formacro-
molecules, which may then be detected by high-affinity binding of labeled avidin or
streptavidin. Biotin is an essential growth factor for many cells.

Cancer Diseases in which abnormal cells divide and grow unchecked. Cancer can
spread from its original site to other parts of the body and is often fatal.

Carrier An individual who carries the abnormal gene for a specific condition but
has no symptoms.

Cavitation The sudden formation and collapse of low-pressure bubbles in liquids
as a result of mechanical forces.

cDNA ⇒ Complementary DNA.

Cell The basic structural unit of all living organisms and the smallest structural unit
of living tissue capable of functioning as an independent entity. It is surrounded by
a membrane and contains a nucleus which carries genetic material.

Chromosome A rod-like structure present in the nucleus of all body cells (with
the exception of the red blood cells) which stores genetic information. Normally,
humans have 23 pairs, giving a total of 46 chromosomes.

Coincidence detection A process used to detect emissions from positron-emitting
radioisotopes. The technology utilizes opposing detectors that simultaneously detect
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two 511 keV photons which are emitted at an angle of 180 degrees from one another
as a result of the annihilation of the positron when it combines with an electron.

Complementary DNA (cDNA) DNA synthesized in the laboratory from a mes-
senger RNA template by the action of RNA-dependent DNA polymerase.

Cytogenetics The study of the structure and physical appearance of chromosome
material. It includes routine analysis of G-banded chromosomes, other cytogenetic
banding techniques, as well as molecular cytogenetics such as fluorescent in situ
hybridization (FISH) and comparative genomic hybridization (CGH).

Deoxyglucose ⇒ 18 F-deoxyglucose.

DNA Deoxyribonucleic acid: the molecule or ‘building block’ that encodes genetic
information.

DNA repair genes Genes encoding proteins that correct errors in DNA sequencing.

Enzyme A protein that acts as a catalyst to speed the rate at which a biochemical
reaction proceeds.

Epistasis A gene that interferes with or prevents the expression of another gene
located at a different locus.

Epitope The specific binding site for an antibody.

Expression ⇒ Gene expression.

18F-deoxyglucose The predominant PET imaging agent used in oncology. The de-
oxyglucose is ‘trapped’ in cells which have increased metabolic activity as a result
of phosphorylation. The process results in an accumulation of fluorine-18 (18F) in
the cells, allowing the location of the cells and intensity of tumor metabolism to be
determined using PET imaging.

Fluorine-18 (18F) A positron-emitting radioisotope used to label deoxyglucose or
other molecular probes for use as radiopharmaceuticals.

F(ab) fragment The shape of an antibody resembles the letter ‘Y’. Antigen binding
properties are on both short arms. Digestion by various enzymes yields different
fragments. Fragments with one binding site are called F(ab).

F(ab’)2 fragment Antibody fragment with two binding sites (⇒ also F(ab) frag-
ment).

Fc fragment (Crystallizable) antibody fragment which has no binding properties
(⇒ also F(ab) fragment). The Fc fragment is used by the body’s immune system to
clear the antibody from the circulation.

Fibrin Fibrous protein that forms the meshwork necessary for forming of blood
clots.
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Fibroblast growth factor Acidic fibroblast growth factor (alpha-FGF, HBGF 1)
and basic FGF (beta-FGF, HBGF-2) are the two founder members of a family of
structurally related growth factors for mesodermal or neuroectodermal cells.

Fingerprinting In genetics, the identification of multiple specific alleles on a per-
son’s DNA to produce a unique identifier for that person.

Gadolinium A paramagnetic ion which changes the relaxivity of adjacent protons.
It affects signal intensity in MR images (⇒ garamagnetism).

Ganciclovir An antiviral agent which is phosphorylated by thymidine kinase. As a
phosphorylated substance it stops cell division by inhibiting DNA synthesis.

Gene The fundamental physical and functional unit of heredity. A gene is an or-
dered sequence of nucleotides located in a particular position on a particular chro-
mosome that encodes a specific functional product (i.e., a protein or RNAmolecule).
The totality of genes present in an organism determines its characteristics.

Gene expression The process by which a gene’s coded information is converted
into the structures present and operating in the cell. Expressed genes include those
that are transcribed into mRNAs and then translated into proteins, and those that are
transcribed into RNAs but not translated into proteins (e.g., transfer and ribosomal
RNAs).

Gene mapping Determination of the relative positions of genes on a DNA mole-
cule (chromosome or plasmid) and of the distance, in linkage units or physical units,
between them.

Gene prediction Predictions of possible genes made by a computer program based
on how well a stretch of DNA sequence matches known gene sequences.

Gene sequence (full) The complete order of bases in a gene. This order determines
which protein a gene will produce.

Gene, suicide ⇒ Suicide gene.

Gene therapy An experimental procedure aimed at replacing, manipulating, or
supplementing nonfunctional or misfunctioning genes with therapeutic genes.

Genetic code The sequence of nucleotides, coded in triplets (codons) along the
mRNA, that determines the sequence of amino acids in protein synthesis. A gene’s
DNA sequence can be used to predict the mRNA sequence, and the genetic code
can, in turn, be used to predict the amino acid sequence.

Genetic marker A gene or other identifiable portion of DNA whose inheritance
can be followed.

Genetic susceptibility Susceptibility to a genetic disease. May or may not result
in actual development of the disease.

Genome All the genetic material in the chromosomes of a particular organism; its
size is generally given as its total number of base pairs.
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Genomics The science aimed at sequencing and mapping the genetic code of a
given organism.

Genotype The genetic constitution of an organism, as distinguished from its phys-
ical appearance (its phenotype).

ICAM lntercellular adhesion molecules: glycoproteins that are present on a wide
range of human cells, essential to the mechanism by which cells recognize each
other, and thus important in inflammatory responses.

Indium-111 (111ln) A single-photon-emitting radioisotope used to label various
molecular probes for SPECT imaging.

Integrins A specific group of transmembrane proteins that act as receptor proteins.
Different integrins consist of different numbers of alpha and beta subunits. Over 20
different integrin receptors are known.

Lectin Sugar-binding proteins which are highly specific for their sugar moieties.
They bind to glycoproteins on the cell surface or to soluble gylcoproteins and play
a role in biological recognition phenomena involving cells and proteins, e.g., during
the immune response.

Liposome A spherical particle in an aqueous medium, formed by a lipid bilayer
enclosing an aqueous compartment.

Locus The relative position of a gene on a chromosome.

Lysosome A minute intracellular body involved in intracellular digestion.

Messenger RNA (mRNA) RNA that serves as a template for protein synthesis.

Microarray Sets of miniaturized chemical reaction areas that may also be used to
test DNA fragments, antibodies, or proteins.

Micronuclei Chromosome fragments that are not incorporated into the nucleus at
cell division.

MID Molecular imaging and diagnostics.

Molecular biology The study of the structure, function, and makeup of biologi-
cally important molecules.

Molecular genetics The study of macromolecules important in biological
inheritance.

Molecular medicine The treatment of injury or disease at the molecular level.
Examples include the use of DNA-based diagnostic tests or medicine derived from a
DNA sequence. It includes molecular diagnostics, molecular imaging and molecular
therapy.

Monoclonal antibodies Antibodies made in cell cultures; these antibodies are all
identical.
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Monosaccharide A simple sugar that cannot be decomposed by hydrolysis.

Nucleic acid A nucleotide polymer. There are two types: DNA and RNA.

Nucleotide A subunit of DNA or RNA consisting of a nitrogenous molecule, a
phosphate molecule, and a sugar molecule. Thousands of nucleotides are linked to
form a DNA or RNA molecule.

Oligonucleotides Polymers made up of a few (2-20) nucleotides. In molecular ge-
netics, they refer to a short sequence synthesized to match a region where a mutation
is known to occur, and then used as a probe (oligonucleotide probes).

Operon Combination of a set of structural genes and the DNA sequences which
control the expression of these genes.

Oncogene A gene, one or more forms of which is associated with cancer. Many
oncogenes are directly or indirectly involved in controlling the rate of cell growth.

Paramagnetism Magnetism which occurs in paramagnetic material (e.g.
⇒ gadolinium), but only in the presence of an externally applied magnetic field.
Even in the presence of the field there is only a small induced magnetization be-
cause only a small fraction of the spins will be orientated by the field. This fraction
is proportional to the field strength. The attraction experienced by ferromagnets is
nonlinear and much stronger.

Peptide A short chain of amino acids. Most peptides act as chemical messengers,
i.e., they bind to specific receptors.

Peptidomimetics Engineered compounds that have similar binding characteristics
to those of naturally occurring proteins. The advantages are increased stability and
prolonged presence in the bloodstream.

Perfluorocarbon A compound containing carbon and fluorine only.

PESDA Perfluorocarbon exposed sonicated dextrose albumin microbubbles.

PET Positron emission tomography. An imaging modality which utilizes opposing
sets of detectors to record simultaneous emissions from a positron-emitting radioiso-
tope throughout 360◦. The image data are processed using reconstruction algorithms
to create tomographic image sets of the distribution of the radioisotope in the pa-
tient.

PET/CT A combination technology which creates tomographic image sets of the
metabolic activity from PET and the anatomical tomographic image sets from CT.
CT⇒ computed tomography:An imagingmodality employing a rotating x-ray tube
and a detector as well producing numbers of projection imagings during its rotation
around the object of interest. Specific reconstruction algorithms are used to generate
three-dimensional image of the inside of an object. The two images sets are fused
to form a single image, which is used to assign the PET abnormalities to specific
anatomical locations.
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Phage A virus for which the natural host is a bacterial cell.

Phagocytosis Endocytosis of particulate material, such as microorganisms or cell
fragments. The material is taken into the cell in membrane-bound vesicles (phago-
somes) that originate as pinched-off invaginations of the plasma membrane.
Phagosomes fuse with lysosomes, forming phagolysosomes, in which the engulfed
material is killed and digested.

Pharmacodynamics The study of what a drug does to the body and of its mode of
action.

Pharmacogenomics The influence of genetic variations on drug response in pa-
tients. This is performed by correlating gene expression or single-nucleotide poly-
morphisms with a drug’s efficacy or toxicity during therapy.

Pharmacokinetics The determination of the fate of substances administered exter-
nally to a living organism, e.g., the metabolism and half-life of drugs.

Phenotype The physical characteristics of an organism or the presence of a disease
that may or may not be genetic.

Phosphorylation A metabolic process in which a phosphate group is introduced
into an organic molecule.

Plasmid Autonomously replicating extrachromosomal circular DNA molecules.

Polymerase An enzyme that catalyzes polymerization, especially of nucleotides.

Polysaccharides Any of a class of carbohydrates, such as starch and cellulose, con-
sisting of a number of monosaccharides joined by glycosidic bonds. Polysaccharides
can be decomposed into the component monosaccharides by hydrolysis.

Polypeptide A peptide containing more than two amino acids.

Probe Single-stranded DNA or RNA molecules of specific base sequence, labeled
either radioactively or immunologically, that are used to detect the complementary
base sequence by hybridization.

Promoter A specific DNA sequence to which RNA polymerase binds in order to
‘transcribe’ the adjacent DNA sequence and produce an RNA copy. The action
of RNA polymerase is the first step in the translation of genes, via mRNA, into
proteins.

Protein A large molecule comprising one or more chains of amino acids in a spe-
cific order that is determined by the base sequence of nucleotides in the gene that
codes for the protein. Proteins are required for the structure, function, and regulation
of the body’s cells, tissues, and organs. Each protein has unique functions. Examples
are hormones, enzymes, and antibodies.

Proteomics The global analysis of gene expression in order to identify, quantify,
and characterize proteins.
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Receptor A molecular structure within a cell or on the cell surface that selectively
binds a specific substance having a specific physiological effect.

Rhenium-188 (188Re) A beta-emitting radioisotope used to label various molecu-
lar probes for targeted radiotherapy applications.

Reporter gene imaging Imaging of genetic or enzymatic products/events initiated
by molecular therapies which have assigned specific reporter genes to express spe-
cific targets.

Ribosomal RNA (rRNA) A class of RNA found in the ribosomes of cells.

RNA Ribonucleic acid: a chemical found in the nucleus and cytoplasm of cells; it
plays an important role in protein synthesis and other chemical activities of the cell.
The structure of RNA is similar to that of DNA. There are several classes of RNA
molecules, including messenger RNA, transfer RNA, ribosomal RNA, and other
small RNAs, each serving a different purpose.

Selectins A family of cell adhesion molecules consisting of a lectin-like domain,
an epidermal growth factor-like domain, and a variable number of domains that
encode proteins homologous to complement-binding proteins. Selectins mediate the
binding of leukocytes to the vascular endothelium.

Sequencing Determination of the order of nucleotides (base sequences) in a DNA
or RNA molecule or the order of amino acids in a protein.

Sonothrombolysis Dissolving a thrombus using ultrasound, either alone or in con-
junction with microbubbles.

SPECT Single photon emission computerized tomography: an imaging modality
in which a detector is rotated about the patient, recording photon emissions through-
out 360◦. Reconstruction algorithms are used to convert the data into a set of tomo-
graphic images.

Stem cell Undifferentiated, primitive cells in the bone marrow that have the ability
both to multiply and to differentiate into specific cells for the formation of specific
tissues (hematopoetic, mesenchymal and neuronal stem cells).

Streptavidin A biotin-binding protein obtained from bacteria.

Structural genomics The study to determine the 3D structures of large numbers
of proteins using both experimental techniques and computer simulation.

Suicide gene A protein-coding sequence that produces an enzyme capable of con-
verting a nontoxic compound to a cytotoxic compound, used in cancer therapy.

Technetium-99m (99mTc) A single-photon-emitting radioisotope used to label var-
ious molecular probes for scintigraphic imaging, including SPECT imaging.

Theragnostics The application of MID for therapy guidance using genomic,
proteomic and metabolomic data for predicting and assessing drug response.
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Thymidine kinase (tk) The gene coding for the tk from the herpes simplex virus
(HSV-tk) can be used as a ‘suicide gene’ or a reporter gene (⇒ Reporter gene imag-
ing) in cancer therapy.⇒ also Ganciclovir.

Tissue factor An integral membrane glycoprotein of around 250 residues that ini-
tiates blood clotting after binding factors VII or VIIa.

Tracer principle The use of molecular probes labelled with radioisotopes to al-
low for nuclear imaging devices to detect the presence and location of the targeted
structures by specific binding (e.g., to receptors, proteins, . . . ) or trapping in cells.

Transfection The introduction of DNA into a recipient cell and its subsequent in-
tegration into the recipient cell’s chromosomal DNA.

Transfer RNA Small RNA molecules with a function in translation. They carry
specific amino acids to specified sites.

Transgene A gene transferred from one organism to another.

Translation The process by which polypeptide chains are synthesized, forming the
structural elements of proteins.

Translational research Applying results obtained by basic research to answer sci-
entific questions concerning human disease processes.

USPIO Ultrasmall particles of iron oxide. These particles have a high magnetic
moment causing strong local susceptibility and field inhomogeneities, with strong
effects in T2- and T2*-weighted MR imaging.

VEGF Vascular endothelial growth factor. VEGF is a protein secreted by a variety
of tissues, when stimulated by triggers like hypoxia. VEGF stimulates endothelial
cell growth, angiogenesis, and capillary permeability.

Virus A noncellular biological entity that can only reproduce within a host cell.
Viruses consist of nucleic acid (DNA or RNA) covered by protein; some animal
viruses are also surrounded by membrane. Inside the infected cell, the virus uses the
synthetic capability of the host to produce progeny viruses.
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1 Introduction and Overview

Imaging techniques employing visible light have been a standard research tool for
centuries: vision is usually our most developed sense, and thus the visual inspection
of a specimen has always been a scientist’s first choice. The development of lenses,
telescopes, and microscopes has helped us visually explore large or small worlds
previously not accessible. In biomedical research, with the discovery of fluores-
cence, fluorescence microscopy has become the technique of choice for single-cell
imaging (Vo Dinh 2003a). Novel scanning techniques, as described further below,
yield high resolution by overcoming the diffraction limit usually connected to lens-
based systems. Thus, they allow tomographic imaging of individual cells without
slicing them, as necessary for electron microscopy. This has led to a number of
discoveries, including the tubular structure of mitochondria (Hell 2003).
The capabilities of fluorescencemicroscopes have in turn sparked further techno-

logical advances in fluorescent markers and probe systems. The discoveries of bio-
luminescent and fluorescent proteins have enabled biologists to produce cells that
synthesize optically active markers by themselves, a fundamental simplification for
gene expression imaging (Massoud and Gambhir 2003).
Compared with other types of contrast agents, optical probes offer unique imag-

ing capabilities: not only can they be targeted to receptors, like radioactive tracers or
MR-active substances, but fluorescent probes can also be activated due to enzymatic
reactions (activatable probes), and they can be produced by cells themselves in the
form of bioluminescent enzymes or fluorescent proteins (Hoffman 2005). Fluores-
cent proteins nowadays can be engineered to emit in the far red, necessary for in
vivo applications (Shaner et al. 2005).
However, these advantages come with several caveats: compared with radio-

tracers, fluorescent molecules are big, relatively unstable (they are affected by
photobleaching), and some of them are cytotoxic to some degree. Furthermore,
biological tissues are highly diffuse; visible light is scattered within a few microns.
Fluorescence-based imaging techniques are thus often either not applicable in vivo,
only applicable to very superficial regions due to the scattering, nonquantitative, or
highly experimental and not yet available for daily routine, as is the case for optical
tomographic applications.
Over the past few years, optical imaging technologies for whole-animal imaging

(or even patient-based imaging) have attracted more and more attention, the reason
being that an abundance of highly specific optical probes is nowadays available for
in vitro applications that would be of much help if applied in vivo (Weissleder and
Ntziachristos 2003). Optical imaging is hoped to provide a reliable way of translat-
ing in vitro research to in vivo.Most of these techniques are planar [two-dimensional
(2D)]. The advances in computer technology and mathematical modeling have also
led to the development of optical tomographic (3D) techniques. For a current review
of available techniques, please refer to Gibson et al. (2005) or Hielscher (2005).
This chapter will first introduce the basics of optical imaging and provide recom-

mendations for further reading.While a couple of years ago, it was hard to find com-
prehensive summaries of optical imaging techniques, a number of complete books
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and reviews have now been published by various groups and are recommended to
the interested reader, such as the books edited by Vo Dinh (2003a), Mycek and
Pogue (2003), and Kraayenhof et al. (2002). Due to length constraints, this article
can only concentrate on a few key points.

2 Biomedical Optics

2.1 Photon Propagation in Tissues

The fundamental limits for optical imaging in terms of either penetration depths or
resolution are given by the optical properties of tissue; due to the many very small
structures and boundaries in cells, tissue becomes highly scattering and absorbing
for photons in the visible range. Absorption and scattering are measured in terms
of the absorption coefficient, µa, and the scattering coefficient, µs, with physical
units of cm−1 or mm−1. The reciprocal value of these coefficients yields the mean
free path.
While tissue is strongly absorbing for light having a short wavelength (µa �

1cm−1, resulting in a mean free path of much less than 1 cm) caused by the most
common absorbers in cells, cytochromes and hemoglobin, light in the near infrared
range (NIR) between 600 and 900 nm can penetrate several centimeters deep into
tissue (µa < 0.5cm−1, even down to µa ≈ 0.1cm−1; Fig. 1, yielding a mean free path
of up to 10 cm if only absorption is taken into account). This wavelength region
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Fig. 1 Absorption and autofluorescence of tissue, depending on wavelength. The wavelength reg-
ions of important dyes are indicated by arrows. (Adapted from Weissleder and Ntziachristos 2003)
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has been termed the “water window,” as for longer wavelengths water absorption
becomes the dominant term (Weissleder and Ntziachristos 2003).
The low absorption in the NIR wavelength range has led to the development of an

abundance of NIR fluorescent molecules. However, in general, these fluorochromes
are less efficient and less bright than their short-wavelength counterparts. This also
implies that for a certain application the wavelength has to be chosen very carefully:
in a more absorbing wavelength range, the increase in efficiency and stability of the
molecules might outweigh the disadvantages of higher absorption.
The main problem when using visible photons, however, is not attenuation but

scattering, with a scattering coefficient in the order of µs ≈ 100 cm−1, being about
four orders of magnitude larger than absorption and thus leading to a total mean free
path of only 0.1mm. Scattering results from the many different diffracting interfaces
present in the cells of which tissue is comprised. Scattering due to cells is largely
anisotropic, with an average scatter angle of only 25◦.
Standard methods for scatter reduction, as known for example from nuclear

imaging, will fail in these cases due to the extreme number of scattering events that
detected photons have undergone. Scattering decreases with longer wavelengths,
but otherwise it remains relatively constant over the visible range (contrary to the
sharply peaked absorption spectra of biological chromophores, Fig. 1).
When choosing an appropriate fluorochrome or the optimal wavelength for a spe-

cific imaging purpose there is also another, counter-intuitive effect one might have
to take into account: the choice of a wavelength in a strongly absorbing region will
result in the preferential detection of photons that have undergone fewer scattering
events, as scattering increases the length of the propagation path, and the higher ab-
sorption will constrain path lengths. Thus, scattering can be significantly reduced;
however, signal intensities are decreased as well.
For a comprehensive list of tissue optical properties and according references,

please refer to the review by Mobley and Vo-Dinh (2003).

2.2 Bioluminescence and Fluorescence

The term fluorescence refers to the emission of a photon caused by a molecule’s
transition from an excited electronic state to (usually) its ground state. Both states
have the same spin multiplicity, which makes fluorescence a singlet-singlet transi-
tion. Fluorescent molecules often consist of a more or less a long chain of carbon
atoms between two aromatic structures, which as a whole acts as an optical res-
onator. The length of the chain is related to the emission wavelength.
The excited state is reached by absorption of a photon with sufficient energy,

i.e., of a photon of higher energy (shorter wavelength) than the energy difference
between excited and ground state. The wavelength difference between the wave-
length of maximum absorption and the emission wavelength is called Stokes shift.
A large Stokes shift facilitates the creating of filters blocking the excitation light.
Shifts range between less than 20 nm and several hundred nanometers. The lifetime
of the excited state is termed the fluorescence lifetime, τ[s], and usually amounts to
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a time span between some 100 ps to several nanoseconds. For singlet-triplet transi-
tions (phosphorescence) occurring for example in some lanthanides, even lifetimes
of several milliseconds can be observed.
The probability that the transition from excited to ground state will occur by

emission of a photon is called the quantum yield, γ , and is a measure for fluo-
rochrome efficiency. The absorption efficiency is described by the molar extinction
coefficient, ε [mol−1cm−1]. The total absorption created by the fluorochrome can
be calculated using the relation µa = εc, where c [mol/l] is the fluorochrome con-
centration. It is important to notice that all these factors, including the emission
and absorption spectra, are influenced by the chemical environment (pH value, etc).
Please refer to Redmond (2003) or Lakowicz (2006) for details.
Bioluminescence is a special form of chemoluminescence. Photons are emitted

when a bioluminescent enzyme (e.g., luciferase) metabolizes its specific substrate
(e.g., luciferin). As in this case no excitation light is necessary to produce a signal,
there is also no background, i.e., neither from autofluorescence nor from filter leak-
age. However, while it is relatively easy to guide light to fluorescent probes, it is
hard to ensure that the substrate is transported to all possibly bioluminescent cells
(Massoud and Gambhir 2003).

3 Imaging Requirements

Optical imaging of any kind requires three fundamental system parts: light sources
to induce the desired signal, filters to eliminate background signal, and photon de-
tectors to acquire the signal. These components will be discussed in the following.
For a detailed overview please refer to Vo-Dinh (2003b) or Lakowicz (2006).

3.1 Light Sources

Light sources can generally be distinguished by their emission spectra, emission
power, as well as their capabilities concerning pulsing or modulation. Fluorescence
excitation is usually performed with one of the following:

• High-pressure Arc Lamps: They exhibit strong, nearly continuous emission
between 200 nm (UV) and 1,000 nm (IR). These high intensity sources are of
major interest in cell biology and spectroscopy but are less often used in whole
animal imaging.

• Light-emitting diodes: Due to the recent developments of extremely luminous
LEDs (“LumiLEDs”) and the availability of all kinds of emission spectra be-
tween 300 nm and 700 nm, they have become a very cheap and stable alternative
to lasers, if coherence is unimportant or even undesirable, e.g., due to speckle
noise. To sharpen their emission spectrum, one usually combines LEDs with a
filter system (Fig. 2).
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Fig. 2 a, b An LED light source for in vivo imaging. Light from a luminous LED, emitting
isotropically in all directions, is filtered and can excite superficially located fluorochromes in mice.
a Schematic drawing of the light source. b Close-up image of the source. c Application example

• Lasers: A standard tool in biomedical imaging. They are available in the form
of solid state lasers (diodes), especially in the near infrared, red or green, but
nowadays even blue; as gas lasers; as tunable dye lasers (usually pumped by
gas lasers); or as nonlinear lasers that produce also IR output. The output of
laser diodes can be continuous, pulsed, or modulated with frequencies of up to
100MHz. Lasers exhibit a sharply peaked (monochromatic) spectrum, coherent
and usually polarized light output. There are lasers available that can be tuned to
different wavelengths.

3.2 Filters

Crucial for the signal-to-noise ratio of optical systems is the performance of the
filters used. While optical signals are usually weak, one of the biggest issues is
elimination of excitation light, as its wavelength is usually close to the emission,
and at the same time, the signal is much stronger due to the limited quantum yield
and the limited solid angle observable.
Filters are distinguished by their transmission spectra. Neutral density filters ab-

sorb a constant fraction of light, independent of wavelength. They are characterized
by their optical density (OD), defined as OD = log10 (It/I0), with (It/I0) being
the ratio of transmitted to original light intensity. Longpass and shortpass filters
transmit light above and below a certain wavelength, respectively. Bandpass filters
transmit a (narrow) light-band, characterized by its central wavelength and the full
width half maximum of the transmission band. See Fig. 3 for examples of bandpass
and longpass transmission spectra. Notch filters (sometimes called band-rejection
filters) suppress the transmission of a narrow light band. They are characterized
analogously to bandpass filters by central blocked wavelength, and the FWHM of
the blocked band.



Fundamentals of Optical Imaging 9

Fig. 3 Two possible filters for imaging of the Cy5.5 fluorochrome, a bandpass (IF694, Laser-
Components, Germany) with peak transmission at 694 nm, and a long pass filter (OG715, Schott,
Germany). Although the glass filter blocks significantly more light at the peak wavelength of the
fluorochrome (695 nm), due to the red tail of the emission spectrum, total transmission is 30%,
while for the interference filter, it is only 19%. The emission spectrum is shown as a dotted line.
The usual excitation wavelength of 672 nm is indicated by a vertical line

Most of the available filters to date are based either on absorption, interference,
or dispersion. The differences are described in the following.

3.2.1 Absorption-based Filters

In absorbing filters, light is either transmitted through the filter or absorbed in it.
The filter itself consists of the absorber and a substrate, which is commonly either
a gel or glass. The advantage is their low cost and the independence of transmis-
sion properties of the angle of incidence, contrary to interference-based filters (see
below). Disadvantages are the relatively low specificity, i.e., these filters usually ex-
hibit smooth transmission curves, which make it difficult to filter in the case of small
Stokes shifts. Furthermore, as blocked light is absorbed, these filters are only suit-
able for low intensities. Gel filters additionally are prone to bleaching, and sensitive
to heat or humidity.
Due to their smooth transmission spectra, absorption filters are mostly used as

neutral density filters, or long- and shortpass filters. Absorption-based bandpasses
do exist, but they have large FWHMs and are usually not suitable for fluorescence
detection.

3.2.2 Interference-based Filters

Interference filters either transmit or reflect light. Thus, nearly no energy is absorbed
by the filter, which makes them suitable for filtering very intense light. They consist
of a number of dielectric layers that partially reflect incoming light. The distance
between these layers is chosen such that interference occurs in a way that trans-
mitted light constructively interferes in the forward direction, while destructively
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interfering in the backwards direction; blocked light needs to destructively interfere
in the forward direction and constructively interfere in the backward direction.
Thus, these filters can be manufactured to be much more specific than absorbing

filters, as can be seen in Fig. 3, where the transmission curves of the bandpass are
much steeper than these of the absorbing longpass. However, the interference effects
strongly depend on the angle of incidence; it is shortest for light rays incident at an
angle of 0◦ (perpendicular to the surface), while the distances geometrically increase
for larger angles. Thus, interference filters can only be used for parallel light as used
in a fluorescence microscope (see below) but not in front of an objective.

3.2.3 Dispersive Elements

Dispersion is the wavelength-dependence of photon propagation speed in media.
When light enters a dispersive medium, it is split into its spectral components as the
diffraction angle will depend on wavelength. A typical example is an optical prism.
Dispersive media can be used to filter out light if only parts of the resulting spectrum
are used for illumination or detection, as in a photospectrometer. Typical examples
of such dispersive media are diffraction gratings, which most often are comprised
of a large number of grooves on a highly reflective surface. The distance between
adjacent grooves determines the spectral properties of the grating.
Dispersive effects can also be used to create acoustically tunable bandpass filters

(AOTFs) or liquid crystal tunable filters (LCTFs), novel types of devices that only
recently found their way into biomedical imaging. In AOTFs, a standing acoustic
wave is induced in a birefringent crystal to create spatially varying changes in re-
fractive index via the acousto-optical effect. This wave pattern of changing refractive
indices acts like a Bragg grating and thus can be used as a reflective monochromator.
In LCTFs, a refractive index change is generated by alignment of the liquid crystal
molecules in an externally applied electrical field.
The advantages of dispersive variable band-pass filters are their fast adjustment

times (less than 100ms) and narrow filtering possibilities (up to 1 nm FWHM). Fil-
tering requires, however, exactly parallel light with normal incidence on the filter.

3.3 Photon Detectors

Characteristic properties of photon detectors are the number of measurement chan-
nels they provide (single channel or multichannel devices), their dynamics (for
digitized signals commonly expressed in bits), sensitivity (in terms of the quan-
tum efficiency, i.e., the probability that a single photon creates a signal), and time
resolution.
In this section we distinguish between photon counting detectors—analog detec-

tors that produce individual signals for each incoming photon as used in extreme
low-light or time-resolved applications—and integrating detectors without inherent
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time resolution. Intensified imaging devices, consisting of a combination of the
previous two types, are considered a third category. They allow for time-resolved
acquisition of large-field images due to their gating capabilities.

3.3.1 Photon Counting Devices

In photon counting devices, an incident photon is absorbed and subsequently gen-
erates some kind of charge displacement via the photoelectric effect, which is then
amplified by several orders of magnitude to result in a measurable current. Using
suitable read-out electronics, this signal can be detected in real-time. The amplifica-
tion can also be used to employ these devices as image intensifiers; see 3.3.3.
Two imaging modes are commonly applied. When a pulsed light source is used,

counted photons can be related to the time of the source pulse, and thus provide
information about the optical path length of these photons. The path length in turn
is indirectly related to the amount of scattering photons have undergone. Scattering
elongates the propagation path compared with a straight, unscattered propagation
path. In this way, scattering and absorbing inclusions in tissue can be distinguished.
This mode of operation is termed time-domain detection. If instead of a pulsed light
source, a modulated light source is employed, the detection technique is termed
frequency-domain detection. Here, the phase shift between light-source modulation
and detected signal is examined, fromwhich it is, for instance, related to the lifetime
of a fluorochrome and the optical properties of tissue.
Single-channel photon-counting devices are commonly photomultiplier tubes

(PMTs) (Fig. 4a), as known from nuclear imaging, and (avalanche) photodiodes.

Fig. 4 a, b Light amplification via the photoelectric effect. a Schematic drawing of a PMT. Photons
enter through a window on the left side and create free electrons when hitting the photo cathode.
These electrons are accelerated due to an external field and consecutively hit different electrodes,
where additional electrons are set free. In the end, a single photon entering the PMT creates a
measurable signal at the anode. b Schematic drawing of an MCP. In a 2D grid of hollow tubes
(channels), to which an electrical field is applied, entering photoelectrons are amplified when they
hit the walls of one channel
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Multichannel devices are usually either arrays of photodiodes, which can be fabri-
cated on a single silicon waver, ormicrochannel plates (Fig. 4b). These provide a 2D
grid of amplifying channels that each work similar to a PMT. The total amplification
is lower, but unlike PMTs, the resulting information remains spatially resolved after
amplification due to the 2D structure.
It must be noted that in order to operate one of these device in photon-counting

mode, additional hardware is necessary to record and save all the acquired pulses
with an accurate time stamp.

3.3.2 Integrating Detectors

Photon counting devices require very low light levels and expensive read-out elec-
tronics. For intense light fluxes, integrating detectors are used. In these, a capaci-
tance is loaded via the photoelectric effect (integration). The charge stored in the
capacitance is linearly related to the number of incident photons. It is sampled via
an analog-digital converter after the exposure time.
To date, the most common integrating photon detector is the charge-coupled de-

vice (CCD), used for example in digital photo and video cameras. CCDs can be
manufactured for high sensitivity, even in the NIR range, with up to 95% quantum
efficiency. To obtain maximum sensitivity, they need to be cooled to reduce dark
noise. Also, the CCD as a whole has limited dynamics due to the limited well ca-
pacities during image exposure.
Another type available nowadays is the CMOS array sensor. These are comprised

essentially of a miniaturized photodiode array, including integrators, amplifiers, and
readout electronics. CMOS arrays are integrating devices with high dynamics, but
not yet as sensitive as CCDs.
Characteristic parameters of integrating detectors are:

• Quantum Efficiency: The probability that a single photon at a given wavelength
will interact with the sensor and thus create a signal. For back-illuminated CCDs,
this value can be in the order of 95%.

• Full Well Capacity (FWC): Only a limited number of electrons can be stored
per pixel. If this number is reached, the detector is saturated. The full well capac-
ity determines the maximum dynamics of the sensor.

• Read Noise (RN): The noise of the analog-to-digital (A/D)-converter. This ef-
fectively reduces the sensitivity of the sensor.

• Dark Current (DC): By heat dissipation, electrons are randomly stored in each
pixel, thus limiting exposure times and sensitivity. Dark noise is effectively re-
duced by cooling. Sensitive CCD cameras are usually cooled to below −50 ◦C,
reducing dark noise to about 0.001 electrons per pixel per second of expo-
sure time.

• Digitizing Accuracy (DA): The A/D converters used can have different reso-
lutions, ranging from 8 bits per pixel in simple cameras to 16 bits per pixel in
highly sensitive CCDs.
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The dynamic range (DR) of an array sensor is limited by the last four properties
stated above, and can be calculated according to the formula:

DR =min
{
log2

FWC
DC ·EXP+ RN

,DA

}
(1)

The unit of dynamic range, in this case, is bits per pixel. The unit of the full well ca-
pacity (FWC) is electrons per pixel, the dark current (DC) is expressed in electrons
per pixel per second, the exposure time (EXP) in seconds, and the read noise (RN)
in electrons per pixel.

3.3.3 Intensified and Time-Resolved Imaging

Due the limited bandwidth and sensitivity of A/D-converters, neither CCD nor
CMOS sensors can be read out fast enough to yield a time resolution suitable for
resolving photon propagation. However, if the process that is to be observed is re-
peatable, time-resolved imaging becomes possible by using image amplifiers that
can be activated within a few picoseconds, so-called gated imaging. The combina-
tion of a light amplifier and a CCD is often called intensified CCD (ICCD).
Light amplification is usually performed using a micro-channel plate (MCP) with

a scintillating material at the output which is imaged by the CCD. MCPs can be
gated by modulating their operating voltage. The gate widths achievable to date are
in the order of 100 ps.
Instead of using two separate units for light amplification and detection, both can

also be combined on a single integrated circuit. These devices are called electron-
bombardment (EB) or electron-multiplying (EM) CCDs, depending on the manu-
facturer. They do not yet achieve the high gain rates of current image intensifiers or
ICCDs, nor the short gating times. However, they are much more cost-effective and
easier to use.
A mechanical, time-resolved technique involving an integrating detector is the

streak camera. It is usually based on a one-line CCD, sometimes also a complete
2D CCD. Incoming photons are swept over the pixels using a deflector, such that
every column of the CCD corresponds to a certain time point after triggering. These
devices offer very high temporal resolution below 1 ps, even for single shots, but
cannot acquire complete 2D images over time.

4 Microscopic Imaging Techniques

The following techniques are termed “microscopic” as they offer high resolution
(a few microns or less) but only limited depth penetration, so that their application
to in vivo settings is limited. Generally, resolution is limited by Abbe’s diffraction
limit (Hell 2003):

d =
λ
2NA

(2)
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with d being the shortest distance at which two distinct objects can be separated,
and NA is the numerical aperture of the lens used. While the aperture NA can be in-
creased using oil immersion lenses, it is always less than 1. However, in this section
we will also present new developments that overcome the limitations of Abbe’s law.

4.1 Fluorescence Microscopy

In classical fluorescence microscopy, a single objective is used for illumination and
detection at the same time. Excitation light is filtered out using a combination of a
dielectric mirror and two (interference) filters (Fig. 5a). In acquired images, fluores-
cent structures located on the focal plane of the objective appear with high contrast
and intensity. The intensity of structures at a distance r from the focal plane decays
with r2. As fluorochromes throughout the imaged object are excited, out-of-focus
signals heavily disturb images, just as in ordinary light microscopy.
Adding temporal resolution to fluorescence microscopy leads to fluorescence

lifetime imaging (microscopy) [FLI(M)]. Available as a microscopic as well as a
macroscopic technique, lifetime imaging concentrates on the sensitivity of a fluo-
rochrome (and of its lifetime) to the environment, e.g., pH value. As a source, either
pulsed or modulated light is used. For pulsed light, the observed fluorescence de-
cay is multi-exponential, with different exponents for the different lifetimes in the
sample. For modulated light, phase shifts are observed.

Fig. 5 a, b Principle of fluorescence and confocal microscope. a Schematic drawing of a filter
cube as employed in fluorescence microscopes. Light from a source is filtered and reflected onto
the sample by a dichroic mirror. Reflected fluorescence light is transmitted through the mirror and
filtered, then guided onto the detector where a full image can be recorded. b In confocal scanning
microscopy, the image of a point source is produced inside the sample. Only fluorescence light
emitted from this focal spot is detected by the detector due to the presence of an additional pinhole
aperture
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4.2 Confocal Microscopy

To overcome the limitations of fluorescence microscopy, i.e., to limit detected sig-
nals to the focal plane (or to a focal spot) thus allowing full 3D scanning through
the specimen, confocal microscopy was developed. Here, the specimen is not evenly
illuminated. Instead, excitation light is focused onto a single point; detection is per-
formed using basically the same optics as in standard fluorescence microscopy,
including a pinhole aperture cutting away light originating from outside the focal
spot (Fig. 5b). This single-point-illumination, single-point-detection technique al-
lows scanning of the focal spot through the whole specimen, as long as there is only
little scattering to disturb the appearance of the focus. Of course, necessary light
intensities are high and scan times are long, so that photobleaching can become an
issue when using fluorescent probes.
In order to further improve resolution, two-photon microscopy can be used.When

two photons of approximately double the single-photon excitation wavelength inter-
act with a fluorescent molecule within a very short time span, they can excite the
molecule. The probability of two photons arriving simultaneously depends nonlin-
early on light intensity. A laser beam of low photon flux is focused such that only in
the focal spot the necessary photon density is reached to excite two-photon fluores-
cence (Helmchen and Denk, 2005) such that detected fluorescence signals originate
exclusively from this small region. Three-dimensional images are obtained by scan-
ning the focal spot over and into the specimen. In two-photon microscopy, light
intensities are even stronger than in confocal microscopy, further increasing photo-
bleaching and tissue damage issues.

4.3 4π Microscopy

The resolution in confocal microscopy is anisotropic: while it is about 250 nm in
the focal plane, in axial direction it decreases to roughly half the resolution, about
500 nm. If, however, not one laser beam is focused, but if the beam is split and then
focused from two sides, the focal spot will show an interference pattern (standing
wave) with a strong central spot and smaller side lobes (Fig. 6). The central spot
is much smaller than the original focal spot, thus increasing resolution if the side
lobe signal is eliminated using deconvolution techniques. This technique can yield
an isotropic resolution of about 100 nm (Hell 2003).

4.4 Stimulated Emission Depletion (STED)

An even higher resolution can be achieved using fluorescence depletion. Immedi-
ately following a very short excitation light pulse, another high-intensity light pulse
at the emission wavelength is sent towards the sample. The time span between first
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Fig. 6 Working principle of a 4π microscope and exemplary results. Left: Two lenses are used for
focal spot creation from two opposing sides. As coherent light is used, a standing wave pattern
evolves, having a small central maximum and several side lobes. The central lobe is significantly
smaller than the size of the original focal spot in confocal microscopy. Side lobes have to be
removed using deconvolution techniques. Right: Exemplary results, comparing cellular structures
obtained with confocal and 4πmicroscopy, demonstrating the improved resolution. (Images kindly
provided by Marion Lang, German Cancer Research Center, Heidelberg)

and second pulse needs to be shorter than the fluorescence lifetime. The second
pulse is required to be sufficiently intense to force depletion of excited fluorescent
molecules by stimulated emission. By use of a phase shifting plate, the shape of the
focal region of the second pulse can be changed so that a very small central region is
spared from depletion. Fluorescent signals originating from this region can still be
detected after the depletion pulse. The size of this region can be less than 100 nm;
a resolution of up to 50 nm seems realistic (Hell 2003). A schematic drawing of the
instrument and the size of the source spot, which determines resolution, is depicted
in Fig. 7.

4.5 Other Microscopic Techniques

Beside the techniques described in the paragraphs above, a couple of further micro-
scopic imaging modalities are worth mentioning that try to overcome the diffraction
limit. While the 4π or STED microscope use interference effects to reduce the size
of the focal spot, structured illumination microscopy is a non-scanning, wide-field
technique. Different excitation light patterns are used to excite fluorochromes; post-
processing of the resulting images can yield highly resolved images. However, the
spatial frequencies that can be contained in the excitation pattern are also band-
limited due to Abbe’s law. If again, as in STED or two-photon microscopy, non-
linear effects exist in the excitation process, e.g., saturation effects, higher spatial
frequencies will be contained in the emission and can be extracted in the post-
processing (Gustafsson 2005).
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Fig. 7 Left: Schematic drawing of a STED microscope. The microscope is operated with two
pulsed light sources, gated shortly after one another. The firs pulse excites the sample in the focal
spot. The second pulse is directed through a phase plate to change appearance of the focal spot
and depletes the excited fluorochromes in a region surrounding the focal spot. Only the remaining
region can then spontaneously emit fluorescence photons. Right: Size and shape of the fluorescent
spot in STED and confocal microscopy, showing significant resolution improvement. (Adapted
from Hell 2003)

Microaxial tomography, as another candidate, extends confocal microscopy not
to enhance resolution in the focal plane, but only axially, to get a more isotropic
resolution. The imaged specimen, e.g., a cell, is fixed on the outside of a glass tube
and rotated within the field of view of the confocal microscope. Thus, several sets of
confocal 3D data are acquired, all having their own highly resolved focal plane; as
those focal planes are not parallel to each other, tomographic reconstruction meth-
ods can be employed to reduce the size of the focal spot to the intersection of all
focal spots. If images are acquired from 360◦, the focal spot reduces to a sphere,
yielding isotropic resolution (Heintzmann and Cremer 2002). A last technique to
be mentioned is optoacoustic microscopy (Xu and Wang 2006). It is based on the
photoacoustic effect, mentioned in more detail below.
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5 Whole-Animal Imaging Techniques

5.1 Bioluminescence and Fluorescence Imaging

Acquiring bioluminescence signals in whole animals is rather trivial: all one needs,
apart from suitable cell lines, is a light-tight chamber and a very sensitive CCD
camera (Fig. 8). As no autofluorescence background or filter leakage from excitation
light disturbs the actual signal, images are of rather good quality. It is possible to
track very few cells even relatively deep inside the tissue (Massoud and Gambhir
2003).

Fluorescence reflectance imaging (FRI) requires additionally light sources to
excite fluorochromes, and filters to eliminate the excitation light. Excitation and
detection are performed on the same side of the imaged object, in reflectance geom-
etry. As excitation light intensity as well as the sensitivity for fluorescence light
decay exponentially with depth in tissue, this imaging modality is highly surface-
weighted (Weissleder and Ntziachristos 2003). Filter leakage is a major problem,
as a significant amount of excitation light is already reflected before entering the
uppermost skin layer.
Yet another method to display fluorescent inclusions in tissue is to use trans-

illumination instead of reflectance (Zacharakis et al. 2006). Here, excitation and
detection are performed from opposite sides. Images are less surface-weighted as
excitation light intensity decreases exponentially towards the detector while fluo-
rescence sensitivity increases. Results can be further enhanced by “normalizing”
acquired fluorescence images with images showing only excitation light. Thus, het-
erogeneities due to high absorption in tissue are reduced.

Fig. 8 a, b Bioluminescence imaging (BLI) of whole animals. a The necessary setup for BLI
consists only of a dark chamber for animal placement and a sensitive CCD-camera; this setup is
nowadays commercially available from a number of companies. b Sample result of bioluminescent
tumors in a nude mouse. ModifiedMorris hepatoma cells were subcutaneously implanted as tumors
on the left and right dorsal side of immunodeficient mice. Cells were modified to express firefly
luciferase, tagged to different gene promoters (CMV and TPO, respectively)



Fundamentals of Optical Imaging 19

5.2 Bioluminescence and Fluorescence Tomography

Tomographic imaging in optics requires a mathematical means of contributing a
photon density distribution measured on the outer boundaries of the imaged object
to absorbers, scatterers, or source inside the object; this is termed the inverse prob-
lem. Usually, the inverse problem is given via the direct problem: for a given propa-
gation model, one tries to estimate a set of model parameters that give results fitting
the actual measurements. The most common model used is the diffusion equation
(Gibson et al. 2005):

[
∇

1
3(1−g)µs(r)

∇+ µa (r)
]

Φ(r) = −q(r) (3)

In (3), r is the spatial coordinate, Φ is the photon density distribution, q is the pho-
ton source distribution, and µs and µa are scattering and absorption coefficients,
respectively. The factor (1−g), ranging between 0 and 2, accounts for the possibly
anisotropic character of scattering. For purely isotropic scattering it is 1, for pure
back-scattering it is 0, and for pure forward scattering, it is 2. Equation (3) models
both, photon propagation from the excitation source as well as emitted photons. In
the first case, q describes the light input and the model results in a photon distribu-
tion Φx that can excite fluorochromes. To model fluorescence, q is then replaced by
Φx times the quantum efficiency and absorption (concentration times extinction) of
the fluorochrome, i.e., qm (r) = γεc(r)Φx (r).
Reconstruction is a process to estimate either µs and µa, or alternatively to

calculate the concentration c. Usually, for fluorescence tomography µs and µa are
assumed to be known and constant which simplifies the model dramatically. Never-
theless, reconstruction is mathematically challenging and time consuming. On the
other hand, experimental acquisition of diffuse projections is a rather simple task,
basically employing a laser diode source and a CCD coupled to the object either
by an objective lens or by a number of fiber detectors mounted on some kind of
gantry to enable transillumination of the object or animal from different directions,
as shown in Fig. 9.
An important property of optical tomographic systems is whether light coupling

is performed using fibers in contact with the imaged object, or whether contact-free
detection via an objective lens is implemented (noncontact imaging; Schulz et al.
2004).While in fiber-based designs, complex shaped objects have to be embedded in
some kind of optically matching fluid as the fiber ends usually cannot be positioned
arbitrarily, this is unnecessary for non-contact designs. The embedding itself has
another advantage as it simplifies the boundary conditions for the PDE and thus
simplifies the reconstruction while attenuating the signal and making the mapping
to anatomy more difficult in the end (when animals are imaged that have to be
mounted floating in the matching fluids). Lens-coupled detection in turn offers much
more channels, as every pixel of the CCD can be used, and enables imaging without
matching fluid if and only if the object geometry is known (or can be acquired using
a 3D scanning system) and thus appropriate boundary conditions can be applied.
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Fig. 9 a A typical non-contact optical tomography system, consisting of a sensitive CCD camera
and a laser source, rotating around the imaged specimen. b Central transversal slice of a rat-sized
diffuse phantom containing two fluorescent inclusions. Actual inclusion positions are denoted by
circles. (Image courtesy of the authors)

For optical tomographic purposes, there exist also an abundance of techniques
that employ time-resolved information for the location and quantization of fluores-
cence in vivo. The interested reader is referred to the review by Dunsby and French
(2003).
In fluorescence tomography, usually several different source positions are chosen.

For each position the fluorescent molecules located in the tissue are excited differ-
ently due to the different light distributions from different source positions. This
change in excitation and thus emission pattern means additional information and in
fact makes the whole problem of reconstructing concentrations tractable at all.
In bioluminescence tomography there is no excitation source. Therefore, one

cannot acquire several different images from bioluminescence and then reconstruct
based on the observed differences. Instead, what researchers try to perform is spec-
tral imaging: light attenuation depends on wavelength. If the emission spectrum
is known, the deviations of the observed light emissions from this original spec-
trum can be used to estimate the depth of the bioluminescent source in tissue (e.g.,
Dehghani et al. 2006). These techniques, however, are still under development; in
vivo results are not yet available.

5.3 Optoacoustic Tomography

Another emerging imaging technique is optoacoustic tomography,which uses shortly
pulsed laser sources for excitation but ultrasound detectors for detection (Xu and
Wang 2006; Ntziachristos et al. 2005). The absorption of light by tissue or fluo-
rochromes leads to local heating, which in turn leads to an expansion depending
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on the amount of energy absorbed. This expansion will create a pressure (= sound)
wave with a frequency in the ultrasound region.
This technique is advantageous over classical fluorescence tomography as ul-

trasonic reconstruction can be performed more easily than optical reconstruction,
albeit it is more complex than standard ultrasound imaging as it is based on the
diffusion equation as well, not on mere echo times. Optoacoustic tomography is ca-
pable of showing anatomic details, however, this might decrease its sensitivity for
specific probes as probe signal and tissue signal have to be dissolved. For details on
the technique, please refer to Wang (2003–2004).

6 Summary

Optical imaging offers unique possibilities for in vitro and in vivo imaging appli-
cations, especially in the context of molecular imaging. Understanding the funda-
mentals of optical imaging and grasping the pros and cons of available imaging
techniques is a must for researchers interested in the field. This chapter reviewed the
basic concepts of optical imaging instrumentation as well as state-of-the-art imag-
ing techniques. For more detailed discussions of the subject, the reader is kindly
referred to the articles below.
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1 Introduction

Tomographic imaging started with clinical X-ray computed tomography (CT) in
1972 (Hounsfield 1973). Since then, CT technology has rapidly advanced and clin-
ical CT became radiology’s powerhouse. In addition to clinical CT imaging, there
is increasing need for preclinical exams such as scans of tissue samples, organs or
whole animals (in vitro or in vivo) that are used as models to evaluate human dis-
eases and therapies (IEEE 2004). For example, noninvasive imaging of mice gains
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in importance due to recent advances in mouse genomics and the production of
transgenic mouse models. Longitudinal studies that use a single animal population
can provide internally consistent long-term data and help to reduce the number of
animals used and to cut down the costs.
Since many of the objects of interest are far smaller than a human body, and since

one is interested in imaging vessels, bone structures or other details of microscopic
size, it turns out that clinical CT scanners are not suitable for many preclinical imag-
ing tasks. For example, laboratory mice or rats have a body diameter of not more
than 5 cm. Compared with the 50-cm diameter of a clinical CT scanner’s field of
measurement, this is 10% or less. Only one tenth of the detector elements would be
used when scanning such a specimen in a clinical CT scanner and, evidently, small
animal anatomy cannot be imaged in a clinical CT scanner with an image quality
equivalent to human anatomy. This low efficiency calls for dedicated scanners that
are specialized for small objects and have a high spatial resolution; this is the reason
why all clinical imaging modalities have been scaled down in recent years.
Higher spatial resolution — in which clinical CT achieves 0.25mm, sufficient

for human diagnostics — is obtained by either using clinical flat-panel imaging
systems that achieve in the order of 150–200µm or by using dedicated micro-CT
scanners, which are usually defined to achieve a spatial resolution of 100µm or bet-
ter (Kalender 2005). This chapter will not discuss flat-panel imaging systems such
as C-arm CT scanners or conventional CT scanners equipped with a flat-panel de-
tector, because these devices are a compromise, allowing for large object size whilst
seeking for higher spatial resolution. Rather, we will consider micro-CT technology,
where dedicated scanners enable the optimum in image quality to be achieved for
a given application. Nevertheless, many considerations, such as the dependency of
spatial resolution on object size and the number of detector pixels, apply to both
categories.
This chapter will further be restricted to those widely used scanners that employ

an area detector and therefore acquire the data in cone-beam geometry. Neither for-
mer generations of micro-CT scanners that use only a single detector row or even a
single detector element nor scanners based on cyclotron radiation that require expen-
sive electron accelerators and therefore are hardly available will be discussed here.
Basic CT principles are discussed at first. Then, we will detail today’s micro-CT

design followed by considerations about image noise, spatial resolution and dose.
To become aware of potential pitfalls, the chapter finishes with discussing sources
of image artifacts. Besides one image showing nondestructive material testing, our
focus lies in small animal imaging and imaging of tissue samples.

2 CT Principles

From conventional radiography it is known that the information available from a
single projection is limited, since it shows a superimposition of all the objects
in the X-ray. The information can be increased by taking two projections, typi-
cally anteroposterior and lateral. However, the radiographic images still show a
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Fig. 1 Radiography provides only limited information due to the superimposed information of sev-
eral objects. Typically, only one or two projections are acquired. CT, in contrast, allows complete
volumetric information to be derived from a very large number of projections. The left column
shows sagittal (top) and coronal (bottom) radiographic projections of a mouse in vivo. On the right
we see multiplanar reformations (MPRs) of the reconstructed CT volume of the same mouse in the
sagittal and coronal planes, respectively

superposition of all the objects that have been irradiated. Further, increasing the
number of projection directions (views) is of little help because the observer is not
able to mentally solve the superposition problem and to “reconstruct” the internal
information of the object. The left column of Fig. 1 shows two such radiographic
projections and we can clearly see the superposition of bone, tissue and lung. What
we would rather like to see is a tomographic view of the object, as given in the
right column.

2.1 Geometry

Fortunately it can be shown that a complete reconstruction of the object’s interior is
mathematically possible as long as a large number of views have been acquired over
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Fig. 2 The principle of cone-beam micro-CT with flat-panel detectors. The object is illuminated
by X-rays. Collimators shape the beam to match the rectangular shape of the detector. The gantry
rotates about the z-axis to acquire a complete tomographic data set. Important relations for the
radius RM and the length LM of the FOM are given in the gray box as a function of the distance of
the focal spot to iscocenter RF and focal spot to detector RFD, and the size U ·V of the flat-panel
detector. Note that the diameter of the FOM in relation to the detector size U is greater than the
length of the FOM related to the detector size V . A ray or line integral is parameterized by the
rotation angle α and the detector coordinates (u,v)

an angular range that covers at least 180◦ plus fan angle. This acquisition scheme
is implemented in computed tomography scanners by using an X-ray tube together
with a detector that rotate around the object or by using an object that rotates within
the X-ray beam. On the opposing side of the X-ray tube, a flat area detector consist-
ing of at least 1,000 by 1,000 detector pixels is mounted (Figs. 2, 3). Collimators are
used to avoid radiation in those regions that are not covered by the detector. For to-
day’s rectangular flat-panel detectors, the shape of the X-ray ensemble is a pyramid;
due to mathematical and historical reasons it is loosely called a cone-beam.
The rotation axis of the scanner defines the z-axis (longitudinal axis), the x- and

y-axes are perpendicular thereto and define the axial plane. The opening angles of
the cone are called the fan angle and cone angle, respectively (see Fig. 2). For square
detectors that are perfectly aligned, the fan angle equals the cone angle. The distance
of the focal spot to the isocenter (rotation center) RF and the distance focus detector
RFD are important parameters in micro-CT imaging. Together with the radial sizeU
and the longitudinal sizeV of the detector, they define the size of the cylinder that is
measured in each projection during a 360◦ scan. This cylinder is called the field of
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Fig. 3 Micro-CT is the measurement of X-ray photon attenuation along straight lines. An object
point can be reconstructed as long as it has been viewed by the X-rays under an angular interval of
180◦ or more. If this applies to all object points within the field of measurement, the data are said
to be complete

measurement (FOM) and the object of interest must not exceed this volume laterally
unless special techniques are used to enlarge the FOM (e.g., shifted detector, multi-
ple scans or detruncation algorithms). For square detectors that are aligned with the
z-axis, the cylinder’s diameter always exceeds the cylinder’s length. Objects that
exceed the FOM longitudinally can be assessed by combining several circle scans
or by performing a spiral scan.
In micro-CT, the typical scan trajectory is the circle scan. Here, the scanner per-

forms a rotation about the stationary object. The rotation angle must be somewhat
larger than a half circle, but to achieve good image quality it should be at least 360◦.
To scan objects longer than LM, one can append the data from multiple circle scans.
An alternative to this sequential, step-and-shoot or sequence scan is the spiral tra-
jectory, where the scanner is rotating and acquiring continuously while the object is
being translated through the isocenter along the z-direction (Kalender et al. 1990).
Whereas the spiral trajectory is the most important trajectory in clinical CT, it has
not yet received that much attention in micro-CT. Reasons may be dose due to the
overscan problem and the requirement of slip-ring technology to allow for continu-
ous scanning. We will, therefore, concentrate on the circle and sequence trajectories
unless otherwise stated.
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2.2 Measurement

During a full gantry rotation, in the order of 1,000 readouts of the detector are per-
formed (Fig. 3). Altogether about 109 intensity measurements are taken per slice
and rotation. Physically, X-ray CT is the measurement of the object’s X-ray absorp-
tion along straight lines. For I0 incident quanta, an object layer of thickness d and
attenuation coefficient µ , the number I of quanta reaching the detector is given by
the exponential attenuation law as

I = I0 e−µd .

The negative logarithm p =− ln I/I0 of each intensity measurement I gives us infor-
mation about the product of the object attenuation and thickness. I0 is the primary
X-ray intensity and is needed for proper normalization. It is proportional to the tube
current.
For nonhomogeneous objects, the attenuation coefficient is a function of x, y,

and z. Then, the projection value p corresponds to the line integral along line L of
the object’s linear attenuation coefficient distribution µ(x,y,z):

p(L) = − ln I(L)
I0

=
∫
L

dL µ(x,y,z) (1)

For flat-panel CT, the line L can be parameterized by the rotation angle α and the
detector coordinates (u,v). Since L = L(α,u,v), one is free to abbreviate p(L) =
p(α,u,v) whenever convenient.We are interested in gaining knowledge of µ(x,y,z)
by reconstructing the acquired data p(L). The process of computing the CT image
f (x,y,z) — the CT image is an accurate approximation to µ(x,y,z) — from the set
of measured projection values p(L) is called image reconstruction and is one of the
key components of a CT scanner.
A more realistic description of the measurement process accounts for the poly-

chromatic radiation that is emitted from the micro-focus X-ray tube’s transmission
or reflection anode. The attenuation coefficient is described as a function of the pho-
ton energy E and the coordinates (x,y,z) as µ(E,x,y,z). The spectrum as it is “seen”
by the detector is given by the weight function w(L,E), whose area is normalized to
1. Note that the spectrum depends on the ray position and orientation given by the
line L. Then the observed attenuation is

p(L) = − ln
∫

dE w(L,E)e−
∫

dLµ(E,x,y,z) (2)

to which (1) is an adequate approximation whenever the polychromatic spectrum,
and hence the integral over the energy, is replaced by a single effective energy Eeff
that must be determined for a representativematerial and object, and that lies signifi-
cantly below the electron charge tube voltage product eU . Errors that are introduced
due to this polychromaticity and due to simply approximating it by (1) appear as
cupping or capping artifacts and will be discussed in a separate section.
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2.3 Reconstruction

For a moment, let us assume to have a single-slice CT scanner whose detector con-
sists of one detector-row only. The raw data would be given by setting the longi-
tudinal detector coordinate v to zero: p(α, u,0). The easiest way to perform image
reconstruction of these mid-plane data is to make a change of variables to obtain
raw data in parallel-beam geometry: instead of describing the ray by the source po-
sition α and by the detector position u one can also describe the same mathematical
line, xcosϑ + ysinϑ = ξ , using the ray’s angle ϑ with respect to the coordinate
system and the ray’s distance ξ to the center of rotation by p̂(ϑ ,ξ ) = p(α, u,0).
The process of changing the variables to parallel geometry, which is also known as
rebinning. Parallel beam image reconstruction consists of a filtering of the projec-
tion data with the reconstruction kernel, followed by a backprojection into image
domain and can be formulated as

f (x,y) =
π∫
0

dϑ p̂(ϑ ,ξ )∗ k(ξ )|ξ=xcosϑ+ysinϑ . (3)

Here, k(ξ ) is the so-called reconstruction kernel. Usually, there are different convo-
lution kernels available — e.g., smooth, standard, and sharp — to allow modifying
image sharpness (spatial resolution) and image noise characteristics.
A historical derivation of this so-called filtered backprojection (FBP) is found

in Shepp and Logan (1974). Formula (3) requires the projection data to be con-
volved with the reconstruction kernel k(ξ ). The filtered data are then backprojected
into the image along the original ray direction for all ray angles ϑ . The extension to
cone-beam data, where v �= 0 in general, is straightforward and known as Feldkamp-
type image reconstruction: simply ignore v during the filtering step (as done above),
except for a length correction, but account for the true ray geometry during back-
projection by using a three-dimensional backprojection. Feldkamp’s original work
did not perform a change of variables and used a true fan-beam filtered backprojec-
tion (Feldkamp et al. 1984). Today’s micro-CT image reconstruction algorithms are
mainly of the Feldkamp type. Whether there is rebinning involved or not does not
significantly affect image quality and is often not disclosed by the manufacturers.
The discretization of the detector elements, the finite size of the active detec-

tor pixel area, the finite size focal spot and the discretization of the reconstructed
volume, which is typically partitioned into cuboid voxels, imply a limited spatial
resolution. The achievable spatial resolution of a given micro-CT scanner is mainly
determined by the magnification factor, by the detector pixel size and by the size
of the focal spot. A certain spatial resolution can only be achieved when it is not
limited by the voxel size of the volume. Ideally, the voxel size should be half of
the spatial resolution value or less. Achieving isotropic spatial resolution is desired.
It allows the computation of arbitrarily oriented oblique multiplanar reformations
(MPRs) with constant spatial resolution, and thus constant image quality.
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Image reconstruction is a key component of the micro-CT scanner. Reconstruc-
tion times can range from some minutes up to 1 h, or even more, depending on the
number of voxels used. Image reconstruction is an O(N4) process when N projec-
tions are backprojected into a volume of size N3. The constant of proportionality
lies in the range of 2–10 ns for today’s micro-CT reconstruction engines, which
means that a 5123 reconstruction from 512 projections should be definitely finished
in less than 5min. Techniques that cut down this effort to O(N3 logN) are described
in the literature (Axelsson and Danielsson 1994; Basu and Bresler 2000; Bresler
and Brokish 2003), but have probably not yet entered a product implementation for
micro-CT cone-beam reconstruction.

2.4 Display

The image values f (x,y,z) are usually converted into CT values prior to storage by
passing them through the linear function

CT =
f − µwater

µwater
·1,000 HU

where HU stands for Hounsfield units. The relation is based on the demand that air
(zero attenuation) has a CT value of −1,000HU and water, the most common ma-
terial CT scanners are calibrated for, has a value of 0HU. The CT values have been
introduced by Hounsfield to replace the handling with the rather inconvenient µ val-
ues by an integer-valued quantity. One can interpret the CT value of a pixel or voxel
as being the density of the object relative to the density of water at the respective
location. For example, 200HU means that the object density at that location is 1.2-
times the density of water. This interpretation is only justified when polychromatic
effects can be neglected. Otherwise the values are approximations to the density and
to obtain the exact information an iterative beam hardening correction would have
to be performed. An illustration of the CT scale is shown in Fig. 4. CT values typi-
cally range from −1,000 to 4,000HU, except for very dense materials or for scans
at very low energies.
Reconstructed CT data are usually displayed as grayscale images. To optimize

contrast the mapping of CT numbers to gray values can be controlled by the user.
In CT the display window is best parameterized by the two parameters, center C
and width W . Values between C −W/2 and C +W/2 are linearly mapped to the
gray values ranging from black to white, whereas values below and above that
“window” are displayed in black and white, respectively (Fig. 5). For example,
the window (0HU/1,000HU) means that it is centered at 0 HU and has a width
of 1,000HU. Thus, values in the range from−500HU to 500HU are mapped to the
gray values; values below −500HU are displayed black, and values above 500HU
are displayed white.
It is understood that the micro-CT system needs to be calibrated against some

typical object before any quantitative assessment of CT values is justified. In clin-
ical CT, this calibration goes without saying and is done with respect to water. For
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Fig. 4 Ranges of CT values of the most important organs (corresponding to humans at an effective
energy of about 70 keV)

Fig. 5 In-vivo micro-CT image of a mouse displayed with three different window settings. The
gray-scale windows are given in the format (center/width)

preclinical micro-CT imaging, adequate precorrection cannot be taken for granted
and must be checked for explicitly. Typically, the system should be water-calibrated
and a test image should show air at −1,000HU and water at 0HU. For nondestruc-
tive material, testing the base material may be chosen to be plastic, sand, or some
other material of interest. The calibration is energy-dependent and must be carried
out for the complete range of available tube voltages, prefiltrations, shaped filtration
etc. Whenever quantitative analysis is required it is wise to scan a calibration phan-
tom prior to the actual scans.
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3 Micro-CT Design

Two basic design concepts are realized in micro-CT: the stationary tube-detector
system with rotating object and the rotating gantry with stationary object.

3.1 Rotating Object Scanners

For in-vitro imaging, the design using a rotating object with a fixed focal-spot de-
tector is the method of choice (Fig. 6). The design is robust and cost-efficient since
the number of components moving during the scan — these must be of the highest
precision to allow for high spatial resolution — is minimized to the rotation stage
only. Furthermore, the scanner size is mainly determined by the distance of the focal
spot to detector RFD. For example, our self-made scanner shown in Fig. 6 requires
an optical table of roughly 3m by 1m only. If the source and detector were to ro-
tate about the object, a circular area of up to 3m radius (6m diameter) would be
required, depending on the magnification used. The magnification itself can be eas-
ily adjusted with the help of automatic (or manual) translation stages that allow to

Fig. 6 Principle of in-vitro micro-CT (FORBILD scanner, self-made). The object rotates while
the tube and detector are stationary. Translation stages allow the magnification of the scanner to
vary over a wide range. When neither dose nor scan time is an issue, such scanners can achieve an
extremely high spatial resolution (down to a few micrometers)
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Fig. 7 The short cone-beam geometry has a larger fan and cone angle than the long cone-beam
geometry. The wide cone yields a large X-ray flux but suffers from increased cone-beam artifacts.
For the long geometry with the smaller solid angle, cone-beam artifacts are reduced, but one must
cope with less quanta per time. Both geometries show identical small and large fields of measure-
ment with identical magnification values and, consequently, identical spatial resolution

change RF and RFD over a wide range of values. The range itself is limited by the
distance dF of the exit window (that includes tube housing, prefiltration and shaped
filtration) from the focal spot, by the distance dD of the detector entrance window
(that includes the detector housing and other protective gear) and by the radius of
the field of measurement RF such that the final inequality relating these parameters
is dF+ RM < RF < RFD−dD−RM.
Figure 7 illustrates two situations differing in the focus detector distance (short

and long geometry). In both cases one may adjust RF to achieve the same size of the
field of measurement. A small and a large FOM are shown for the short and for the
long geometry. The number of line integrals running through each of these FOMs
is the same regardless of which geometry was chosen. Spatial resolution is merely
a function of the mean distance of the rays, which is given by 2RM/NU and LM/NV .
Thereby, NU and NV denote the number of detector pixels. Consequently, one may
use the possibility to vary the magnification to balance between the size of the FOM
and the spatial resolution.
But what is the difference between the short and the long geometry? There are

negative effects of large cone angles. One disadvantage is that large angles usually
imply a lower dose usage since parts of the object are irradiated which are not within
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Fig. 8 Demonstration of cone-beam artifacts. The Defrise phantom consists of several disks cen-
tered about the z-axis. The cone-beam artifacts increase with increased distance to the midplane
(horizontal line) and with increased cone angle

the longitudinal FOM (c.f. Fig. 2). Another disadvantage is that today’s micro-CT
image reconstruction algorithms are approximate and suffer from artifacts when the
cone angle becomes large (Fig. 8). This requires small cone angles and therefore
long geometries. However, the number of available X-ray photons is proportional to
1/R2FD will be low when the cone and fan angles are low. For example, doubling the
focus detector distance will require a fourfold scan time (assuming the same tube
power) to achieve the same image noise. Scan time, however, can become critical
even for in-vitro scans. Figures 9 and 10 show some examples of in-vitro scans with
very high resolution and a rather long scan time of 15min.
A serious drawback of the rotating object scanners is the object placement. The

rotation axis, and thus the object, is usually oriented vertically in these scanners.
Regardless of what the actual orientation of the rotation axis is, be it vertical or
horizontal, or something else, the object is subject to centrifugal or varying grav-
itational forces. Whereas this plays no role for rigid samples it can impair image
quality when flexible objects or liquids are scanned. Prominent examples are verti-
cally oriented small animals, where parts of the body tend to slide downwards due
to released muscle tension during the scan; no fixation can completely avoid this
kind of motion.

3.2 Rotating Gantry Scanners

Scanners with a rotating source-detector system are more complicated with respect
to the mechanical setup but they provide far more comfort regarding the object
placement. The rotating gantry is usually mounted with a horizontal rotation axis
to allow the object to be supported by a simple table. Thereby, these scanners re-
semble the clinical CT scanners that also have a patient bed and a rotating gantry.
Object fixation and immobilization is less tricky than with rotating object scanners.
However, the mechanical design of rotating source-detector scanners is far more
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Fig. 9 Scan of a butterfly catheter filled with chromatography gel (glass particles in air) with an
average grid size of 35µm. The high spatial resolution achieved with the FORBILD scanner allows
each single glass particle (voxel size 1µm) to be displayed

Fig. 10 Milk tooth fixed in plasticine scanned with a rotating object micro-CT scanner (FORBILD
scanner) with 10-µm spatial resolution (5-µm voxel size) at 80 kV. The data are not corrected
for beam hardening effects. Besides slight cupping, a seeming reduction of the enamel’s density
appears in the region where the tooth sticks inside the plasticine. Measurements outside that region
yield ρenamel ≈ 2.3ρdentine ≈ 2.8ρplasticine
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Fig. 11 Principle of in-vivo micro-CT. The object is placed on the animal table. During the scan
the gantry rotates around the animal, just as in clinical CT scanners. Spiral scans are possible.
Some in-vivo scanners allow the magnification to be changed. Desktop systems such as the one
shown here (TomoScope 30s, VAMP, Möhrendorf, Germany) are often shipped with a fixed and
optimized geometry (Karolczak 2005). Dose, scan time and interscan delay are critical issues that
must be optimized by the manufacturers

demanding since high precision rotation components must be used and care must
be taken that the varying gravitational forces do neither change the rotation speed
nor change the mechanical alignment of the source and the detector relative to each
other and relative to the rotation axis.
For dedicated imaging tasks, one can do without varying magnification. Then,

compact cost-effective light-weight self-shielded desktop systems that even fit into
small laboratories can be designed and, above all, be optimized (Fig. 11). In addition
to such dedicated small animal scanners with a fixed FOM size, there are systems
available with the possibility to mechanically change the magnification. Needless to
say that the added flexibility requires a compromise in image quality and that these
all-round systems are rather bulky and expensive.
Typical in-vivo images that are acquired with a rotating gantry micro-CT scanner

are shown in Figs. 12 and 13 and in many of the other images of this chapter where
cross-sections of mice are displayed. Figure 12 is a volume rendering (that actu-
ally resembles a shaded surface display) of the skeleton and only the high-contrast
objects are shown. These kinds of bone images have been very popular in the past
for several reasons. Besides the fact that displays of skeletons are spectacular and
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Fig. 12 Volume rendering of an in-vivo sequence scan with three table positions and 3min per
table position (TomoScope 30s scanner). Tube voltage 40 kV, tube current 0.8mA, effective mAs
product 144mAs

Fig. 13 Some cross-sections through the same data as shown in Fig. 12. The pixel values are
mapped in color instead of using the usual gray scale

impressive, the main reason is that the past generation of micro-CT scanners was
not able to show low contrast details, especially not for in-vivo scans. Low contrast
details are easily obscured by image noise and it is a question of scan time, of X-ray
power, of detector capacities (dynamic range) and, last but not least, of dose whether
low contrast objects can be displayed or not.
Figure 13 and several other images in this chapter prove that today’s technology

allows to image low-contrast objects as well. Compared with clinical CT, which al-
lows to distinguish between 10HU contrast or less, micro-CT contrast is still slightly
inferior and lies in the range of 20–100HU.
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Table 1 Essential parameters of CT-scanners

In-vitro micro-CT In-vivo micro-CT C-arm CT Clinical CT

Spatial resolution 1 . . .200µm 50 . . .200µm 200 . . .400µm 250 . . .1000µm
FOM diameter 1 . . .200mm 30 . . .100mm 100 . . .250mm 500 . . .700mm

Tube voltage 10 . . .160 kV 10 . . .160 kV 50 . . .125 kV 80 . . .140 kV

Tube current 0.04 . . .2mA 0.04 . . .2mA 10 . . .800mA 10 . . .600mA

Tube power 1 . . .30W 1 . . .30W 20 . . .80 kW 20 . . .100 kW

Scan time <1 h 10s . . .10min 5 . . .20 s 0.3 . . .20 s

mAseff 5 . . .200 mAs 5 . . .200mAs 10 . . .750mAs 10 . . .750mAs

Detector 10242 . . .40962 10242 . . .40962 10242 . . .20482 ≈1000×64
Dose ≤1500mGy 50 . . .500mGy 1 . . .70mGy 1 . . .70mGy

Acquisition rate ≤20MB/s ≤20MB/s ≤60MB/s ≤600MB/s

3.3 Typical Parameters

Table 1 lists important parameters as they are typically provided in today’s flat-panel
detector CT scanners and in today’s clinical CT scanners. The values given should
be understood as being orders of magnitude, and exact values as well as maximum
andminimumvalues from specific systems will certainly differ from or exceed those
given in the table. To differentiate between in-vitro and in-vivo scanners we mainly
considered dose, low-contrast resolution and scan time. In-vivo small-animal imag-
ing requires a good low-contrast resolution (i.e., low image noise) at dose values
as low as reasonably achievable. In-vivo scans should be very short to simplify
anesthesia and animal handling. These facts must be emphasized since they are not
common practice in small animal imaging yet.

4 Dose and Image Quality

Dose and image quality are inherently related: less dose means higher image noise,
which in turn implies inferior low contrast resolution. High spatial resolution de-
mands for higher dose unless higher image noise can be accepted. Achieving a cer-
tain image quality within a given voxel requires a certain number of photons to be
absorbed within that voxel.

4.1 Dose and Noise

Is dose an issue for micro-CT? Yes it is and there are reasons why it is of advan-
tage to generate high image quality with as little photons as possible. The most
obvious reason is potential radiation damage to the object. In particular, for in-vivo
scans one may find that the animals can suffer from the radiation. Even if there is
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no deterministic risk to be expected — this is the case whenever dose levels are
far below, say, 1Gy — the measurement may influence those parameters that shall
be observed in preclinical imaging. Tumor growth, for example, may be modified
by a micro-CT scan with high dose levels. Cell populations may behave differ-
ently after having been irradiated. Functional parameters may change as a result
of micro-CT radiation. Above all, longitudinal studies require multiple scans of the
very same animal and the total dose to the subject must be kept as low as reasonably
achievable.
Even if dose to the object does not have to be limited, there are technical restric-

tions that require to scan with low dose. One key component in micro-CT is the
X-ray tube, whose maximum power is a function of the focal-spot size. A rule of
thumb is that the maximum power per focal-spot area lies in the order of 1W/µm2.
Values above that— some manufacturers offer tubes with up to 3W/µm2 — signif-
icantly decrease the tube’s durability. High spatial resolution requires small focal-
spot sizes and therefore reduced X-ray power. Low X-ray power means increased
scan time. Any technology that allows scanning with less photons can be useful to
decrease the scan time and thereby to improve throughput.
Another key component is the X-ray detector. Today, either direct or indirect con-

verting detectors are used. The dose required to saturate the detector is determined
by the absorption efficiency and by the detector pixel’s capacity. A high absorption
efficiency means a good dose usage and can reduce the total scan time. However,
high absorption efficiencies require thick layers of scintillators, which in turn im-
ply smoother presampling MTFs and thus a lower spatial resolution. The time re-
quired to read out the detector, the detector’s frame rate, often determines the total
scan time.
An important and basic parameter in CT imaging is the effective tube current

time product mAseff, which is also called mAs product. It is defined as the tube cur-
rent multiplied by the time a given voxel is irradiated. For 360◦-scans, the time of
irradiation equals the rotation time of the scanner. The effective mAs value is pro-
portional to the number of X-ray photons that contribute to the measurement and it
is proportional to the number of X-ray photons that contribute to a certain projection
voxel position, and thereby it is proportional to the dose. As an example, consider a
tube that runs with 14W of power at a voltage of 40 kV and thus delivers 0.35mA.
For an in-vivo scan of 20-s duration, this scanner would achieve an effective mAs
value of 7mAs. Typical effective mAs values range from 5mAs to 200mAs. Low
values yield high image noise and vice versa. The pixel standard deviation σ is
the typical measure of image noise. It is inversely proportional to the square of the
effective mAs-value,

σ2 ∝
1

mAseff
.

Reducing noise by 50% requires a fourfold increase of mAseff, for example.
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4.2 Spatial Resolution

Another important parameter is spatial resolution. One has to distinguish between
the in-plane spatial resolution ∆r and the longitudinal resolution ∆z. Ideally, one
would expect isotropic spatial resolution, which means ∆r = ∆z. However, we have
seen that the reconstruction process differs significantly in the way the axial and the
longitudinal density distribution is reconstructed. The axial direction is the direction
where filtering is applied and therefore in-plane resolution can be easily modified by
choosing the reconstruction kernel. In the longitudinal direction there is no inherent
possibility to modify the data, and the z-resolution is likely to be close to the detector
pixel size projected to the isocenter ∆vRF/RFD. Due to these differences in axial and
longitudinal direction, ∆r �= ∆z is typical.
To find a quantitative relationship between image noise σ and spatial resolution,

assume the linear attenuation of a resolution element of size ∆r to be µ . Let I0 be the
number of photons incident on that voxel. Then the number of photons that leave
the resolution element is given as

I = I0e
−µ ∆r.

Our aim is to estimate µ (which corresponds to the CT value). A good estimator is

µ̂ = − 1
∆r
ln

I
I0

.

Since I and I0 are random, the estimated value µ̂ is random, too. The error σ of the
random variable µ̂ is the noise in that resolution element and can be estimated by
error propagation as

σ2 =
1

∆r2

(
Var I
E2I

+
Var I0
E2I0

)
.

The number I0 of incident photons is Poisson distributed and thus I is Poisson, too.
This implies Var I0 = EI0 and Var I = EI. Further, one has the property EI ∝ EI0 due
to the attenuation law and the property EI0 ∝ ∆r∆zmAseff, where ∆r∆z is the beam
cross-section and D is dose or flux. Using these, we obtain

σ2 ∝
1

mAseff ·∆z ·∆r3
(4)

which relates spatial resolution, effective tube-current and image noise σ . Rela-
tion (4) is often derived under more special assumptions in Brooks and Di Chiro
(1976b) and Ford et al. (2003), for example by assuming a filtered backprojection
reconstruction.
The constant of proportionality in (4) depends in a complicated way on the object

size and density, on the tube voltage, and on the prefiltration. (4) shows that a 16-fold
increase of dose (or mAseff) is required when spatial resolution shall be improved
by a factor of 2 in all three dimensions and pixel noise σ is to be held constant. Ob-
viously it is impossible to significantly increase the spatial resolution in micro-CT
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without accepting more dose or higher image noise. Preclinical low-contrast imag-
ing of small animals is possible with a spatial resolution in the order of 100µm but
not with a spatial resolution of 10µm, where only high-contrast structures such as
the skeleton can be imaged adequately and at acceptable dose.

4.3 Dose and Noise Reduction

Techniques to reduce image noise or, equivalently, to reduce object dose include
adaptive filtering, statistical reconstruction techniques and automatic exposure
control. Adaptive filtering is a raw data-based approach that selectively smoothes
only a few raw data values using a three-dimensional smoothing kernel (both de-
tector dimensions plus the rotation direction by accessing neighboring projections)
(Kachelrieß et al. 2001; Kachelrieß and Kalender 2000a). In contrast to using
smooth reconstruction kernels multidimensional adaptive filtering does not im-
pair spatial resolution. Replacing the standard Feldkamp-type approximate micro-
CT image reconstruction algorithms by statistical reconstruction techniques further
promises to reduce image noise (Lange and Fessler 1995; Erdogan and Fessler
1999; Lange and Carson 1984; Beekman and Kamphuis 2001; Kachelrieß et al.
2005a). However, statistical reconstruction algorithms are iterative and too slow to
be routinely used in micro-CT imaging. Adapting the exposure to the object shape
is another option to improve dose usage. In clinical CT, such automatic exposure
control (AEC) techniques are very successful already. To our knowledge there are
no corresponding product implementations in micro-CT, yet.
Another parameter that plays a significant role in dose optimization is the total

scan length or scan range. Although being trivial, it is worth mentioning that scan
ranges which exceed the region of interest are a waste of dose. For example, con-
sider a micro-CT scan where the organ of interest has a longitudinal extent of 1 cm,
say. Let the size of the scanner’s field of measurement be about 4 cm in diameter
and length. A scan that acquires the full FOM would then apply three-times more
dose than actually necessary. Therefore one must use the longitudinal collimators, if
available, to reduce the length of the FOM as far as possible. Similarly, if a sequence
or a spiral scan is performed to cover a very long region, it is of importance to keep
the scan range as short as possible.
Tube voltage, target materials (e.g., tungsten or molybdenum), prefiltration and

shaped filtration determine the X-ray spectrumw(L,E) that is used for CT scanning.
The image quality is a function of the X-ray spectrum, object size, shape and density
(Sekihara et al. 1982; Gkanatsios and Huda 1997). There are no general guidelines
of how to predict the optimal spectrum and how to choose the tube voltage as a
function of the object. But it can be shown that the effective linear attenuation co-
efficient µeff multiplied by the object diameter d should be kept rather constant.
The value of this constant depends on whether one optimizes the X-ray flux on
the detector or optimizes the dose in the object, and it can be determined only un-
der the highly restrictive assumption of homogeneous, circular cross-sections and
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monochromatic scatter-free radiation. Nevertheless, the rule µeffd ≈ const indicates
that small objects require large attenuation coefficients. The attenuation coefficient
becomes larger for lower energy photons, and consequently tube voltage should be
decreased with decreasing object size and density. This dependency on object size
is more significant for small objects than it is for large objects, since for low ener-
gies photon attenuation is dominated by the photo effect, which is strongly energy
dependent. Therefore, there is a higher potential for dose reduction in micro-CT
than in clinical CT. Note that tube voltages as low as 10 kV can be of interest for
micro-CT imaging.

4.4 Quality Assessment

Dose and image quality can be easily assessed using dedicated micro-CT phan-
toms (Fig. 14). A convenient way to quantify spatial resolution is by bar patterns
of various sizes (typically given in line pairs per millimeter). The spatial resolu-
tion of an image is defined to be the size of the smallest bar pattern whose bars
are still separated. To find out whether two neighboring bars are separated reduce
the CT image to a binary (i.e., black-and-white) image by setting the window width
to 0HU and then adjust the window center such that the bars appear white and

Fig. 14 Quality assurance phantoms (courtesy of QRM, Möhrendorf, Germany) are used to cali-
brate the scanner and to assess spatial resolution, low-contrast resolution, noise and dose
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that the gap between the bars appears black — no white pixels must connect two
bars. If this applies to a complete group of bars at once, this group is said to be
resolved. Another possibility to measure the spatial resolution is to use wire phan-
toms such as the 10-µm wire phantom shown in Fig. 14. Reconstructions thereof
allow the point spread function (PSF) and the modulation transfer function (MTF)
to be determined. Typical figures of merit taken from there are the full width at half
maximum (FWHM) of the PSF or the 10% value of the MTF.
The reader must be cautioned against mistaking spatial resolution with voxel

size; the voxel size is merely a parameter of image reconstruction! Ideally, the vox-
els should be smaller than half of the desired spatial resolution. It is also worth
noting that statements about a system’s voxel size, as often provided by marketing
departments, do not allow deduction of the scanner’s resolution. For example, it is
possible to perform reconstructions with a voxel size of 1µm, although the spatial
resolution of the system is only 5µm (c.f. Fig. 9).
Low-contrast resolution can be estimated using phantoms with low-contrast in-

serts of different density levels and of different sizes. The phantom shown in Fig. 14
has four cylindrical inserts of −10-HU and −50-HU contrast and of 1-mm and
2.5-mm diameter.
Water phantoms are useful to control the system’s homogeneity and to measure

the pixel noise. Since the phantom is of homogeneous water the gray level of all
voxels that lie in the phantom should be at 0 HU (plus minus noise). The surround-
ing air must show up at −1,000HU. A region-of-interest (ROI) evaluation in the
water gives the standard deviation of the pixel values which is a measure of image
noise. Weekly automated quality check routines should test for homogeneity and
they should ensure that the image noise meets the expectations (for a given effective
mAs value and a given spatial resolution).
Dose D is measured by inserting an ionization chamber into a dedicated micro-

CT dose phantom. Note that a separate dose assessment is necessary, although D is
proportional to the effective mAs value. The constant of proportionality, however,
is a function of tube voltage, of X-ray tube design, of detector type, of the phantom
and of many more parameters. To obtain a complete dose distributionD(r), a Monte
Carlo-based dose calculation is required (Schmidt and Kalender 2002), which uses
the central dose determined with the ionization chamber for normalization.
To compare different scan protocols and different scanners, given that the same

set of phantoms is used and that the scanners are properly normalized to the
Hounsfield scale, it is useful to boil down the parameters spatial resolution, noise
and dose into a single image quality figure of merit Q. According to (2), and using
the proportionalityD ∝mAseff, we find

Q2 =
1

∆z ·∆r3 ·σ2 ·D (5)

where high values of Q are desired.
A recent study that compared in-vivo micro-CT scanners from four different ven-

dors— the selected scan protocols were those dedicated to small animal imaging—
found inter-vendor variations in Q by a factor of four (Kalender et al. 2005). From
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(5), we find that this means that the best performing system is 16-times more dose
efficient than the least performing system included in the said study. These differ-
ences among today’s preclinical micro-CT systems should definitely alert the reader.

5 Artifacts

Our discussion of image quality did not include micro-CT artifacts so far. Similar
to clinical CT, there are several sources of error that may propagate into the image.
In contrast to clinical images, some of these artifacts are more pronounced and less
easy to avoid in micro-CT. One source of artifacts, for example, is the geometric
misalignment of the scanners. The position and orientation of the X-ray source, of
the detector pixels and of the axis of rotation must be known much more accurately
than the desired spatial resolution. For micro-CT applications, this means that the
scanner must be aligned with micrometer precision or even better. Such a precise
alignment is hardly possible; one difficulty is thermal expansion of the scanner, for
example. Therefore, correction methods and methods to quantify the actual align-
ment of the components were developed. Most of these misalignment correction
algorithms require to scan a phantom of known shape and/or density (Azevedo et al.
1990; Crawford et al. 1988; Hsieh 1999; Gullberg et al. 1987, 1990; Marquadt 1963;
Bronnikov 1999; Noo et al. 2000; Rougee et al. 1993a, b; Wiesent et al. 1999, 2000;
Stevens et al. 2001), which just passes on the alignment problem to the phantom
manufacturer, but some correction methods are more flexible and allow for rather
arbitrary calibration phantoms (von Smekal et al. 2004).
Defective detector pixels or completely defective detector columns or rows are

another source of error in micro-CT. Here, every manufacturer uses their own cor-
rection algorithms. These may include some kind of interpolation to bridge the de-
fect areas of the detectors. Advanced techniques to predict projection values falling
into the range of defect detectors from previously acquired projections are consid-
ered too (Riess 2002). More subtle detector defects include a variation of the detec-
tor sensitivity as a function of scan time or detector age. In this case, the detector is
not really defective but it rather reports a slightly shifted intensity value. The arti-
facts caused by these sensitivity variations are ring artifacts. These can be corrected
by either analyzing and modifying the acquired CT raw data or by image-based
methods (Riess 2002; Sijbers and Postnov 2004).
Given that a micro-CT scanner is well aligned and that defective detector pixels

are corrected for there are still a number of other artifacts that can impair im-
age quality in a qualitative or quantitative sense. One of these is cone-beam ar-
tifacts, which were discussed in Sect. 3 on micro-CT design and in Fig. 8. These
cone-beam artifacts are inevitable as long as the scanner acquires from circular tra-
jectories only. The circular trajectory is known to be incomplete with respect to
image reconstruction. Other trajectories, such as the popular spiral trajectory, are
complete, and given an exact image reconstruction algorithm, then cone-beam arti-
facts can be avoided. However, as long as efficient but approximate Feldkamp-type
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Fig. 15 Various levels of cupping correction are required to obtain a perfectly “flat” image of a
homogeneous object. Only with cupping correction do the CT values become quantitative. For
example, the table that has a density of 0.95-times the density of water shows up darker than the
water phantom only in the precorreted data

cone-beam algorithms are used, one will encounter cone-beam artifacts, even for
complete source trajectories.
X-ray polychromaticity is another source of artifacts. Physically, (2) reflects the

measurement but technically (1) is assumed to be true. This approximation of poly-
chromatic and thus nonlinear attenuation effects by a monochromatic situation (line
integrals through the linear attenuation coefficient) is necessary since line integrals
are required for analytic image reconstruction. Beam polychromaticity and X-ray
scatter will result in cupping artifacts, which means that the gray values close to the
center of the object will be artificially lowered compared with those values recon-
structed at the edge of the objects (Fig. 15). These spectral effects, and especially
the cupping effect, are a problem also for clinical CT and, consequently, there is
a large amount of literature on helping to correct for the cupping (McDavid et al.
1975, 1977; Brooks and Di Chiro 1976a; Zatz and Alvarez 1977; Herman 1978,
1979a, 1979b; Kijewski and Bjarngard 1978; Reed, 1980; Imamura and Fujii 1981;
Rao and Alfidi 1981; Rührnschopf an Kalender 1981; Herman and Trivedi 1983;
Jackson and Hawkes 1983; Young et al. 1983; McLoughlin et al. 1991; Ruth and
Joseph 1995; Goodsitt 1995). Instead of using the term cupping correction, one may
speak of water precorrection. This reflects the fact that the cupping is corrected with
respect to water, which resembles human or animal tissue very closely. In clinical
CT, applying such a water precorrection algorithm is today’s standard.
The effects of a novel cupping correction algorithm, which has the advantage

over other existing approaches to require only very little knowledge about the cali-
bration phantom (Sourbelle et al. 2004, 2006), are demonstrated in Figs. 15 and 16.
It is interesting to note that the effect of the cupping correction is evident in the
homogeneous phantom of Fig. 15, but it is not obvious in the mouse image of
Fig. 16. Apparently, the gray values of Fig. 16 change from the noncorrected to the
corrected images. But which images are better and which gray values are the true
ones? This question cannot be answered from regarding the mouse images only, and
the dilemma is that the unaware user is likely to apply quantitative evaluations to the
noncorrected data (if his micro-CT scanner does not guarantee perfect calibration
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Fig. 16 In-vivo scan of a mouse (TomoScope 30s scanner) with and without cupping correction.
Whereas the cupping is not that apparent in inhomogeneous objects, we can clearly see the effects
regarding the table and regarding the table’s relative gray value compared with that within the
mouse. Also note that second order beam-hardening effects, such as the dark streaks between
bones (arrows), are far less pronounced in the bottom images, where first-order polychromatic
effects were corrected

and homogeneity) and the invalid values will falsify the outcome of the study. Scans
of a water phantom (Fig. 14) should be used to check for homogeneous and well-
calibrated values before doing any quantitative analysis. In case of Fig. 16, we know
that the density of the animal table is 5% lower than that of water. Consequently,
the table must appear darker than the tissue and only the lower row of images can
be the correct one.
Figure 16 also shows that dark streaks connecting high-density objects are greatly

reduced by the water precorrection. The streaks cannot be completely removed
because the precorrection assumes the object to be water equivalent and cannot
perfectly correct for the effects caused by bones. For a better removal, second or-
der beam hardening correction algorithms or even higher order approaches are re-
quired (Joseph and Spital 1978; Ruegsegger et al. 1978; Nalcioglu and Lou 1979;
Stonestrom et al. 1981; Olson et al. 1981; Robertson and Huang 1986; Meagher
et al. 1990; Hsieh et al. 2000). These are iterative; they slow down the reconstruc-
tion process and are not in routine use today. Beam hardening correction using dual-
energy CT scans has been evaluated as an alternative (Coleman and Sinclair 1985).
In contrast to clinical CT, there are no scatter rejection methods, such as scat-

ter grids, available in micro-CT. Scatter becomes more significant the larger the
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cone-angle becomes. X-ray scatter introduces cupping artifacts too, and scatter ar-
tifacts resemble first order beam hardening artifacts. Empirical precorrection algo-
rithms that aim at reducing cupping in general do not discern between cupping due
to spectral effects or due to scatter effects and thereby reduce both sources of er-
rors (Figs. 15, 16). For higher order scatter removal, advanced correction algorithms
must be used. To predict the scatter intensity, these either use raw data-based con-
volution approaches or image-based scatter prediction using Monte Carlo methods
or deterministic calculations (Joseph and Spital 1982; Colijn and Beekman 2004;
Johns and Yaffe 1982; Siewerdsen and Jaffray 2001; Ohnesorge et al. 1999; Ning
et al. 2004; Seibert and Boone 1988). The image-based scatter correction algorithms
are iterative. They require multiple reconstructions and are not in routine use yet.
Other sources of artifacts are object motion, dense objects and objects exceeding

the field of measurement. Object motion can be minimized by adequate placement
of the objects or by using prospective (Ford et al. 2005) or retrospective gating tech-
niques (Kachelrieß and Kalender 1998; Kachelrieß et al. 2000b), the latter have the
potential to be synchronized without acquiring external signals (Kachelrieß et al.
2002). Very dense objects, such as bones, pieces of metal (e.g. ECG leads) or very
high concentration of contrast agent, tend to yield dark streaks in the image. In clin-
ical CT, these artifacts are known as metal artifacts, since they most likely emerge
from metal implants such as prostheses, dental fillings or surgical clips. These kinds
of artifacts are reduced to some extent by cupping precorrection algorithms. Al-
though there is a large amount of literature covering artifact removal from nearly
radio-opaque objects (Watzke and Kalender 2004; Wang et al. 1999; De Man et al.
2000; Zhao et al. 2000; Glover and Pelc 1981; Kalender et al. 1987; Moseley et al.
2005), there is no optimal algorithm known yet. Data truncation by objects radially
exceeding the field of measurement impairs image quality at the edge of the FOM.
Empirical algorithms to correct for the data truncation are highly efficient to remove
these truncation artifacts (Sourbelle et al. 2005; Hsieh et al. 2004; Ohnesorge et al.
2000).

6 Summary and Outlook

Modern micro-CT scanners achieve high image quality at high spatial resolution
and moderate dose levels. There are dedicated systems for in-vitro imaging and for
in-vivo imaging. These often differ in the system design, which is of rotating ob-
ject type or of rotating source-detector type. The designs also differ in flexibility.
Some scanners allow the magnification values to be varied, others are optimized
with respect to predefined imaging tasks. An optimization should ensure the opti-
mal balance between spatial resolution, image noise, low contrast resolution, tube
voltage, dose and scan time. The optimization should distinguish between high con-
trast and low contrast imaging, between in-vitro and in-vivo scans, between small
and large objects and it must account for the predominant object material. Scanner
calibration and homogeneity is of utmost importance for quantitative studies.
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In particular for in-vivo small animal micro-CT imaging, it is of importance that
the dose delivered to the animal is kept acceptably low (<100mGy per scan), that
the spatial resolution is high enough to image anatomical details (>500 pixels per
object diameter), that signal to noise levels greater than 10 are achieved to image
low-contrast details (<100HU noise in soft tissue), that the time per scan is low
enough to capture intravascular contrast agent before being absorbed by the kidneys
and to allow for dynamic studies (<100s), that there is no significant interscan
delay (time between two successive scans) to cut down anesthesia times, and that the
scanner delivers quantitative CT values and artifact-free images that lend themselves
to quantitative evaluations such as the assessment of morphology or function.
Temporal resolution is probably the most critical issue and must still be improved

to allow for dynamic studies. Increased temporal resolutionwould openmicro-CT to
advanced assessment techniques of tissue kinematics. A recent study that has eval-
uated functional small animal imaging with CT indicated sufficient reproducibility.
However, the scans were conducted with a clinical CT scanner with high tempo-
ral but low spatial resolution and high dose values (Krishnamurthi et al. 2005) and
suggest a temporal resolution of 1 s or less should be achieved.
Compared with clinical CT, micro-CT is still in its infancy. The above require-

ments and today’s performance parameters will definitely continue to improve dur-
ing the coming years. Advancements in tube and detector technology will allow
for faster scanning and for better low-contrast imaging, increased detector dynamic
range, higher absorption efficiency and faster read-out are to be expected. New tar-
get materials and optimized prefiltration will be of interest. Smaller detector pixels
will allow for improved spatial resolution, even in compact desktop systems, or al-
ternatively, increase dose efficiency if chosen adequately (Kachelrieß and Kalender
2005b, 2005c). Special reconstruction algorithms and precorrection methods, as
well as special postprocessing and analysis tools will have to be adapted from clin-
ical to micro-CT. Dual-energy CT techniques have the potential to enter preclinical
imaging routinely. Above all, there is a great need for specialized and dedicated
micro-CT scan protocols with respect to animal handling, contrast agent and others.
Certainly, micro-CT will grow up to finally keep up with clinical CT standards.
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Abstract The nuclear medical imaging methods, positron emission tomography
(PET) and single photon emission computed tomography (SPECT), utilize the de-
tection of gamma rays leaving the body after a radioactive tracer has been admin-
istered. The sensitivity of PET allows the detection of picomolar tracer amounts
in vivo and current technology offers millimeter (PET) or submillimeter (SPECT)
spatial resolution. These techniques are used in clinical and preclinical applications.
The basic principles of gamma ray detection and image generation in PET and
SPECT are summarized in this chapter. Furthermore, effects causing degradation
of image quality are discussed.
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1 Basic Detection Principles

Image formation in nuclear medicine is based on the detection of gamma radiation
emitted from a radiopharmaceutical inserted into the patient’s body. The detectors
commonly used in positron emission tomography and single photon emission com-
puted tomography (PET and SPECT, respectively) are a combination of a scintil-
lation crystal, which converts the incident gamma radiation to visible scintillation
light, and a photodetector, which collects the scintillation light and converts it into
an electrical pulse.

1.1 Interaction of Photons with Matter

Gamma radiation passing through matter can lose energy via three different pro-
cesses: photoelectric absorption, Compton scatter and pair production. During the
first process, the gamma quantum is fully absorbed by a bound atomic electron,
which in turn escapes from the atom, leaving it positively ionized. The second
process is the scattering of the incident photon by a loosely bound atomic electron.
In this process, the photon is not fully absorbed but only transfers a part of its energy
to the electron, changing at the same time its direction of flight. The third process
is the interaction of the incident radiation with the atomic nucleus during which the
photon is fully absorbed and results in the production of an electron-positron pair.
A minimum gamma energy of 1,022 keV is necessary for this process to happen.
The probability of each of the above processes depends on the gamma energy

and the effective atomic number. This is summarized in Table 1.
The nuclides used to label pharmaceuticals in nuclear medicine emit photons of

energies at which the photoelectric effect and Compton scatter are the most abun-
dant. These interactions take place both within the object to be imaged as well as
within the scintillation crystal, affecting in different ways the performance of the
imaging device. Photoelectric absorption and Compton scatter within the object to
be imaged contribute to reduced image quality, as will be discussed in the following
sections. On the other hand, photoelectric absorption should be enhanced against
Compton scatter within the scintillation crystal in order to improve detection effi-
ciency (Hubbell 1999).

Table 1 Energy and material dependence of the three most important interaction modes of gamma
radiation with matter

Photon interaction mode Energy dependency Atomic number dependency

Photoelectric
1

E3.5
Z3–5

Compton
1
E

Z

Pair production logE Z2
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1.2 Properties of Scintillator-based Detectors

In all of the above-mentioned processes, the energy of the resulting electron will
subsequently be converted to visible light within the scintillation crystal volume.
Depending on the application, a scintillator should combine a number of proper-
ties that will guarantee optimum detector performance in terms of energy and time
resolution. Defining the interaction of a gamma quantum with the scintillation crys-
tal as an event, energy resolution is a quantity that indicates the detector’s ability
to discriminate between events of different deposited energies. Time resolution is
a similar quantity indicative of the detector’s ability to distinguish between events
happening at different time points. Both of these properties depend on the scintil-
lator’s light yield and decay time. Typical values for energy resolution lie within
the range 10–15% and a time resolution in the nanosecond or even sub-nanosecond
range may be achieved by fast timing systems.
Since the detection of a gamma quantum is realized by the deposition of its full

energy into the detector’s sensitive volume, the scintillation crystal should be made
from a material of high effective atomic number and high density in order to en-
hance the possibility of photoelectric effect and thus its stopping power, as seen in
Table 1 from the Z-dependence of photoelectric effect. The light output, namely the
number of optical photons produced from a specific amount of incident gamma ray
energy deposited in the scintillator, determines the scintillator’s energy resolution.
For fast timing applications, such as required in PET, a small decay constant of the
scintillator light pulse is essential.
The scintillators are divided into organic and inorganic materials with somehow

complementary characteristics: organic scintillators usually exhibit poor light out-
put but they are very fast, while inorganic scintillators are characterized by high
light output and a slower decay constant. The effective atomic number of organic
materials is much lower compared with inorganic scintillators. Table 2 summarizes
the properties of the most commonly used scintillation crystals in nuclear medi-
cine. Another important property shown in the table is the wavelength of maximum
emission, λmax, of the scintillator, which has to match the wavelength at which the
photodetector is most sensitive in order to assure sufficient signal amplitude (Knoll
2000).

Table 2 Properties of the most common scintillation crystals in nuclear medicine

Na(Tl) BGO LSO(Ce) GSO(Ce) CsI(Tl) BaF2 LaBr3 Plastic

Density (g/cm3) 3.67 7.13 7.40 6.71 4.51 4.89 5.29 1.03

Effective atomic
number (Z)

50 74 66 59 54 54 46 12

Decay time (ns) 230 300 40 60 1,000 0.8, 620 26 2

Photon yield/keV 38 8 20–30 12–15 52 10 63 10

Index of refraction n 1.85 2.15 1.82 1.85 1.80 1.56 1.90 1.58

Hygroscopic Yes No No No Slightly No Yes No

Peak emission λmax
(nm)

415 480 420 430 540 225, 310 380 Various
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1.3 Properties of Photodetectors

1.3.1 Photomultiplier Tubes (PMTs)

Photomultiplier Tubes (PMTs) have traditionally been used in order to convert scin-
tillation light into an electrical pulse (Knoll 2000). The basic PMT architecture is
constructed in a vacuum glass tube and consists of (1) a photocathode that emits
photoelectrons when visible light is incident to its surface, (2) a number of dynodes
that emit secondary electrons for every incident primary photoelectron, and (3) a
single anode or an anode mesh that collects the secondary electron cloud and pro-
duces a current pulse which is proportional to the number of electrons in the cloud.
A typical PMT architecture is shown in Fig. 1. The fast rise time in the order of

Fig. 1 Basic elements of a photomultiplier tube. (Reproduced from Knoll 2000, with permission)
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1 ns or less and the high gain in the order of 106 make the PMTs appropriate for
fast timing applications and for gamma spectroscopy with good energy resolution.
PMT performance is limited by the low quantum efficiency (QE); namely, the ra-
tio of the number of photoelectrons produced at the photocathode to the number of
incident photons at the photocathode surface (typically 25% at 420 nm). The perfor-
mance of a PMT is highly degraded inside magnetic fields, making its use difficult
for simultaneous MR/PET imaging (Christensen et al. 1995; Marsden et al. 2002).

1.3.2 Avalanche Photodiodes (APDs)

The use of semiconductor photodetectors, such as avalanche photodiodes (APDs),
has largely evolved in recent years due to the increasing demand for multimodality
imaging. The fact that APDs can be produced in various compact sizes and that their
performance remains unchanged in magnetic fields makes them appropriate for PET
devices that can be inserted to an MR scanner for simultaneous PET/MR imaging
(see chapter by Pichler et al.). The main detector architecture consists of a p-to-n or
n-to-p semiconductor junction operated at a reverse bias voltage; namely, negative
voltage on the p-side relative to the n-side.Within the APD a depletion region is thus
created, inside which no free charge can exist. When a photon is absorbed in the de-
pletion region, the charge produced is swept out towards the respective electrodes.
During its movement, the charge is accelerated by the electric field and moves to-
wards the opposite polarity electrode, entering an avalanche region, where a number
of secondary electrons is produced. The electron avalanche is collected by the an-
ode, resulting in a current pulse. Compared with PMTs, APDs are characterized by
low gain in the order of 100, by higher quantum efficiency (75% at 420 nm) and by
slower rise times in the order of 5 ns. A photograph of the S8550 APD (Hamamatsu
Photonics) is shown in Fig. 2 (Pichler et al. 2001).

1.3.3 Silicon Photomultipliers (SiPMs)

A new photodetector is currently considered to be one of the promising future trends
in detector technology for multimodality imaging in nuclear medicine (Dolgoshein
et al. 2006). Silicon photomultipliers (SiPMs) consist of an array of individual APDs
working in Geiger discharge mode (cells). In this mode, above breakdown, every il-
luminated cell results in a fast (rise time ∼ 1ns), well-defined, single-photoelectron
pulse of very high gain of the order of 106. The individual cells are connected to
each other through a polysilicon resistor and the resulting current pulse is propor-
tional to the number of illuminated cells. The fast timing and the high gain of SiPMs
are accompanied by their response to a small dynamic range of detected radiation
energies due to the limited number of cells in an array, the low photon detection ef-
ficiency (PDE) and the high dark count rate. Currently, improvements on the SiPM
design are well underway. Due to the well-defined SiPM output signal, the use of
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Fig. 2 Array of 32 avalanche photodiodes with each 1.6× 1.6mm2 sensitive area (Hamamatsu
Photonics, Japan)

Table 3 Comparative table of the performance characteristics for three different photodetectors

PMT APD SiPM

Photon detection 20% 50% 20–70%
efficiency (PDE)
in blue

Gain 106 100 106

Bias voltage (V) ∼1,000 ∼400 <100

Sensitivity in Yes No No
magnetic field

Rise time (ns) ∼1 ∼5 ∼1

sophisticated electronics, such as charge-sensitive preamplifiers, may be eliminated.
This, in combination with their insensitivity to magnetic fields, may result in a po-
tential simplified detector design for PET inserts in MR scanners. Table 3 compares
the characteristics of PMTs, APDs and SiPMs.
Alternative detector technologies opt for elimination of the scintillation crystal

and the direct detection of incident photons by the use of semiconductor detectors
(Butler et al. 1998) or multiwire proportional chambers (Jeavons et al. 1999). These
detector concepts can mainly be found in preclinical systems.
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2 PET & SPECT Principles

2.1 Positron Emitters versus Single Photon Emitters

The radiopharmaceuticals used in SPECT contain long-lived radioisotopes emit-
ting gamma rays with energy from ∼70keV to 360 keV. The most commonly ap-
plied isotope is the metastable 99mTc. It decays through an isomeric transition (IT);
namely, a nuclear deexcitation that results in the emission of a gamma ray or an
electron through the process of internal conversion. The metastable radioisotopes
are characterized by relatively long lifetimes, which make them appropriate for in
vivo imaging.
On the contrary, the radiopharmaceuticals used in PET are labeled with beta emit-

ters. The most probable deexcitation mode of the nucleus is through positron emis-
sion, according to which a proton of the nucleus is converted to a neutron with the
simultaneous emission of a positron and a neutrino. The positron, depending on its
initial energy, will travel a specific distance in the surrounding material, loosing en-
ergy until it annihilates with an electron, resulting in the emission of two photons.
Supposing that both electron and positron are at rest, the energy and momentum
conservation laws impose that the resulting two annihilation photons are emitted in
opposing directions.
Some other radionuclides useful in nuclear medicine decay through electron cap-

ture (EC) followed by gamma deexcitation. EC is a process competitive to positron
emission, during which a proton in the nucleus captures an electron and is trans-
formed to a neutron. Table 4 summarizes the radioisotopes most commonly used in
nuclear medicine.

Table 4 Characteristics of the most commonly used radionuclides in nuclear medicine

Radionuclide Decay Photon energy (keV) Half life
11C β+ 511 20.3min
13N β+ 511 10.0min
15O β+ 511 2.07min
18F β+ 511 110min
67Ga EC 93, 183, 300 3.26 days
82Rb β+ 511 1.25min
99mTc IT 140 6.03 h
111In EC 172, 247 2.81 days
123I EC 159 13.0 h
201Tl EC 68–80 3.05 days
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2.2 Electronic versus Mechanical Collimation

Collimation is defined as the hardware condition set to the detection of gamma rays
in order to be able to localize the emission point of radiation. Although the detection
principle of gamma radiation is the same for both PET and SPECT, the collimation
principle is different.

2.2.1 Mechanical Collimation in SPECT

In SPECT, a collimator is defined as a mechanical structure made of a high-Z ma-
terial which is placed in front of the detector head. Collimator geometries include
the parallel hole, pinhole, converging and diverging with various hole geometries
shown in Fig. 3 (Cherry et al. 2003). The high-Z material enhances absorption of
the oblique gamma rays and will allow the passage of radiation only through the
collimator openings. In this way, mechanical collimation allows for estimation of
the trajectories of the detected gamma rays and thus for image reconstruction. In ad-
dition, the detection of gamma rays that have been subjected to Compton scattering
inside the patient’s body is reduced, hence limiting background in the reconstructed
image. It is evident that mechanical collimation is the most critical hardware aspect
in SPECT, since it sets a lower limit to the achieved spatial resolution and sensitivity.

2.2.2 Electronic Collimation in PET

PET imaging is based on the simultaneous detection of two annihilation photons by
two opposing detectors. Since every pair of opposing detectors can be thought to
define a line of response (LOR) along which the emission point of the two annihila-
tion photons should be localized, an electronic collimation is imposed on the photon
detection in PET, as illustrated in Fig. 4 (Cherry et al. 2003). Additional mechanical
collimation (septa) is sometimes applied to reduce the detection of scattered radi-
ation or radiation from parts of the object outside the tomograph’s field of view
(FOV). Septa may be inserted between the individual rings of crystals; thus, only
direct or next-neighbor cross coincidences are recorded (2D acquisition) (Cherry
et al. 2003). While scatter and random fraction is reduced significantly in 2D PET,
sensitivity is low. PET without septa (3D acquisition) accepts all possible LORs,
even with large axial opening angles for increased sensitivity (Cherry et al. 2003).
Compared with 2D acquisition, the recorded scatter fraction is significantly higher
and appropriate correction methods need to be applied. New detector developments,
mainly fast and luminous scintillators, together with reconstruction and scatter cor-
rection algorithms have improved 3D PET performance significantly, such that to-
day most scanners are 3D-only.
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Fig. 3 a–d Four types of collimators used to project “γ-ray images” onto the detector of a gamma
camera (0 radioactive object, I its projected image). (Reproduced from Cherry et al. 2003, with
permission)

2.3 Detector Design and Scanner Geometries

2.3.1 SPECT Imaging Devices

The main detector module of a SPECT imaging device is a gamma camera. A typi-
cal gamma camera consists of a collimator, a scintillation crystal, a light guide and
a number of PMTs. The energy information is acquired by the sum of the PMT sig-
nals and the position information of the gamma ray interaction within the crystal is
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Fig. 4 Volume (shaded area) from which a pair of simultaneously emitted annihilation photons
can be detected in coincidence by a pair of detectors. Not all decays in this volume will lead to
recorded events, because it is necessary that both photons strike the detectors. Outside the shaded
volume, it is impossible to detect annihilation photons in coincidence unless one or both undergo
a Compton scatter in the tissue and change direction. (Reproduced from Cherry et al. 2003, with
permission)

Fig. 5 Illustration of light sharing between photomultiplier (PM) tubes. The signal from a PM
tube, S, is inversely related to the distance of the interaction site, D, from the center of the PM
tube. Equations for a linear relationship are shown. (Reproduced from Cherry et al. 2003, with
permission)

determined using a centroid algorithm (Anger 1958). An illustration of basic gamma
camera design and the position and energy determination algorithms is shown in
Fig. 5 (Cherry et al. 2003). A light guide is used in order to efficiently collect the
scintillation light and distribute it among the PMTs. Segmented scintillation crystals



PET & SPECT Instrumentation 63

Fig. 6 a–f Several SPECT system configurations. Shown schematically are systems with a a
single head, b two orthogonal heads, c two opposed heads, d three heads, e four heads, and f
multiple small-FOV scintillation detectors. (Reproduced from Wernick and Aarsvold 2004, with
permission)

and position-sensitive PMTs (PSPMTs) are also used in current systems in order to
improve the spatial resolution for the preclinical application (Zeniya et al. 2006).
A typical SPECT device consists of one (single-headed), two (dual-headed)

or more gamma cameras, which are able to rotate around the object. Figure 6
shows different configurations implemented in current SPECT systems (Wernick
and Aarsvold 2004).

2.3.2 PET Imaging Devices

Block detectors are traditionally used in PET, and consist of a number of individual
crystal elements read out by a small number of photomultiplier tubes (typically
four). The four signals from the PMTs are used to determine the energy information,
while the crystal where the interaction took place is determined by the four PMT
signals using Anger logic (Casey and Nutt 1986). Another option is the readout of a
large number of crystals with a continuous light guide and an array of PMTs, similar
to a gamma camera (Surti and Karp 2004). Typical block detector designs are shown
in Fig. 7.
A simplified PET scanner design would consist of two block detectors placed

opposite each other, measuring in coincidence data acquisition mode. Tomographic
acquisition requires scanning across and rotation of the two detector heads around
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Fig. 7 a, b The major crystal-PMT decoding geometry options currently in use. a The continuous
Anger-logic approach uses an array of PMTs to decode a large continuous crystal or an array of
crystals. b The block detector uses four PMTs to decode an array of crystals with various combi-
nations of reflectors and surface treatments between the crystals. (Reproduced from Wernick and
Aarsvold 2004, with permission)

the object to be imaged. The number of steps can be minimized by increasing the
number of detectors. Therefore, no rotation is required for scanner geometries with
detectors covering the full 2π angle. Various PET scanner geometries are shown in
Fig. 8 (Cherry et al. 2003).
Alternative to the block detector concept is the individual crystal readout which

can be achieved by using more compact photodetectors such as APDs (Lecomte
et al. 1996; Ziegler et al. 2001). The use of small size crystals is advantageous in
PET, since the crystal size will determine a lower limit in the achieved spatial res-
olution. However, the need of a large number of electronic channels to individually
process the large number of detector signals significantly increases the cost of such
a design.
Measuring the difference in time-of-flight (TOF) of the two detected gamma rays

can be used as a basis to limit the source position along the LOR. This technique had
been introduced in the early 1980s but its success was limited owing to the materials
and algorithms available at that time. With the availability of new luminous and
very fast scintillation crystals and improvements in the readout electronics, TOF-
PET has regained interest (Lewellen 1998; Surti et al. 2006) and has recently been
implemented in a commercial product.
The thickness of the crystal is critical for both PET and SPECT imaging. A thick

crystal increases the gamma detection efficiency and hence the sensitivity of the
imaging device. However, in SPECT large thickness enhances the spread of the
scintillation light before reaching the PMT; therefore, a larger uncertainty in the lo-
calization of the photon interaction is introduced. In PET, and especially in small
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Fig. 8 a–f PET scanner geometries based on discrete scintillator elements (top row) or continuous
scintillator plates (bottom row). a Full ring of modular block detectors. b Partial ring of modular
block detectors. c Hexagonal array of quadrant-sharing panel detectors. d Dual-headed gamma
camera with coincidence circuitry. e Hexagonal array of gamma camera detectors. f Continuous
detectors using curved plates of NaI(Tl). A complete set of profiles can be acquired without motion
with systems a, c, e, and f, whereas detector motion is required with systems b and d. (Reproduced
from Cherry and Sorenson 2003, with permission)

animal systems, making use of depth of interaction (DOI) information plays an im-
portant role in the improvement of the spatial resolution at the edges of the FOV
when using long crystals. In order to minimize the crystal penetration effects and
thus to determine the position along the crystal where the photon interaction took
place, PET scanner geometries were suggested with two radial crystal layers of ei-
ther the same or different material instead of a single scintillation radial crystal layer
(Schmand et al. 1998; Seidel et al. 2003; Chung et al. 2004).

3 Image Reconstruction, Degradation and Corrections

3.1 Image Reconstruction Algorithms

Tomographic image reconstruction is based on measured estimation of the inte-
gral of radiotracer distribution as seen under different angles (projections). The re-
construction algorithms used for both SPECT and PET are the same, although, as
previously described, the hardware and the principle of operation are different for
the two modalities. These algorithms are used to produce a volume representation of
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Fig. 9 Two-dimensional (2-D) intensity display of a set of projection profiles, known as a sino-
gram. Each row in the display corresponds to an individual projection profile, sequentially dis-
played from top to bottom. A point source of radioactivity traces out a sinusoidal path in the
sonogram. (Reproduced from Cherry et al. 2003, with permission)

the radiotracer distribution inside the patient’s body. The reconstruction algorithms
can be divided into two groups: analytical and statistical.
For each projection the acquired data are organized as number of counts along

each LOR. In SPECT, an LOR is defined as the radial extension of the collimator
hole across the FOV; while in PET, an LOR is the line connecting a detector pair.
For the total number of projections, it is convenient to reorganize the data into a 2D
matrix called a sinogram, which contains the number of counts for every LOR at
each angular view; namely, for every radial distance r and every angle θ, as illus-
trated in Fig. 9. Sinograms are then used as input to the reconstruction algorithms in
order to generate the final image (Cherry et al. 2003).
Analytical reconstruction algorithms model the measurement of radiotracer

distribution in a simplified way so that an exact solution may be calculated analyti-
cally. However, these algorithms ignore a number of physical effects during acqui-
sition, such as limited sampling, Poisson statistics in photon counting, attenuation
or radiotracer decay, resulting in reduced image accuracy. Filtered backprojection
(FBP) has long been the most widely used analytical reconstruction algorithm. Data
in each LOR are homogeneously backprojected and filtered. The filter introduces
negative contributions, which cancel out the positive counts in areas of zero activity.
The choice of filter and cut-off frequency determines resolution and noise level in
the reconstructed image.
On the other hand, statistical, iterative reconstruction algorithms compensate for

the inaccuracies introduced to the image by including in the initial estimate of the
image the above-mentioned physical processes. Thus, the model becomes more
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complicated and an analytical solution is impossible to compute. An iterative calcu-
lation is thus needed which starts with an estimate of tracer distribution, computes
the forward-projection and compares calculated and measured projections. The im-
age is updated according to the differences found between calculated and measured
projections until the estimate agrees with the measured data. The model used in the
algorithm can account for geometrical and detector effects, yielding improved im-
age quality especially in the case of low counting statistics. Maximum likelihood
expectation maximization (MLEM) is most commonly used. Since convergence is
slow, accelerated algorithms have become most important in clinical routine, such
as ordered subsets expectation maximization (OSEM) (Hudson and Larkin 1994).

3.2 Attenuation and Scatter Effects

Since in nuclear medicine the radiopharmaceutical is injected into the patient’s body
(emission imaging), the emitted photons have a given probability of interacting
within the body before being detected by the imaging device. This probability de-
pends both on the energy of the emitted photons and on the composition of the
material through which the photons are travelling. For the photon energies involved
in PET and SPECT, the most probable interaction is Compton scatter; however, at
energies below 100keV photoelectric absorption is also a considerable effect. In
the first case, the photon will be deflected from its initial trajectory and will either
be still detected by a different detector than the expected one, or it will escape the
FOV of the tomograph. In the latter case, the photon will never be detected by the
imaging device. Attenuation correction applies in the case where the emitted pho-
tons are not detected by the imaging device; while scatter correction applies in the
case where the photon is detected by the imaging device after being scattered, thus
giving wrong information about the initial emission point within the patient’s body.
The presence of scatter and attenuation in the reconstructed image leads to reduced
image contrast and distortions.
Assuming that N0 photons are emitted from a point within the patient’s body, the

number of detected photons N will be given by the equation

N = N0 .e
−µx (1)

where x is the distance travelled by the gamma ray within the body and µ is the
linear attenuation coefficient of the material. In order to compensate for this effect
in SPECT, several methods are being used. One method eliminates the distance-
dependent attenuation by acquiring projection scans for a complete rotation (360◦)
of the detector head and combining the measurements of opposing projections. An-
other method is to calculate a patient-specific attenuation coefficient map, which is
then be applied to the measured data. This is achieved by either using the measured
data from a CT device or by performing a transmission scan using, for instance,
gadolinium line sources (Bailey 1998). Since the attenuation factor depends on the
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source position relative to the body surface, this method can only be implemented
in iterative algorithms with estimates of source distribution in the patient body.
The most commonly used method to correct for scatter in SPECT measurements

is to acquire projections for two different energy windows: one around the photo-
peak and one at the Compton continuum. The “scattered projections” are appropri-
ately scaled and subtracted from the “photopeak projections” in order to compensate
for scatter (Buvat et al. 1994).
PET imaging has the advantage that the attenuation effect does not depend on the

position of the source to be imaged along a specific LOR, since the total length in
the body defines the attenuation factor. Therefore, attenuation compensation can be
derived from a direct measurement with rotating rod sources or from CT data.
The scatter fraction in clinical whole-body PET ranges between 50 and 60% in

the case of 3D acquisition, making scatter correction essential for improved im-
age quality and quantification. The scatter correction methods of different energy
windows used in SPECT are not as successful in the case of PET, due to the signifi-
cantly inferior energy resolution.Methods based on convolution-subtraction (Bailey
and Meikle 1994) or single-scatter simulation (Ollinger 1996) are the most widely
used. The use of CT information as input for the scatter estimate, especially, has
improved the scatter correction in 3D PET.

3.3 Sensitivity

High sensitivity, thus high photon detection efficiency, is of utmost importance for
clinical and preclinical SPECT or PET imaging. Sensitivity is strongly dependent on
the material and the thickness of the scintillation crystal, as well as on the material
and the geometry of mechanical collimation. Long crystals of high Z material will
increase the scintillator’s stopping power and consequently the number of detected
events. On the other hand, a collimator of high Z material and long septa will tend to
have a reduced acceptance of oblique incident photons, thus reducing the system’s
sensitivity. However, as it will be mentioned in the following section, there is a
trade-off between sensitivity and spatial resolution which applies to both imaging
modalities.
It should be mentioned that in PET or SPECT systems an additional correction

for the geometry- and detector-dependent differences in efficiency must be per-
formed (normalization).

3.4 Dead-time Losses and Pile-up Effects

In case of high injected dose, the tomograph’s hardware may be subjected to dead-
time losses. The dead time of a measuring system is defined as the minimum time
interval between two separately detected events during which only one event may be
processed and hence the system either is not sensitive to any other events occurring
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within the same interval or it considers all these events as one. Dead time depends on
the system’s detector and processing electronics. One effect of dead-time losses is
underestimation of counts on the reconstructed image. Compensation for this effect
can be realized by mathematically modeling the counting system’s dead time, based
on a count rate measurement covering the anticipated activity levels.

3.5 Distance Dependence of Spatial Resolution

Since collimation in SPECT is purely geometrical, spatial resolution strongly de-
pends on the distance between source and detector head, as sketched in Fig. 10.
This fact leads to distortions in the image if not taken into account in the reconstruc-
tion process. Some SPECT systems allow for elliptical rotation or for rotation along
the patient’s body contour in order to minimize the distance between the detector
head and the patient.
Developments in SPECT reconstruction algorithms include descriptions of the

resolution degradation, based on measurements, in order to minimize this effect
(Liang et al. 1992).
In PET imaging, spatial resolution between two detector elements which define

a certain LOR is independent of the position along the LOR. The so-called paral-
lax error introduces spatially variable resolution, depending on the radial distance

Fig. 10 Impact of system spatial resolution on SPECT imaging. Notice the distance-dependent
enlargement of the region from which primary photons can contribute to the projections without
penetrating the collimator. (Reproduced from Wernick and Aarsvold 2004, with permission)
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Fig. 11 Apparent width of a detector element, d′, increases with increasing radial offset in a PET
scanner consisting of a circular array of detector elements. Because the depths at which the γ rays
interact within the scintillation crystal are unknown, the annihilation event for a pair of photons
recorded in coincidence could have occurred anywhere within the shaded volume. The magnitude
of the effect depends on the source location, the diameter of the scanner, D, the length of the crystal
elements, x, and the width of the detector elements, d. (Reproduced from Cherry et al. 2003, with
permission)

between the centre and the source within a ring tomograph. As depicted in Fig. 11,
the larger the distance from the centre of the FOV, the wider the LOR due to oblique
angles. Parallax error is more pronounced for small detector ring diameters, as it is
the case in devices for small animal imaging. A number of depth detection methods
are being investigated to reduce the resolution degradation in this situation.

3.6 Other Effects

The spatial resolution may be jeopardized by a number of other effects that are spe-
cific to the imaging modality or to the measurement conditions. In the case of PET,
the detection of random coincidencesmay increase noise in the reconstructed image.
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Fig. 12 The three types of coincidence events measured in a PET scanner. (Reproduced from
Wernick and Aarsvold 2004, with permission)

As shown in Fig. 12, a random coincidence is the simultaneous detection by two
opposing detectors of two photons that resulted from two independent positron an-
nihilations. For comparison, the definition of scattered events (Sect. 3.2) and true
coincidence events detected in PET are also depicted in the figure. In reality, due
to statistical fluctuations and due to the finite time resolution of the detectors, a co-
incidence event is the detection of two photons by two opposing detectors within a
specific time window. This window is usually chosen to be twice the system’s time
resolution. Since from theory, the random coincidence rate is proportional to the
width of the time coincidence window, the number of randoms may be reduced by
improving the detectors’ time resolution; namely, by choosing fast scintillators, pho-
todetectors and electronics. The detection and subtraction of random coincidences
from measured data is performed by various methods, which may be software or
hardware based (Brasse et al. 2005).
The partial volume effect is the bias introduced to the estimation of the radio-

tracer concentration due to the limited spatial resolution of the imaging device and
is dependent on both the size and shape of the object (Hoffman et al. 1979) and on
the relative radiotracer concentration with respect to the surroundings. An illustra-
tion of this effect is shown in Fig. 13 (Cherry et al. 2003). In general, the partial
volume effect is minimized if the size of the object is relatively large in compari-
son with the system’s spatial resolution. In order to acquire quantitative information
about the radiotracer distribution, compensation for partial volume effects is a pre-
requisite (Chen et al. 1999).
Respiratory or cardiac movement of the patient during acquisition requires cor-

rection of the acquired data in order to compensate for artifacts in the reconstructed
image. Usually a number of gated acquisitions are realized for every breathing or
cardiac cycle. Thus, from several such cycles a reconstructed image corresponding
to a specific time frame of the cycle is produced.
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Fig. 13 Illustration of partial-volume effect. The cylinders shown in the top row have diameters
ranging from 6 to 48mm, and each contains the same concentration of radionuclide. The middle
row shows a simulation of the images that would result from scanning these cylinders on a SPECT
system with an in-plane spatial resolution of 12-mm full width at half maximum. The cylinders
are assumed to have a height much greater than the axial resolution. The bottom row shows count
profiles through the center of the images. Although each cylinder contains the same concentration
of radionuclide, the intensity, and therefore the apparent concentration, appears to decrease when
the cylinder size approaches and then becomes smaller than the resolution of the SPECT system.
The integrated area under the count profiles does, however, accurately reflect the total amount of
activity in the cylinders. (Reproduced from Cherry et al. 2003, with permission)

4 State of the Art Instrumentation

4.1 Preclinical

Small animals (mice and rats) are widely used in biological and medical research in
order to model human diseases as well as in pharmacology in order to investigate
and evaluate new radiopharmaceuticals. Obviously, spatial resolution is the primary
requirement for these instruments. But sensitivity is as important since the amount
of activity which can be injected may be limited by the specific activity (ratio of
labeled tracer to nonlabeled substance) of the radiotracer.
Highest spatial resolution in preclinical SPECT in the range of a few hundred

micrometers (µm) can be achieved with pinhole collimators, which on the other
hand have a very low sensitivity (Meikle et al. 2005). In order to increase sensitiv-
ity, several detectors are used. The spatial resolution of commercial PET devices for
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imaging small animals has reached the 1.0–1.5mm region (Tai et al. 2005), with
sub-millimeter imaging possible (Schafers et al. 2005). The sensitivity of small an-
imal PET scanners is increased by a long axial extent and 3D data acquisition.

4.2 Clinical

PET and SPECT devices are in routine clinical use. Most clinical SPECT systems
are dual head cameras with application-specific collimators (low, medium, or high
energy), yielding image resolution of 1–2 cm (distance dependent). Reconstruction
methods, including attenuation and scatter correction as well as resolution recovery,
are recent developments improving clinical SPECT imaging and potentially leading
to quantitative SPECT (Song et al. 2005).
Current PET scanners are 3D devices with spatial resolution of 4–6mm. Increas-

ing sensitivity and further reducing the spatial resolution are goals of several inno-
vations (Cherry 2006). Axial coverage, which is currently around 16 cm, needs to
be expanded for higher sensitivity. The recent introduction of time-of-flight mea-
surements is another step toward signal-to-noise improvements in whole-body PET
imaging (Surti et al. 2006).
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Abstract Magnetic resonance imaging (MRI) and spectroscopy (MRS) are nonin-
vasive techniques that allow the characterization of morphology, physiology and
metabolism in vivo. MRI and MRS have become techniques of choice in many pre-
clinical and clinical applications. In this chapter, the basic principles and the instru-
mentation of MRI and MRS are described. Furthermore, the factors that influence
the sensitivity are discussed and examples for the limit of contrast agent detection
are given.

1 NMR Basics

1.1 NMR Principle

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS)
are based on the nuclear magnetic resonance (NMR) effect that was discovered in
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1946 independently by two groups at Stanford (Bloch et al. 1946) and at Harvard
University (Purcell et al. 1946). In order to measure the NMR effect, three funda-
mental requirements have to be fulfilled. The first requirement is that the nucleus
of interest possesses a nonzero magnetic moment. Typical nuclei used in NMR are,
for instance, hydrogen (1H), phosphorus (31P), carbon (13C), sodium (23Na) or flu-
orine (19F). The second requirement is the use of an external static magnetic field,
B0. In the absence of an external magnetic field, the individual magnetic moments
of the atoms in the tissue being examined are randomly oriented and there is no net
magnetization. In the presence of such a field, the magnetic moments align at a spe-
cific angle along with or opposed to the external field, as described by the Zeemann
effect.
Therefore, a torque is produced that results in a precessional movement around

the B0 field (Fig. 1). The frequency of precession, also called the Larmor frequency,
is proportional to B0, and the constant called gyromagnetic ratio, which differs
among nuclei (Table 1). Hydrogen plays an important role for biomedical applica-
tions, because its gyromagnetic ratio is the largest of all nuclei and it is abundantly
present in biological tissue.
The sign of rotation depends on orientation of the spins; i.e., some spins are

aligned along the B0 field, whereas others opposed to it. Since an alignment along
the B0 field corresponds to a lower energy state, slightly more nuclei will align
along the B0 field rather than opposed to it. Consequently, the tissue will exhibit a

B0= 1.5 Tesla, T = 300 K

M

M

B0= 3.0 Tesla, T = 300 K

Spins alligned 5ppm Spins alligned 10ppm

B0 B0

Fig. 1 Left: Larmor precession of a spinning nucleus about the axis of an applied magnetic field.
Right: Influence of increased magnetic field strength on the net magnetization, M

Table 1 Properties of nuclei

Nucleus Spin γ (MHz/T) Chemical shift
range (ppm)

1H 1/2 42.57 10
13C 1/2 10.71 200
19F 1/2 40.07 2,000
23Na 3/2 11.26 70
31P 1/2 17.25 30
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net magnetization that is parallel to the external magnetic field and is called longitu-
dinal magnetization (Fig. 1). The percentage is given by the Boltzmann distribution
and depends on the temperature and the field strength of the B0 field. For an applied
field of 1.5 Tesla and at room temperature, the surplus of magnetic moments that
are aligned more along the magnetic field is about 5 parts per million (ppm). There-
fore, the net magnetization, i.e., the inherent sensitivity of NMR, is rather small. By
using a higher magnetic field, a larger net magnetization is produced, increasing the
sensitivity of NMR.
The third requirement is the use of an additional time-varying magnetic field,

B1, applied perpendicular to the static B0 field and at the resonance condition (i.e.,
at Larmor frequency). For this, an additional RF coil is used to produce a B1-field
pulse at a certain amplitude and duration. Such a B1 pulse flips the longitudinal
magnetization to an arbitrary angle (also called the flip angle) with respect to the
external static field B0. The transverse component of the flipped magnetization pre-
cesses around the static B0 field at the Larmor frequency and induces a time-varying
voltage signal in the RF coil (Fig. 2).
The detected transverse magnetization does not remain forever, since two inde-

pendent relaxation processes take place. First, the spin-lattice relaxation describes,
how fast the longitudinal magnetization recovers after applying the B1 field. The
rate of the recovery process is determined by the relaxation time T1. Second, the
spin-spin relaxation describes how fast the transverse magnetization loses its coher-
ence and thus decays. The rate of dephasing is determined by the relaxation time
T2. In addition to spin-spin interactions, dephasing between the coherently precess-
ing magnetic moments can also be caused by B0-field inhomogeneities. As a result,
an apparently stronger relaxation process is visible, which is called T∗2 relaxation.
This T∗2 relaxation describes the decay envelope of the time-varying signal, which
is measured as time-varying voltage in the RF coil and thus is also called the free
induction decay (FID).

Time

Free Induction DecaySignal Detection

RF Coil

Excitation and 
Lamor Precession

Signal
amplitude

M(t)
x

y

z
B0

Fig. 2 Excitation of magnetization and measurement of a free induction decay (FID)
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1.2 NMR Spectroscopy

As described above, nuclei of different elements resonate at different Larmor
frequencies because they differ in gyromagnetic ratio. But even spins of the same
isotope can resonate at different frequencies if they differ in their molecular envi-
ronment, i.e., chemical structure. This frequency difference is called chemical shift
and is commonly expressed as a relative measure in parts per million, which makes
this parameter independent from the field strength. The range of the chemical shifts
differs for the different nuclei (Table 1). In NMR spectroscopy, the chemical shift
is exploited by acquiring the NMR signal from a defined volume within the body.
Numerous techniques have been proposed for obtaining spectra from well-defined
localized regions of the body by using methods like rotating frame (Hoult 1979)
or PRESS (Ordige et al. 1985). The NMR signal is then Fourier transformed to
yield an NMR spectrum. The comparison of the chemical shifts measured in a sam-
ple with values in reference tables allows the identification of chemical substances,
while the signal intensity is proportional to their concentration. MRS provides a
noninvasive window on the metabolism (Avison et al. 1986) with a wide range of
preclinical and clinical applications (Evanochko et al. 1984; Prichard 1986). NMR
is a relatively insensitive technique, i.e., tissue metabolites must be present in rela-
tively high concentrations to be detectable. However, the sensitivity depends on the
nucleus detected. Studies of tissue metabolism in vivo have generally made use of
the 1H, 31P, 13C and 19F nuclei.
In in-vivo 1H-NMR spectroscopy, the major signals come from water and lipids,

since they are present in living tissue in very high concentrations. Therefore, these
signals have to be suppressed by dedicated NMR techniques to see signals from
much more dilute metabolites. In addition, the study of tissue metabolites is compli-
cated by the large number of metabolites that produce signals in a relatively narrow
chemical-shift range. Therefore, the use of higher magnetic field strengths is benefi-
cial to avoid overlapping of corresponding peaks. The proton spectrum of the brain,
for example, includes peaks from creatine (Cr), choline (Cho), N-acetylaspartate
(NAA), lactate (Lac), myo-inositol (mI), glucose (Glx) and lipids (Fig. 3a). The rel-
ative levels of the corresponding spectral peaks can reflect the cellular status and
health of the tissue. A wide range of spectroscopic imaging techniques has been
developed to identify certain molecules and molecular pathways in vivo (Abraham
et al. 1988).
The nucleus that has been used extensively for metabolic studies is 31P. As can

be seen from the gyromagnetic ratios (Table 1), phosphorus has a resonance fre-
quency of about 40% that of protons. Therefore, the RF coil used to transmit and
to receive must be tuned and matched at this lower frequency. While the 31P-NMR
is less sensitive than 1H-NMR, the chemical-shift range is larger (about 30 ppm for
biological phosphates). Themajor phosphorus-containingmetabolites are adenosine
triphosphate (ATP), phosphocreatine (PCr), phosphoryl choline (PC), phospho-
rylethanolamine (PE), glycerophosphophorylcholine(GPC) glycerophosphoryletha-
nolamine (GPE) and inorganic phosphate (Pi) (Fig. 3b). NMR of 31P is used to study
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Fig. 3 a, b NMR spectroscopy obtained in the brain of a healthy volunteer at 3 Tesla. a Single
voxel 1H spectra (PRESS, TE = 35ms, 15ml) and b voxel (36ml) of a proton-decoupled 31P
spectroscopic imaging experiment (Data Philips Medical Systems, Cleveland)

tissue energetics and allows the in-vivo measurement of pH value in tissue (Moon
and Richards 1973).
NMR spectroscopy of 13C has a much lower intrinsic sensitivity than 1H-NMR.

Therefore, in the absence of isotopic enrichment, 13C signals are very weak. As
a result, 13C studies can be divided into the following categories: those in which
compounds are present at high enough concentrations (e.g., glycogen in liver and
muscle), and those in which 13C-labeling is used to study metabolic pathways. Rec-
ently, a new technique was proposed to increase the sensitivity of 13C-NMR by
using hyperpolarization (Golman et al. 2001).
Fluorine-19 is one of the most sensitive of the NMR nuclei (about 80% of the

gyromagnetic ratio of 1H). However, there are no endogenous compounds that yield
detectable 19F signals in vivo. Therefore, exogenous 19F-containing compounds
have to be used. MRS of 19F has been used to study the pharmacokinetics and
metabolism of fluorinated drugs (Presant et al. 1994). Recently, 19F-NMR has been
performed using targeted perfluorcarbon nanoparticles for noninvasive dosimetry of
restenosis therapy (Lanza et al. 2002).

1.3 NMR Imaging

The NMR signal described so far is simply the sum of individual signals from the
nuclei. Assuming there is only one type of nucleus and only one chemical shift
in the sample, all spins would resonate at the same frequency. In order to distin-
guish magnetization at different locations, magnetic field gradients are applied that
cause a linear variation of the magnetic field strength in space. The spatially varying
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Fig. 4 Slice selective excitation. The slice thickness is determined by the steepness of the gradient
and the radiofrequency (RF) bandwidth

gradient amplitudes determine the difference between the actual field strength at a
certain location and the static field B0, i.e., the precession frequency varies over
space. Usually, for three-dimensional encoding, not all gradients are applied simul-
taneously and the image formation process can be separated into three phases: slice
selection, phase encoding and frequency encoding.
Slice selection is accomplished using a frequency-selective B1 pulse applied in

the presence of a magnetic field gradient. The position of the slice is determined
by the frequency of the B1 pulse, whereas the slice thickness depends on its band-
width and the gradient amplitude (Fig. 4). Having selected a slice, the signal has to
be spatially encoded in the remaining two dimensions. One of these directions is
encoded by producing a spatially varying phase shift of precessing transverse mag-
netization. This is achieved by applying a phase-encoding gradient for a short period
before acquisition of the signal resulting in location-dependent phase shifts of the
transverse magnetization. To achieve full spatial encoding, a number of experiments
have to be carried out with stepwise variation of the phase-encoding gradient. The
third spatial dimension is encoded by applying a frequency-encoding gradient dur-
ing data acquisition. This gradient is changing the precession frequency over space
and creates a one-to-one relation between the resonance frequency of the signal and
the spatial location of its origin. Performing a two-dimensional Fourier transform of
the acquired signal yields the position of the contributing magnetization.
The spatial resolution depends on the amplitude of the gradients and the acqui-

sition bandwidth. Typical values of the spatial resolution of clinical scanners are in
the order of millimeter. Dedicated animal scanners operating at a higher magnetic
field strength and applying stronger gradients are able to obtain images with voxels
smaller than 100µm.
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Spectroscopic imaging combines MR spectroscopy with spatial encoding in two
or three directions, such that spectroscopic information can be displayed as an im-
age: for each peak in the spectrum, the spatial distribution of the integrated peak
intensity is displayed. Since the metabolite concentrations in living organisms are
four to five orders of magnitude lower than the concentration of water, the voxel size
in clinical MR spectroscopy and spectroscopic imaging is usually much larger, i.e.,
in the order of 1cm3.

2 Instrumentation: Magnet, Gradients, RF Coils

As described above, MRI and MRS studies use a combination of different hard-
ware components: a magnet, a magnetic field gradient system and an RF transmit/
receive system. Currently, magnets for clinical MRI systems range between 0.23
and 3 Tesla and most clinical systems operate at 1.5 Tesla. Recently, a number of
research systems for human applications have been installed and work at 7 Tesla
(Fig. 5) or higher. Most animal MRI systems use magnetic field strengths at 4.7
Tesla and 7 Tesla, but systems above 10 Tesla are also available. Although higher
field strengths result in a higher signal, the use of such field strengths is hampered
by a longer T1 and increased RF heating due to RF losses in the body. All mag-
nets for higher field strengths are made of superconducting coils that are immersed
in cryogenic fluids (liquid helium). At this temperature the coil windings become
superconducting, such that the static magnetic field, is maintained once an induc-
tive current has been introduced. After installation, the magnet field homogeneity
must be optimized either by applying correction fields. This procedure is also called
shimming and can be achieved by placing pieces of iron into the magnet bore and
by using additional shim coils.

Fig. 5 MR images of the human brain obtained on a 7 Tesla whole-body scanner (Philips Med-
ical Systems, Cleveland). Left: T2-weighted high-resolution image (0.4× 0.4× 4mm). Right:
T1-weighted high-resolution image (0.4×0.4×2mm)
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Spatial encoding requires the use of magnetic field gradients in three orthogonal
directions. These weak magnetic field gradients are produced by three orthogo-
nally positioned coils connected to independently controlled gradient amplifiers.
The magnetic field gradients generated by these coils should be as linear as possible
over the imaging volume. A complicating factor is the occurrence of eddy currents,
which are generated inside conducting parts of the MR system due to fast switching
of the magnetic field gradients. These eddy currents produce unwanted magnetic
fields in the imaging volume resulting in artifacts. The effects of eddy currents are
minimized by the design of actively shielded gradient coils. The applied currents
through the gradient coils can be around several hundreds of amperes. Since these
currents are flowing inside a static magnetic field, large forces act on the mechanical
parts of the gradient coil causing acoustic noise during the MR measurement.
The RF coils in an MRI system are used for excitation and signal detection.

The coils must be able to produce a uniform or well-defined B1 field inside the
imaging volume. The coils are tuned and matched to the resonance frequency of
the type of nucleus being observed. The placement of an object inside the RF coil
is equivalent to the addition of a resistance to the coil circuit, referred to as coil
loading. At field strengths higher than 0.5 Tesla, the signal-noise introduced by the
object dominates the inherent noise of coil circuit. Often separate coils are used for
excitation and detection, i.e., a large volume coil (body coil) is used for excitation,
whereas dedicated receive coils are used for detection. Usually, dedicated receive
coils have a higher sensitivity, since they can be placed close to the region of interest
and exhibit a better filling factor, i.e., obtain less noise. The concept of dedicated
receive coils can be extended, if an array of receive coils is used. Each coil element
covers a different part of the body and after acquisition the individual images of all
coil elements can be combined to large field of view image. In addition, the spatial
sensitivity of the array coil elements can also be used to speed up the acquisition by
means of parallel imaging methods (Pruessmann et al. 1999).

3 Contrast Mechanisms

One of the most remarkable features of NMR is its superior soft-tissue contrast with-
out the application of ionizing radiation. MRI is capable of measuring a wide range
of endogenous contrast mechanisms that include the proton density, the spin-lattice
relaxation time (T1), the spin-spin relaxation time (T2), the chemical shift, mag-
netization transfer (Mehta et al. 1996), temperature and different types of motion,
like blood flow, perfusion or diffusion. The appropriate selection of measurement
parameters results in a certain image contrast that allows the characterization of
morphology, physiology, metabolism and molecular information in vivo. Some of
these mechanisms can also be influenced by exogenous parameters, e.g., contrast
agents to modify T1, T2 or the chemical shift. Given the short length of this chapter,
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this text is focusing on the description of the relaxation times only, whereas a de-
tailed description of other mechanisms and related measurement techniques can be
found in Haacke et al. (1999) and Vlaardingerbroek and den Boer (2002).

4 Relaxation Times

The contrast in MRI and the shapes of the spectral lines in MRS are strongly influ-
enced by two relaxation processes. These processes can be described by exponential
relationships characterized by the time constants T1 and T2, respectively. The relax-
ation times T1 and T2 depend on the specific molecular structure of the analyte,
its physical state (liquid or solid) and the temperature; they vary among different
tissues and are affected by pathologies.
The longitudinal relaxation time T1 describes the statistical probability for en-

ergy transfer between the excited nuclei and the molecular framework, named the
lattice: it is also termed spin-lattice relaxation time. The net magnetization returns to
the equilibrium at a rate given by R1 = 1/T1. Typical T1 values in biological tissue
range from 20ms to a few seconds. Efficient transfer of energy to the lattice is highly
dependent on the molecular motion of the lattice causing fluctuations in the local
magnetic fields and thus inducing transitions between the spin states of the nuclei.
The motion modes, i.e., rotational, vibrational and translational motion, depend on
the structure and the size of the molecules. The motion of large molecules is char-
acterized by low frequencies, that of medium and small size molecules by higher
frequencies. Efficient energy transfer (i.e., a short T1) occurs when the frequency
of the fluctuating fields, which is determined by the molecular motion, matches the
Larmor frequency of the spins. Therefore, the T1 relaxation time depends on the
field strength. Finally, T1 relaxation is affected by the presence of macromolecules
that possess hydrophilic binding sites, i.e., water protons in tissue relaxing much
faster than those in pure water. The T1-relaxation time can be measured by the in-
version recovery method (IR), which consists of two RF pulses (Fig. 6). The first RF
pulse inverts the magnetization. After a time interval (TI) the second RF pulse flips
all longitudinal magnetization into the transversal plane, which is then measured. In
order to measure the T1 decay, a number of inversion-recovery experiments have to
be performed with different values of TI.
The transverse or spin-spin relaxation (T2) relies on the transfer of energy be-

tween magnetic nuclei. Immediately after the excitation all spins precess coherently
(i.e., in phase), but interactions between individual magnetic moments result in vari-
ations in the precession frequencies of the spins. As a result, a dephasing of the
spins occurs, causing an exponential decay of the transverse magnetization. The
transverse relaxation time T2 is influenced by the physical state and the molecular
size. Solids and large molecules are characterized by relatively short T2 times, small
molecules by long T2 values. Therefore, the presence of macromolecules in solution
shortens T2, since the overall molecular motion is reduced leading to more effective
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Fig. 6 Inversion recovery (IR) sequence. The combination of an inversion pulse followed by an
excitation pulse allows strong T1-weighting of the signal. For the measurement of the T1-relaxation
time a number of IR sequences with different inversion times have to be applied

spin-spin interactions. Typical T2 relaxation times in biological tissue range from a
few micro-seconds in solids to a few seconds in liquids. The T2 relaxation process
is nearly independent of the field strength. In addition to the spin-spin interaction,
the phase coherence is also influenced by local field inhomogeneities in the applied
magnetic field. The exponential decay resulting from the combination of T2 relax-
ation and field inhomogeneities is referred to as the effective transverse relaxation
time T∗2. In order to measure the true T2-relaxation, the influence of the B0 inhomo-
geneity must be compensated by a spin-echo experiment (Fig. 7). In this experiment,
two B1 pulses are applied: the first pulse with a flip angle of 90◦ tilts all longitudinal
magnetization into the transverse plane. The second pulse with a flip angle of 180◦
refocuses the dephasing caused by B0 inhomogeneity. Both pulses are separated by
a time period of TE/2 and a signal is acquired after TE (echo delay time). During
the first TE/2 period, i.e., between the 90◦ and 180◦ pulses, the individual magnetic
moments precess at different Larmor frequencies due to the B0 inhomogeneity. As
a result, they obtain different phase shifts, which translate into a dephasing of the
bulk magnetization. The 180◦ pulse applied at TE/2 inverts the magnetic moments
and correspondingly their phases; the phase shift acquired during the following de-
lay TE/2 exactly compensates the inverted phases shifts acquired during the period
prior to the 180◦ pulse leading to the formation of a so-called spin echo. Its am-
plitude depends only on the relaxation time T2 and the echo time (TE). In order to
measure the T2 decay time a number of spin-echo experiments with different values
of TE have to be performed.
In some cases, the measurement of the effective relaxation time T∗2 is of inter-

est. For instance, the oxygenation status of blood influences this relaxation time by
local field inhomogeneities and the related contrast mechanism is termed blood-
oxygen-level-dependent (BOLD) effect (Ogawa et al. 1990). The electron spin of
iron center of blood hemoglobin changes from a diamagnetic to a paramagnetic
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Fig. 7 Spin-echo (SE) sequence. The combination of an excitation and refocusing pulse generates
an SE signal at the echo time (TE). For the measurement of T2-relaxation time a number of SE
sequences with different TE have to be applied

state during deoxygenation. Therefore, blood deoxygenation results in a reduction
of T∗2 relaxation time. This contrast mechanism is exploited in functional brain spec-
troscopy (Ernst and Hennig 1994) and imaging (Moonen and Bandettini 1999),
which allows the visualization of activated brain areas. The quantification of T∗2 and
the initial magnetization allows the separation of the BOLD effect from perfusion
effects (Speck and Hennig 1998).

5 Sensitivity of NMR

The sensitivity of NMR can be described by the detection limit, which is defined as
the smallest amount or concentration of a substance that can be reliably detected in
a given type of sample by a specific measurement process. In biomedical imaging,
the detection of two different types of substances has to be distinguished: tracers
and contrast agents. A tracer is a distinguishable substance (typically with low nat-
ural abundance) that is administered to the body to determine the distribution of
material. A contrast agent is a substance that improves the contrast of certain tissues
and/or structures in diagnostic imaging. Tracers can be detected by a direct measure-
ment and thus their detection limit is mainly by determined by the signal-to-noise
ratio (SNR). Contrast agents are detected indirectly by measuring their influence
on the image contrast. Therefore, the detection limit of contrast agents is mainly
determined by the contrast-to-noise ratio (CNR). In the following, the factors will
be discussed that affect the SNR and CNR and examples for the detection limits of
NMR are given.
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5.1 SNR

The SNR is given by the ratio of the signal amplitude and the noise deviation.
The SNR is dependent on a wide range of factors, including the nucleus that is
being studied, the concentration and the volume of the sample (i.e., the number
of spins), the magnetic field strength, the design of the receive coil, and the mea-
surement time (Macovski 1996). Because of the large number of variables, it is
impossible to give anything other than an order of magnitude estimate for the num-
ber of spins that is required for detection. Bloembergen et al. (1948) stated that
the detection limit of NMR at 1.5 Tesla is in the order of 1018 spins/voxel. How-
ever, for clinical MRI and MRS a much higher number of spins (approximately
6×1019 spins/voxel= 10−4mol) is required taking into account clinically relevant
measurement times. The number of required spins becomes especially important
if nuclei other than 1H are investigated, e.g., 19F, 13C. For instance, the 19F tracer
perfluorooctylbromide (PFOB) contains 17 fluorine spins per molecule; therefore,
approximately 6µmol of PFOB per voxel will be required for detection. Assuming
a voxel size of 1cm3, a concentration of 6mM PFOB is needed for the detection by
MRI or MRS. The sensitivity of 13C is lower due to the lower gyromagnetic ratio
(10.71MHz/T). Recent studies show that a hyperpolarization (i.e., the polarization
of a material far beyond thermal equilibrium conditions) of 13C enables high detec-
tion sensitivity (Golman et al. 2003). The detection time is limited, since the T1 time
of the hyperpolarized 13C is on the order of 40 s. The same applies for hyperpolar-
ized gases like 3He and 129Xe, which are used, e.g., for lung imaging (Albert et al.
1994; Moller et al. 2002).
One straightforward approach for increasing the SNR is the use of higher mag-

netic field strengths. Figure 8 shows the comparison of a similar MRI sequence at
different field strengths.

Fig. 8 SNR comparisons of three-dimensional gradient-echo sequence on 1.5-, 3.0-, and 7.0-Tesla
(Philips Achieva) MR systems. ROIs located in same anatomical and background locations for
measurements. The repetition time TR was adjusted: TR= 15ms (1.5 Tesla), TR= 19ms (3 Tesla),
TR= 32ms (7 Tesla) for optimum SNR at these field strengths
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5.2 CNR

The contrast is defined as the difference of the signal intensity within two regions
of interest. The CNR is, therefore, described by the contrast divided by the standard
deviation of the noise. However, even if there is a high SNR within the image, it
might not be possible to see the difference in contrast, since this is determined by
the change in signal intensity.
Contrast agents change the relaxation rates R1,2(= 1/T1,2) of the surrounding

spins (e.g., protons). Therefore, the detection limit does not depend on the number
of spins per voxel but on the number of affected spins. The ability of an MR contrast
medium to shorten the relaxation times of spins in its vicinity is described by their
relaxivity. At the concentrations normally used in MR imaging, the effect of an MR
contrast agent augments the relaxation rate proportionally to the concentration of
the MR contrast medium. If Rintrinsic 1,2 is the relaxation rate of tissue and r1,2 is the
relaxivity of the contrast agent, the R1,2 relaxation rate in the presence of the contrast
agent is given by R1,2 = Rintrinsic 1,2+ r1,2C, whereC is the concentration of the MR
contrast agent. MR contrast agents consist of ions or molecules with one or more
unpaired electrons. They are referred to as paramagnetic, superparamagnetic, or fer-
romagnetic, depending on their specific electrone configuration. Of widespread use
in MR are paramagnetic, e.g., gadolinium (Gd3+), and superparamagnetic, e.g., iron
oxide particles (SPIOs), contrast agents.
Assuming the imaging parameters are optimized to generate the optimal CNR,

then the MR contrast agent needs to change the relaxation rate (R1,2) by a higher
factor than the variation of the intrinsic relaxation rate among the tissues. These
variations can be dominated by the SNR of the measurement if the tissue has a
very homogeneous structure. But if the structure of the tissue is heterogeneous, the
intrinsic relaxation rate varies spatially.
Paramagnetic agents influence mainly the relaxation rate R1. Typical Gd-DTPA

contrast agents have a relaxivity of r1 ≈ 5 (mM s−1) (Toth et al. 2001). The in-
trinsic relaxation rates in tissue are in the order of 1s−1. Assuming that a change
of the relaxation rate of 0.25s−1 results in a detectable CNR, a concentration of
about 50µM of a typical Gd-DTPA agent is required. Several ways of increasing
the detectability of contrast agents have been proposed. For instance, the relaxivity
can be increased by attaching a number of paramagnetic ions to carrier substances
like dendrimers (Wiener et al. 1994), polymers (Schuhmann-Giampieri et al. 1991),
liposomes (Unger et al. 1991), fullerenes (Mikawa et al. 2001) or perfluorcarbon
nanoparticles (Lanza et al. 1996). It has been shown that a perfluorocarbon nanopar-
ticle emulsion can be loaded with around 100,000 Gd-DTPA molecules per par-
ticle, resulting in a relaxivity of about 106 (mM s−1). With this, only picomolar
concentrations of paramagnetic perfluorocarbon nanoparticles are required for the
detection and quantification at clinical field strengths (Morawski et al. 2004).

Superparamagnetic agents affect the R(∗)
2 as well as R1 relaxation rate. Typi-

cally, superparamagnetic iron oxide particles (SPIOs) show a relaxivity of r1 =
20 (mM s−1) and r2 = 100–190 (mM s−1) (Wang et al. 2001; Lawaczeck et al.
1997), i.e., those agents shorten strongly the T2 relaxation time. The intrinsic
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relaxation rates in tissue are on the order of R2 = 10–20s−1 and also the variations
of the intrinsic relaxation are in the same order as the relaxation rates. Therefore,
a much higher effect on the relaxation rate R2 needs to be achieved by the SPIO
contrast agents in order to result in an appropriate CNR.
Another way to detect contrast agents directly is to measure the spatial distrib-

ution (map) of the relaxation rates. In order to detect a contrast agent, the change
in relaxation rate due to the contrast agent must be 3- to 5-times higher than the
standard deviation of the intrinsic relaxation rate of the tissue (which results in an
appropriate CNR in the relaxation rate map). It has been shown that relaxation rate
mapping allows sensitive detection of SPIO agents (Dahnke and Schaeffter 2005). In
particular, the necessary concentration for detection of a typical SPIO agent (Reso-
vist, Schering) was calculated to be 43µM [Fe] in brain.
In some cases, the spatial resolution is also influencing the sensitivity. For in-

stance, a low image resolution can attenuate the relaxation effects through the par-
tial volume effect, e.g., if labeled cells only account for a small fraction of the voxel
volume. It was recently shown in ex-vivo studies that single iron oxide labeled cells
can be detected by lowering the voxel volume down to 100µm3. In the special case
of having highly localized contrast agent concentrations as well as a very homo-
geneous background, a reasonable CNR can be generated to image single labeled
cells. Lowering the resolution only enhances the sensitivity if the contrast agent is
highly localized.

6 Conclusion

MRI is a nonionizing imaging technique with superior soft-tissue contrast, high
spatial resolution and good temporal resolution. MRI is capable of measuring a
wide range of endogenous contrast mechanisms that allow the characterization of
morphology and physiology in vivo. MRS provides a noninvasive window on the
metabolism. NMR spectroscopy, which was originally developed as an analytical
technique to study the composition of chemical compounds, is an essential tool
for studying various aspects of the biochemistry, physiology, and pathophysiology.
Therefore, MRI and MRS have become the techniques of choice in many preclini-
cal and clinical applications. With ongoing developments to improve the acquisition
speed and quantitative accuracy of MRI and MRS, the range of applications contin-
ues to expand.
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Abstract Imaging technologies for in vivo functional and molecular imaging in
small animals have undergone a very fast development in the last years with very
intense competition to further develop resolution and molecular sensitivity. Among
the imaging technologies available, ultrasound-based molecular imaging methods
are of particular interest, since the use of ultrasound contrast agents allows specific
and sensitive depiction of molecular targets. Together with new developments in
quantification methods of targeted microbubbles, sonography represents a dynamic
and seminal tool for molecular imaging.

1 Introduction

Diagnostic ultrasound is one of the most common techniques used in diagnostic in-
vestigations today. It’s a safe, noninvasive, inexpensive technology compared with
other diagnostic modalities and causes minimum inconvenience and stress to the pa-
tient. In recent years, advances in sonographic equipment and techniques and the in-
troduction of commercially produced echo-enhancing agents have led to substantial
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improvements in the image quality obtained and widened the scope of sonography.
Furthermore, new ultrasound technologies, such as µ-ultrasound and the feasibil-
ity for creating target-specific ultrasound contrast agents (USCAs) for molecular
imaging, offers new possibilities in the field of experimental pharmacology in small
rodents. They allow biological processes in living animals to be visualized noninva-
sively and the tracking in real time of the spread of disease, and the effects of a drug
candidate throughout the system.

2 Technical Aspects

2.1 Basics

The ultrasonic waves employed for medical purposes are generated by piezoelec-
tric elements. These are tiny chips of vibrating quartz, which produce elastic vi-
brations that are transmitted to the material being investigated. The transmission of
sound waves from the sound source — known as the transducer — to the material
takes place on the basis of elastic vibrations. The elastic vibrations emanate from
the transducer in the direction of propagation of the waves (longitudinal waves)
(cf. Fig. 1).
A sound wave is made up of a series of compressions and rarefactions. The unit,

made up of one compression and one rarefaction, comprises a wave. The distance
between the start (maximum compression) of a wave and the next comprises one
wavelength (λ).

Fig. 1 Principle of the propagation of ultrasound
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The individual molecules of the irradiated material vibrate in such a manner that
regions of compression and regions of rarefaction periodically alternate in space, as
illustrated in Fig. 1. The reflected vibrations of the irradiated material are received
again by the transducer and are analyzed in the ultrasound equipment. It is this
double function that is the reason for the use of the term “transducer”.
The deflection in space of the particles making up the material is known as the

amplitude of vibration. The distance between two regions of the same vibrational
state (e.g., two pressure maxima) is a wavelength (λ). The number of vibrations a
point makes per second is the frequency [1 vibration per second = 1 Hertz (Hz)].
The following simple relationship between the wavelength (λ), frequency ( f )

and the velocity of propagation (v) (here the speeds of wavelength are dependent on
sound) applies generally to the other propagation of waves:

λ =
v
f

e.g., λ =
1,500m/s
1.5MHz

=
1.5 ·106mm/s

1.5 ·106vibrations/s
= 1mm(per vibration)

For water (v ≈ 1,500m/s), the calculation given above shows that a frequency of
1.5MHz corresponds to a wavelength of 1mm. Other substances yield other results
specific for them, because the speed of sound is material-specific. In media with low
density and a low amount of mass particles, as for example in gases, a relatively long
period passes before the neighboring mass particle becomes excited. In such cases,
the propagation speed of sound is relatively slow compared with media of higher
density and a larger mass of mass particles, e.g., in liquids or solids (cf. Table 1).
The phenomena of reflection and refraction, which take place on transition be-

tween materials with differing propagation velocities known from light waves, also
take place with sound waves (cf. Fig. 2).
Here the reflected portion of the ultrasonic energy depends on both the difference

between the velocity of sound in the two media (impedance difference) and on the
angle between the ray beam and the interface (angle of incidence).
Moving through the tissue, the energy of the wave weakens continuously due to

internal loss of friction, which is called absorption. In air, for example, there is a
marked absorption, while liquids weaken sound only a little. The specific absorp-
tion rate is not the same for all frequencies: low frequencies have a relatively low
absorption rate compared with high frequencies. From that point of view, trans-
ducers with low frequencies would always be the best choice. Unfortunately, low

Table 1 Propagation speed of ultrasound in various media

Media Density (g/cm3) Propagation speed (m/s)

Air 1.2×10−3 330
Water (37◦C) 1.0 1,520
Soft tissue 1.026 1,540 (mean)
Bone 1.9 3,800
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Fig. 2 Ultrasound divides at the interface between media with differing sound velocities into a
portion which is refracted and continues and a portion which is reflected

frequencies have also the decisive disadvantage of having a low spatial resolution,
which increases with frequency. Therefore, different types of transducers with dif-
ferent frequencies are available, depending on different diagnostic targets and the
different penetration depths needed.

2.2 Conventional Techniques

Although the phenomenon of sound waves has been observed and described since
antiquity, the view generally prevails that the discovery of the piezoelectric effect
by the brothers Pierre and Jacques Curie in 1880 form the basis for the medical
use of ultrasound. This effect is a characteristic of crystals (e.g., quartz, tourma-
line) or ceramic materials (e.g., barium titanate, barium zirconate), which become
electrically polarized under physical pressure. On the other hand, these materials
begin to vibrate and emit high-frequency acoustic waves when charged with al-
ternating electrical voltage. All ultrasonic probes (transducers) used with medical
ultrasound devices are equipped with so-called piezo elements and function accord-
ing to the principle of the piezoelectric effect. The high frequency ultrasonic waves
are induced by creating an electrical voltage and are emitted by the transducer. The
ultrasonic waves reflected by the body are collected by the transducer and con-
verted by piezo elements into electrical signals, which are then processed by the
ultrasound machine and represented as pixels. Nonetheless, over 60 years elapsed
from discovery to the first use of the piezoelectric effect in medical ultrasound di-
agnostics. As in many other technical fields, the selective use of high-frequency
acoustic waves was developed for military detection of submarines during the First
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World War. This resulted in the development of SONAR (sonar = sound navigation
and ranging) by Lewis F. Richardson from the UK and Reginald A. Fessenden from
Canada, nearly in the same time. Based on that, in 1916 Paul Langevin and Con-
stantin Chilowsky developed a high-performance sonar, a so-called hydrophone,
which enabled the detection of submarines. This hydrophone is also regarded as
the “first ultrasound machine”. Besides military application, the possibilities for
the nonmilitary use of ultrasound were also investigated. Here, the Russian, Sergei
Y. Sokolov carried out pioneer work in 1929 with for the development of the first
ultrasound machine for the examination of material defects in metals. Also, in other
countries of Europe and in America, researchers developed similar devices. Exper-
iments were conducted with ever higher frequencies and shorter pulse widths and,
as a result, better spatial resolution was attained. The devices developed for this
purpose were called reflectoscopes and work in the so-called A mode.
In the A mode (“A” for amplitude), the backscattered signal intensities that are

received are represented oscillographically as amplitude over time. The height of
the amplitudes reflects the intensity of the backscattered ultrasonic signals and the
distances between the amplitudes, which is the running time. Both the distance of
the reflecting structures from the transducer, as well as the distance between the in-
dividual structures can be determined via the running time. The first physician to
use ultrasound successfully for diagnostic purposes was the Austrian neurologist,
K. Th. Dussik. He described in 1942 and 1949 a new method for brain examina-
tion and the cerebral ventricles using the A mode: hyperphonography. Colleagues
critically discussed these examinations at that time, particularly with regard to the
complex accessibility to the brain, due to it being surrounded by bone. John Wild
at the beginning of the 1950s, carried out much promising research for differen-
tiating between healthy and tumorous intestine and breast tissue. Apart from the
improvement in linear sonography (A mode), there was intensive work carried out
on two-dimensional (2D) sonography. As a result, John Weid and John Reid devel-
oped a B-mode contact scanner for clinical use and they were, thereby, capable of
producing so-called real-time images.
The B mode (“B” for brightness) is a modified representation of the A mode,

whereby many neighboring A-mode lines are used here. The amplitudes of the
A-mode lines are translated into gray tones. Usually, the highest amplitude is as-
signed the brightness value white, whereas the zero line of the amplitude scale is
assigned the brightness value black. The intermediate amplitudes are assigned cer-
tain gray tones on an appropriate gray-tone scale (maximum 256).
During the same period, a further gray-scale technique, i.e., the M (motion)-

mode procedure, was developed by Edler and Hertz for cardiological indications.
Here, the same part of the body is constantly exposed to ultrasound. The ultrasonic
lines are, however, located temporarily next to each other on the monitor, although
they belong to the same part of the body. This procedure allows for a dynamic
representation of bodily processes and is predominantly used in cardiology for the
assessment of cardiac valve function and myocardial contraction.
The next qualitative leap in medical ultrasound diagnostics took place through the

use of the Doppler effect for the measurement of blood flow. This effect was named
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after the physicist Christian Johann Doppler (1803–1853). Doppler’s acoustic law
states that frequency changes occur in the sound field if transmitters and receivers
move in relation to each other. A frequent example used to explain Doppler’s prin-
ciple is the acoustic perception of a bystander/listener (= receiver) of a moving
car (= transmitter). The acoustic waves produced by the car transmit in all direc-
tions. For the listener, the frequency rises as a car approaches and decreases as
it departs. For determining blood flow, the transducer emits ultrasonic waves of a
known frequency, which are reflected (backscattered) by the blood cells and are
received again by the transducer. The frequencies, now being received, differ ac-
cording to the direction of the flowing blood cells. Higher frequencies are received
from blood cells moving towards the transducer and lower frequencies when they
move away. We can, therefore, deduce the rate and direction of motion of objects
relative to each other from the measured frequency. First examinations of transcu-
taneous blood flow measurements were described as early as 1959 by Satomura.
The first implementation of the Doppler principle in sonographywas the continuous
wave Doppler mode (CW-Doppler), which allowed for the measurement of blood-
flow by use of a transducer, which contained one crystal for transmit and another for
receive, which operated simultaneously. Such transducers provided a flow-spectrum
over time, whereby the depth of the measurement could be chosen by controlling the
time between transmission and reception (range gating). A further improvementwas
made by the development of pulse Doppler (PW-Doppler). This mode was already
possible by using a 2D-array transducer, enabling to set a sample volume precisely
into the vessel aided by the B-mode image (= duplex sonography). In contrast to
the CW-Doppler mode, the PW-Doppler allowed to depict the “systolic window”
and to distinguish between normal and tourbulent flow. The rapid development of
computer performance in the late 1980th finally allowed color coding of blood-flow
within a two dimensional image and also the combination of this functional image
with the anatomical B-mode image by superimposing both. This procedure is also
known as color-flow mapping (CFM), or in the countries where German is spoken
as farbkodierte Duplexsonographie (color-coded duplex sonography, CCDS). The
CCDS technique color-codes the areas of the image in which movement is detected,
e.g., the blood flow. Today’s ultrasonic diagnostic units usually code the color red
for movements on the transducer and blue if these move away from the transducer,
whereby the color adjustment is left up to the user. With the introduction of a further
Doppler method, i.e., power-Doppler sonography, a higher sensitivity was obtained
in the representation of low flow rates and volumes. With this procedure, which is
also known as intensity Doppler, the energy of the Doppler signal, which is cal-
culated mathematically from the integral via the signal amplitudes, is represented
as being color-coded in superposition to the B-image (Lorenz and Betsch 1995;
Frentzel-Beyme 1994, 2005; Paulsen Nautrup and Tobisa 2001; Edler and Lind-
ström 2004; Baker 2005).
Further conventional ultrasonic procedures, such as B-flow, tissue harmonic

imaging, SieFlow, SieScape, coherent image formation or 3D and 4D imaging will
not be discussed at any length here, as these do not play any or only a subordinate
role in contrast-agent-enhanced sonography.
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2.3 Contrast-specific Techniques

The beginnings of diagnostic ultrasound were characterized by USCA-free exami-
nations for the morphological characterization of tissue, which was soon followed
by functional examinations through the introduction of Doppler technologies. On
the other hand, USCA-dependent examinations were introduced and established
initially in the area of functional diagnostics. The clinical use of USCA for mor-
phologic diagnostics was developed later.
Various physical interactions between ultrasonic waves and USCA, as well as

USCA-specific imaging technologies, will be discussed in this section. Details re-
garding the morphology of USCA microbubbles and their clinical and preclinical
use are described by us later in this volume (see Part II Imaging Probes in the chap-
ter by Peter Hauff et al.).
Gas-filled microbubbles (MBs) are particularly well suited for enhancing the

contrast (to increase the ratio between the target and the surrounding tissue), due
to their special physical and acoustic characteristics. Their contrast characteristics
can be induced and employed as a function of the used frequency and sound inten-
sity (= amplitude or sound pressure) of the irradiated ultrasonic wave both without
destruction and with destruction of these MBs. Ultrasonic waves of very low sound
intensity lead to a resonant oscillation of the MBs (= linear), i.e., the MBs contract
and expand symmetrically to the rhythm of the positive and negative pressure phases
of the applied acoustic wave. In doing so, acoustic waves of the same frequency to
which these MBs were exposed are reflected and converted into an image by the
ultrasound device, as illustrated in Fig. 3 (Schrope et al. 1992; de Jong 1997).

Fig. 3 Example of echo signal enhancement at a very low sound intensity (MBs’ linear behavior)
after administration of Levovist in the left ventricle of a dog’s heart
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Fig. 4 Diagram of the linear and nonlinear performance of USCA bubbles at different sound
intensities

Greater sound amplitudes cause asymmetrical oscillation of the MBs, since the
encapsulated gas bubbles oppose compression with a greater resistance than they
do expansion (cf. Fig. 4). During this process, which is also called nonlinear perfor-
mance, other frequencies besides the output frequency are also emitted during the
signal response. These other frequencies are the so-called harmonic frequencies, or
overtones and undertones. The frequency components that are harmonic overtones
are multiples of (i.e., double, triple, quadruple, etc.) the fundamental frequency used
and/or its half, third, quarter, etc. in the case of undertone frequency component. The
latter are also called subharmonic frequencies (Forsberg et al. 2000).
Among the harmonic overtone frequencies, the second harmonic overtone fre-

quency is of special importance in contrast-agent-specific sonography, due to its
high amplitude. For example, the basic frequency received from tissue and the
contrast-agent bubbles, is suppressed by special filtering techniques during signal
processing. Only the contrast-agent-specific parts of the second harmonic frequency
are used to generate the image. This procedure results in a clear reduction of the tis-
sue signal portion, resulting in a more intensive representation of the contrast signal
in relation to the tissue (improvement of the signal-to-noise ratio). On the other
hand, for the effective separation of the basic frequency signals from the harmonic
frequencies, a narrow-band transmission frequency has to be selected, and a narrow-
band pass filter has to be used with the receiver, which results in the serious disad-
vantage of reduced spatial resolution and less contrast. The technique, known as
second-harmonic imaging has, in the meantime, been integrated into the ultrasound
equipment of all manufacturers as a contrast-agent-specificmode (Burns et al. 1992;
Schrope et al. 1992; Schrope and Newhouse 1993; de Jong et al. 1994, 2002).
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As opposed to second-harmonic imaging, for which an additional specific
filter is necessary for the selective use of the second-harmonic frequency of the
contrast-agent bubbles, another technology, wideband harmonic imaging (= phase
or pulse-inversion technique), makes use of the entire frequency spectrum for
the representation of contrast-agent-specific signals. The decisive advantages are
found in the fact that the signal intensity of the contrast-agent bubbles is higher, on
the whole, and the use of a wideband transducer results in a better spatial resolution
when compared with second harmonic imaging. To simplify this technology, which
is also known as the pulse-subtraction procedure, two successive ultrasonic pulses
are emitted, whereby the phase of the second pulse is inverted with the phase of
the first. Now, from the received (backscattered) signals the two sequential waves
(positive and negative wave) are subtracted from each other, whereby mathemat-
ically, the results cancel each other out with linear signals. The nonlinear signals
of the contrast-agent bubbles have not, on the other hand, been cancelled and are
represented. This procedure is offered by the various ultrasound equipment man-
ufacturers under a number of synonyms (Chapman and Lazenby 1997; Eckersley
et al. 2005; Zheng et al. 2005).
Both procedures are used in combination with the B mode and with Doppler

technologies.
While the described procedures in the nondestructive mode for contrast-agent

bubbles (also known as low MI = low mechanical index) are predominantly used,
there are other technologies, which use the destructibility of the contrast-agent bub-
bles (high MI mode = high mechanical index). The MI, which is today usually
displayed on the screen of the ultrasonic equipment, is the respective transmitting
power, calculated from the maximum negative sound pressure divided by the square
root of the sonic frequency.
At very high sound intensities, the MBs are destroyed by mechanical force.

Sound pressure can, however, vary in intensity, due to the different type of morphol-
ogy presented by the various USCA. With the possibility of visualizing the destruc-
tion process by using high speed cameras, different mechanisms were identified,
which have been summarized in the overview by Postema et al. (2004). Three of the
phenomena specified therein are the fragmenting of gas bubbles, the destruction of
the bubble shell and the radiation effect (synonyms: jetting, microstreaming, micro-
jets). Examinations have shown that the wall thickness and elasticity of the material
encapsulating gas MBs are crucial for triggering a fragmentation or a destruction of
the encapsulation. While fragmenting was provable mainly in USCA bubbles with
thin and flexible encapsulation (8–20nm), thick-walled (200–300nm) and rather in-
elastic encapsulation caused their destruction. Fragmentation causes one gas MB to
create many smaller bubbles. The destruction of the encapsulation causes the gas
to escape through a tear in the encapsulating material and dissolve in the blood
(Postema et al. 2005).
One very interesting and indicative observation, concerning the future of

ultrasound diagnostics, was the emergence of color pixels on the monitor of the
ultrasound device in color Doppler during the destruction process of polymer-coated
air MBs after their accumulation in the livers of rabbits. This USCA consists of
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Fig. 5 Example of nonlinear signals of USCA bubbles during the application of very high sound
pressure. On the right side of the illustration are SAE signals recognizable in the color Doppler
mode, which were received by immobile USCA bubbles during destruction

rather thick (approximately 200 nm) and not very flexible bubble shell (Olbrich et al.
2006). There are two explanations for this phenomenon:

1. At the time of the destruction process of this USCA, a short-lived wideband,
nonlinear frequency signal is emitted, which differs clearly from the signals of
the MBs in the nondestructive mode, which is called stimulated acoustic emis-
sion (SAE).

2. A significantly shorter pulse length is reflected during the extremely fast bubble
destruction process compared with the emitted one, which can not be clearly in-
terpreted by the software of the ultrasound machines. This process is also known
as loss of correlation (LOC).

However, both explanations describe the same process. In this chapter as well as in
the chapter by Peter Hauff et al. of this volume, we use the term “SAE” for describ-
ing some characteristics and applications of this process in molecular ultrasound
imaging.
It could also be shown that the SAE signal is also generated by stationary, im-

mobile MBs and is (incorrectly) interpreted as movement by the color Doppler
mode of the ultrasound device. The received signal is represented in the color
Doppler image as colored pixels on the monitor of the ultrasound device due to this
misinterpretation.
The discovery of the SAE signal generated by stationaryMBs represents a crucial

basis for the new field of research in diagnostic molecular imaging with ultrasound
(cf. Fig. 5). The strength of these SAE signals is sufficiently high to detect individual
USCA bubbles, even at depths of several centimeters within the tissue (Reinhardt
et al. 1993; Uhlendorf and Hoffmann 1994).

3 Techniques for Molecular Ultrasound Imaging

Various procedures for the quantification of echo signals have been established
in functional sonography. The simplest measuring procedures are conducted by
providing a time-echo signal-intensity curve. The echo signal intensity is either
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determined directly by digital registration of the ultrasonic signals (B mode, spectral
or color Doppler) or indirectly by measuring the volume of the spectral Doppler
sound signal or respectively by measuring the film density in B mode or by record-
ing color changes in color Doppler (video densitometry) (Cosgrove 1996). Ellegala
et al. (2003) conducted the first examinations of in-vivo specific quantification of
boundMBs in intracerebral tumors of mice. In another examination, Thiemann et al.
(2000) showed the possibility of quantifying stationeryMBs in large concentrations,
however with poor spatial resolution.
However, new ultrasound technologies have been recently developed for qual-

itative and quantitative molecular ultrasound imaging in preclinical settings. One,
microultrasound, is a high resolution ultrasound technique specifically developed
for investigations in small rodents; the other technique, sensitive particle acoustic
quantification, works on another principle and can be also used for larger lab ani-
mals. Both techniques will be described in more detail due to their importance for
the experimental pharmacology field.

3.1 High-resolution Imaging: Microultrasound

In recent years, high-frequency ultrasound between 20 and 60MHz has emerged as
an important tool in the clinical imaging of the eye and skin (Foster et al. 2000) and
especially as a means of preclinical imaging of the mouse and other small animal
models of disease (Foster et al. 2002; Zhou et al. 2002). In this frequency range,
resolution between 30 and 150µm is possible, offering the potential to perform both
targeted molecular and untargetedMB imaging with unprecedented resolution. This
technology, referred to as ultrasound biomicroscopy or microultrasound, has en-
abled the quantitative assessment of anatomy and functional analysis of normal tis-
sue development and disease models to be studied under reproducible conditions
in mice and other small animals. The imaging equipment and scanning method for
mouse imaging are shown in Fig. 6.
The scanner (VisualSonics Vevo 770, Toronto) controls an imaging scanhead that

is held in proximity to the mouse by means of a “rail” system to maintain a rigid
frame of reference. The mouse lies anesthetized on a heated stage instrumented for
ECG, temperature and if necessary blood pressure and breathing cycle. A thin layer
of gel is used to couple the ultrasound beam to the mouse. Applications of mi-
croultrasound have focused studies of development, cardiovascular disease, cancer
and inflammation (Franco et al. 2006; Kulandavelu et al. 2006; Zhou et al. 2004).
Functional imaging of blood flow hemodynamics and morphology has been central
to the work performed. The spontaneous contrast of blood has been used to image
two- and three-dimensional flow in tumor micro vasculature in mice (Foster et al.
2000; Goertz et al. 2000, 2002, 2003). This has allowed the effects of different an-
ticancer therapeutic agents to be assessed in preclinical studies (Goertz et al. 2002;
Shaked et al. 2006). The process of image gathering, segmentation and visualization
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Fig. 6 a High-frequency micro-ultrasound instrumentation (VisualSonics Vevo 770). b Labora-
tory configuration in a laminar flow hood showing rail system for image stabilization and three-
dimensional imaging. c Configuration for freehand imaging of a mouse

Fig. 7 Three-dimensional image of a KHT fibrosarcoma showing natural contrast of the blood at
high frequencies (30MHz). Bar ∼ 1mm

has now been automated in commercially available instrumentation, with the result
that tumors like the KHT sarcoma, shown in Fig. 7, can be imaged in three dimen-
sions, analyzed, and rapidly segmented into vascular and tissue compartments.
The above studies rely solely on the natural contrast of blood flowing in the

microcirculation and reflect flow down to the level of the terminal arterioles (ves-
sel diameters of about 50µm). To penetrate deeper into the true microcirculation,
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MB contrast agents are needed to enhance the signal from the capillary blood pool.
Probing molecular targets in the capillary microcirculation of tumors and other
targets requires that the MBs be labeled with an appropriate ligand, as described
by us later in this volume (Part II Imaging Probes in the chapter by Peter Hauff
et al.).
The choice of MB shell and gas has an important influence on howmicrobubbles

respond at high frequencies. Two principal mechanisms of contrast exist. The first
is based on the large acoustical impedance discontinuity that exists between the gas
inside the bubble and the adjacent tissues. Rayleigh scatter that results from the in-
teraction of an ultrasound beam with such a particle is proportional to the 6th power
of the radius and the 4th power of frequency. Another and even stronger mechanism
for contrast arises from the driven oscillation of the microbubble in the ultrasound
field that can result in significant nonlinearities (Leighton 1994). In this case the
microbubble resonates in the ultrasound field expanding during periods of negative
pressure and contracting during positive pressure. The combination of Rayleigh and
resonant scatter provides an enhancement of many orders of magnitude for bubbles
in the lowMHz range with the result that low frequency clinical imaging is very suc-
cessful using nonlinear processing schemes (Becher and Burns 2000). It is not clear
that currently approved agents or the previously developed nonlinear processing
methods are suitable for imaging of mice at frequencies greater than 20MHz. Sev-
eral companies, such as Targeson (Charlottesville, Va.) and VisualSonics (Toronto,
Canada), now provide MB kits that can be targeted to endothelial cell surface mark-
ers and are well suited to small animal imaging. Although high frequency nonlinear
processing has shown promise (Goertz et al. 2005, 2006), current implementations
of high-frequency contrast imaging rely on subtraction schemes in which reference
data sets are subtracted from a contrast-enhanced images.

3.2 Sensitive Particle Acoustic Quantification (SPAQ)

Reinhardt et al. (2005) recently described a totally new type of ultrasonic proce-
dure allowing the quantification of approximately 100-fold more targeted MBs than
possible with the conventional ultrasound techniques using the SAE effect. This pro-
cedure, called SPAQ (sensitive particle acoustic quantification) makes it possible to
obtain a highly sensitive quantification of target-specific bound MBs in concentra-
tions >100,000MB/ml volume in three-dimensional structures. Due to its novelty,
this technology will be described in greater detail in the following section.
With the SPAQ technology, the characteristic SAE signals of MBs in the color

Doppler are counted, which occur during their ultrasonically induced destruction.
The SAE signal strength is so high that even individual MBs can be detected.
The individual SAE signal, however, is represented on the monitor dimensioned
in millimeters (cf. Fig. 8a) (according to the unit, transducer and settings), which
is substantially larger than the actual size of the undestroyed MBs (≤5µm). This
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Fig. 8 a, b Destruction of air-filled MBs in two agar phantoms with different MB concentrations.
a Separate SAE signals are visible in the left phantom (100MBs/ml), each of them representing
the destruction of one single MB. Thereby, the size of one individual SAE-signal is up to one mm.
b In the right phantom, which contains 3,000MBs/ml, no individual SAE-signals are detectable,
due to a complete signal overlay based on the size of the SAEs, which is again dependent on the
spatial resolution of the transducer. Any higher MB concentration would yield the same result in
the image and MBs could therefore not be quantified

results from the simple fact that the spatial resolution of diagnostic ultrasound is
also given in the millimeter range (the smallest volumes that can be displayed by
the ultrasound unit: 1 voxel is approximately 1mm3).
Under these conditions, with conventional ultrasonic methods, above a concen-

tration of approximately 1,000MB/ml tissue there is a complete saturation of the
ultrasonic image with SEA effects (= saturation bubble concentration), which no
longer permits any reliable quantification of individual signals (cf. Fig. 8b).
It is to be strongly assumed, however, that a specific MB enhancement is mostly

above 1,000/ml with regard to the target density. Therefore, an accurate quantifica-
tion of targeted microbubbles will be impossible in many cases. With present-day
SPAQ technology, even MBs in concentrations >100,000/ml tissue can be quanti-
fied; that is more than 100-fold. The principle of SPAQ is based on generating de-
fined overlaps (shifts) between consecutive ultrasonic (cross-) sectional views and
the use of SAE signals that are linked to the complete destruction of the appropri-
ate MBs.
The functionality of SPAQ, as it is schematically represented in Fig. 9, shows dif-

ferent stages of the overlapping of consecutive ultrasonic (cross-) sectional views at
the same MB concentration with the different number of SAE signals resulting from
it. Here, it has to be recognized that a small overlapping (= large advance) of the
ultrasonic sectional views result in a high SAE image layer thickness with complete
color saturation of the ultrasonic image with SEA signals (cf. Fig. 9 upper part) and
does not allow any quantification of the signals (high SAE image layer thickness). In
contrast, an increase in overlapping (middle SAE image layer thickness) results in a
thinner SAE image layer thickness, which now also makes it possible to recognize
individual SAE signals alongside large-surface signals (cf. Fig. 9 middle part). A
further increase in overlapping (= small advance) now enables us to quantify indi-
vidually represented SAE signals (thin SAE image layer thickness) (cf. Fig. 9 lower
part). In order to assure the predefined overlapping advance of an object against the
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Fig. 9 The principle of SPAQ. If an object moves toward a transducer, the ultrasound beam de-
stroys the MPs within the acoustic field (black dots). Further movement results only in the destruc-
tion of those MPs (red stars), which are additionally reached by the ultrasound beam, whereby the
step size of the transducer determines the SPAQ resolution independently of the slice thickness
of the ultrasound beam. A low step-size corresponds to a high SPAQ resolution and vice versa.
All ultrasound images in the right column show the same agar-phantom with the same high MB
concentration. Depending on the used SPAQ resolution, the ultrasound image can show a complete
or partial signal overlay or individual SEAs in the case of a high SPAQ resolution

transducer, the object to be investigated is affixed to a highly precise positioning de-
vice, which makes it possible to advance within the range of micrometers and which
is synchronized with the image repetition rate of the ultrasound device. It is also
of particular importance to recognize that each MB is capable of emitting an SAE
signal once only, since its emission is resulting from the destruction of the MB. Con-
sequently, new SAE signals can only result from those MBs that have newly arrived
in the ultrasound field during a further advance of the object being examined. If, for
example, the advance between two sequential images is 10µm (= high overlapping
of the ultrasound images), then the SAE signals represented in this image can only
come from this 10-µm thick layer. Therefore, the width of the advancement defines
the resolution of the SPAQ method (SAE layer thickness) (Reinhardt et al. 2005).
Application examples for microultrasound and SPAQ are given in Part II Imaging
Probes in the chapter by Peter Hauff et al. of this volume.



106 P. Hauff et al.

References

Baker JP (2005) The history of sonographers. J Ultrasound Med 24:1–14
Becher, Burns PN (2000) Handbook of contrast echocardiography. Springer, Berlin Heidelberg
New York

Burns PN, Powers JE, Fritzsch T (1992) Harmonic imaging: a new imaging and Doppler method
for contrast enhanced ultrasound. Radiology 185:142

Chapman CS, Lazenby JC (1997) Ultrasound imaging system employing phase inversion substrac-
tion to enhance the image. US Patent No. 5,632,2777

Cosgrove D (1996) Warum brauchen wir Kontrastmittel für den Ultraschall? Clin Radiol 51 Suppl.
1, 1–4.

De Jong N, Cornet R, Lancee CT (1994) Higher harmonics of vibrating gas-filled microspheres.
Part one: Simulations. Ultrasonics 32:447–453

DeJong N (1997) Physics of microbubble scattering. In: Nanda NC, Schlief R, Goldberg BB (eds)
Advances in echo imaging using contrast enhancement, 2nd edn. Kluwer, Dordrecht, pp 39–64

De Jong N, Bouakaz A, Ten Cate FJ (2002) Contrast harmonic imaging. Ultrasonics 40: 567–573
Eckersley RJ, Chin CT, Burns PN (2005) Optimising phase and amplitude modulation schemes for
imaging microbubble contrast agents at low acoustic power. Ultrasound Med Biol 31:213–212

Edler I, Lindström K (2004) The history of echocardiography. Ultrasound Med Biol 30:1565–1644
Ellegala DB, Leong-Poi H, Carpenter JE et al (2003) Imaging tumor angiogenesis with contrast
ultrasound and microbubbles targeted to αvβ3. Circulation 108:336–341

Forsberg F, Shi WT, Goldberg BB (2000) Subharmonic imaging of contrats agents. Ultrasonics
38:93–98

Foster FS, Burns PN, Simpson DH et al (2000) Ultrasound for the visualization and quantification
of tumour microcirculation. Cancer Metastasis Rev 19:131–138

Foster FS, Pavlin CJ, Harasiewicz KA et al (2000) Advances in ultrasound biomicroscopy. Ultra-
sound Med Biol 26:1–27

Foster FS, Zhang MY, Zhou YQ (2002) A new ultrasound instrument for in vivo microimaging of
mice. Ultrasound Med Biol 28:1165

Franco M, Man S, Chen L (2006) Targeted anti-vascular endothelial growth factor receptor-2 ther-
apy leads to short-term and long-term impairment of vascular function and increase in tumor
hypoxia. Cancer Res 66:3639–3648

Frentzel-Beyme B (1994) Als die Bilder laufen lernten oder die Geschichte der Ultraschalldiagnos-
tik [When the pictures started moving — history of diagnostic ultrasound]. Ultraschall Klein
Prax 8:265–275

Frentzel-Beyme B (2005) Vom Echolot zur Farbdopplersonographie – Die Geschichte der
Ultraschalldiagnostik. Radiologe 45:363–370

Goertz DE, Christopher DA, Yu JL et al (2000) High-frequency color flow imaging of the micro-
circulation. Ultrasound Med Biol 26:63–71

Goertz DE, Yu JL, Kerbel RS et al (2002) High-frequency Doppler ultrasound monitors the effects
of antivascular therapy on tumor blood flow. Cancer Res 62:6371–6375

Goertz DE, Yu JL, Kerbel RS et al (2003) High-frequency 3-D color-flow imaging of the micro-
circulation. Ultrasound Med Biol 29:39–51

Goertz DE, Needles A, Burns PN et al (2005) High Frequency Nonlinear Color Flow Imaging of
Microbubble Contrast Agents. IEEE Trans Ultrason, Ferroelect, Freq Contr 52:495–502

Goertz DE, Frijlink ME, de Jong N et al (2006) High frequency nonlinear scattering from a
micrometer to submicrometer sized lipid encapsulated contrast agent. Ultrasound Med Biol
32:569–77

Kulandavelu S, Qu D, Sunn N et al (2006) Embryonic and neonatal phenotyping of genetically
engineered mice. Ilar J 47:103–17

Lorenz A, Betsch B (1995) Zur Geschichte der Ultraschalldiagnostik - von der Compoundtechnik
zur Realtimesonographie. Ultraschall Klin Prax 10:41–49



Ultrasound Basics 107

Olbrich C, Hauff P, Scholle F et al (2006) The in vitro stability of air-filled polybutylcyanoacrylate
microparticles. Biomaterials 27:3549–3559

Postema M, van Wamel A, Lancee CT et al (2004) Ultrasound-induced encapsulated microbubble
phenomena. Ultrasound Med Biol 30: 827–840

Postema M, Boukaz A, Versluis M et al (2005) Ultrasound-induced gas release from contrast agent
microbubbles. IEEE Trans Ultrason, Ferroelect, Freq Contr 52:1035–1041

Poulsen Nautrup C, Tobias R (2001) Atlas und Lehrbuch der Ultraschalldiagnostik bei Hund und
Katze, 3rd edn. Schlütersche, Hannover
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Abstract Multimodality imaging, specifically PET/CT, brought a new perspective
into the fields of clinical and preclinical imaging. Clinical cases have shown, that the
combination of anatomical structures, revealed from CT, and the functional infor-
mation from PET into one image, with high fusion accuracy, provides an advanced
diagnostic tool and research platform. Although PET/CT is already an established
clinical tool it still bears some limitations. A major drawback is that CT provides
only limited soft tissue contrast and exposes the patient or animal, being studied, to
a significant radiation dose. Since PET and CT scanner are hard-wired back to back
and share a common patient bed, PET/CT does not allow simultaneous data acquisi-
tion. This temporal mismatch causes image artefacts by patient movement between
the two scans or by respiration motion. To overcome these limitations, recent re-
search concentrates on the combination of PET and MRI into one single machine.
The goal of this development is to integrate the PET detectors into the MRI scanner
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which would allow simultaneous data acquisition, resulting in combined functional
and morphological images with an excellent soft tissue contrast, very good spa-
tial resolution of the anatomy and very accurate temporal and spatial image fusion.
Additionally, since MRI provides also functional information such as blood oxy-
genation level dependant (BOLD) imaging or spectroscopy, PET/MRI could even
provide multi-functional information of physiological processes in vivo. First ex-
periments with PET/MRI prototypes showed very promising results, indicating its
great potential for clinical and preclinical imaging.

1 Combining Functional and Morphological Information

The early detection of a disease at the vascular, cellular, or genomic rather than at
the systematic or symptomatic level, in order to positively influence the course of
the disease, is the utmost goal in clinical diagnosis. Noninvasive functional and mor-
phological imaging increases the chances of accomplishing this aim. The strength
of new imaging approaches lies in the combination of several methods providing
complementary information about morphology and different functional processes
in vivo.

Image Fusion by Software or Hardware?
There are several ways to fuse and analyze acquired morphological and func-

tional image data. For visual fusion, images originated from two independent
acquisitions are displayed and analyzed side by side. The fusion is carried out by
the observer who is reviewing corresponding image slices and who correlates find-
ings from one to the other modality. The visual fusion is very time-consuming and
the success of revealing additional information of the two independently acquired
images depends very much on the experience and skill of the observer. Nevertheless,
this type of fusion is very widespread since it does not require technical infrastruc-
ture and it is cost effective.
The use of software fusion becomes more and more attractive since very ad-

vanced and fully automated algorithms, as well as the necessary computing power
for a time effective workflow, are nowadays available (Slomka 2004). The software-
based fusion usually uses fiducial markers or contour-finding algorithms to
determine landmarks within both image data sets and find a “best fit” with least
discrepancies. Basic approaches are mostly limited to rigid fusion, meaning that
the applied transformation matrix has six degrees of freedom, three space directions
and three rotational directions; there is no warping of the image data. These software
tools produce very good results for rigid body regions such as the head. However,
for abdominal or thoracic regions, where distortion due to the patient repositioning
or movement of internal organs can not be avoided, more advanced algorithms are
used to accurately fuse the images by applying additional linear transformations to
the image data (Shekhar et al. 2005). These more advanced nonrigid transforma-
tion techniques very often require manual user assistance and are therefore more
time-consuming.
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To reduce the probability of patient or organ movement during scans, multi-
modality imaging is the favorable choice (Beyer et al. 2000). Here, both imaging
modalities are physically mounted next to each other or they are fully integrated
into one device and have a fixed and known transformation matrix. Since the patient
bed transfers from one to the other modality, the movement of the patient is mini-
mized. Nevertheless, the movement of the internal organs, especially when longer
scan times from either one modality are required, can be an issue. Thus, the use of
advanced nonrigid image fusion algorithms or the simultaneous acquisition using
a multimodality scanner can be essential when the situation includes fast internal
organ movement or demands high registration accuracy.

2 PET/CT

2.1 Technical Aspects of PET/CT

Positron emission tomography (PET) has evolved to be one of the most meaningful
functional imaging technologies due to the high sensitivity in the picomolar range as
well as the ability to observe metabolic processes over time and track radiolabeled
bio markers, so called tracers, in vivo (Czernin and Phelps 2002). Although PET
data are very quantitative, they do, however, lack good spatial resolution and do
not provide sufficient anatomical information, especially if very specific tracers are
used. This limitation often requires the need to have morphological data underlayed
in order to be more accurate in oncological diagnosis, tumor staging, or radiation
therapy planning (Beyer et al. 2000; Townsend et al. 2004).
The first choice modality used to add anatomical information to the PET data is

X-ray computed tomography (CT), since it is well established in clinical oncologi-
cal imaging and provides a very good spatial resolution. In general, the realization
of a hybrid PET/CT device is basically the two individual devices mounted next to
each other with a patient bed able to transfer the patient from one device to the other
(Fig. 1). Both devices are controlled from one computer console. A very fast obtain-
able CT projection scan (topogram or scout scan) is generally used for anatomical
orientation and to plan the examination regions for the PET and CT scan (Fig. 1a).
After planning, low-dose or diagnostic CT scans are performed. Following the CT
scans, the PET images are acquired in a multibed position mode to cover the whole
body of the patient (Fig. 1c). Special fusion software implemented into the console
is used to overlay both acquired image data sets (Fig. 1d).
When gamma rays penetrate through tissue there is certain likelihood that they

will get absorbed. In PET, this absorption is called attenuationwhich leads to a sub-
sequent quantification error (Ostertag et al. 1989). Conventional stand-alone PET
scanners measure this gamma-ray attenuation by using an external positron emit-
ting source, such as Ge-68, which has the same emission energy (511 keV) as the
isotopes used for PET tracer (Huesman et al. 1988). Thus, the measured attenuation
maps can be directly applied to correct the PET emission data.
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Fig. 1 a–d Schematic workflow of the PET/CT examination. a A fast scout scan is used to deter-
mine examination regions for PET and diagnostic CT. b The second step in a PET/CT workflow
is the acquisition of either a low-dose or diagnostic CT scan. c PET data are acquired at multiple
bed positions, reconstructed and corrected for attenuation using the previously acquired CT data.
d PET and CT images are registered and displayed as fused images. The analysis software allows
dynamic and individual adjustment of image contrast and fusion intensity
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In a PET/CT system, the CT scan can be used for attenuation correction, although
these data are acquired at a lower energy, typically at 80–120keV, and need to be
up-scaled to the tissue absorption factors for 511 keV (Fig. 1b). The CT scan can
be performed much faster than the conventional transmission scans, resulting in a
drastic reduction of the overall examination time. This, combinedwith the additional
anatomical information provided from the CT, is a major advantage of combined
PET/CT over conventional PET (Beyer et al. 2002; Mohnike 2006; Townsend and
Beyer 2002; Townsend et al. 2003).

2.2 Impact for Clinical Diagnosis

Since the installation of the first combined PET scanner in 2001, it has been shown
that nearly 80% of the performed PET/CT acquisitions are carried out in the field of
oncology (Juweid and Cheson 2006; Weber 2005). The use of a combined PET/CT
system allows for tumor detection and staging as well as therapy monitoring and
planning in a single device (Antoch et al. 2004; Francis et al. 2005). Several stud-
ies show the clear advantage of combined PET/CT over PET or CT alone or when
carried out side by side. A study by Antoch et al. (2004) performed on 260 patients
having different kinds of tumor diseases revealed that the staging accuracy was 84%
when combined PET/CT was used, compared with an accuracy of only 76% when
images where evaluated side-by-side. The staging accuracy was only 63% or 64 %
respectively, when only CT or PET information was used alone. A study of Bar-
Shalom et al. (2003) showed that in 204 tumor patients, 49% of the examinations
revealed additional information obtained from a PET/CT scan compared with in-
formation obtained from either using PET or CT alone. This led to an alternation in
treatment in 14% of the cases. Pfannenberg et al. (2007) could show that whole-body
PET in combination with a protocol, including an arterial and portal-venous contrast
enhanced scan, compared with PET/CT with a low-dose nonenhanced CT scan, re-
vealed additional diagnostic value in 52 out of 100 patients with different malignant
tumors. An example of a 60-year-old melanoma patient is shown in Fig. 2, where
the FDG-PET image shows an increased tracer uptake in the right lower abdomen
(Fig. 2a) corresponding to the colon ascendes in the CT scan (Fig. 2b). However,
the low-dose CT shows minimal pericolic streaking but no mass (Fig. 2c). In sharp
contrast to Fig. 2c, the diagnostic CT performed with intravenous and oral contrast
agent clearly shows enhanced intraluminal boarders of a lesion (Fig. 2d).
PET/CT has also great potential in the planning of radiation therapy, especially

when tumor regions are difficult to define. Having both PET and CT information
available, a more accurate definition of the irradiation regions is possible. Areas
showing high tumor activity in PET images may not necessarily be detected by CT
and might thus be overseen by conventional therapy planning based on CT alone.
Furthermore, tissue appearing as lesion expansion in a CT may be indicated as
benign in a PET scan and thus not be unnecessarily irradiated (Herrmann 2005;
Scarfone et al. 2004).



114 B.J. Pichler et al.

Fig. 2 a–d An example of how the use of a contrast agent can improve the localization of patho-
logical FDG uptake in a 60-year-old patient with melanoma (Pfannenberg et al. 2007). a The
transaxial PET image and b the fusion with the low-dose CT show a focal spot of FDG uptake in
the lower right abdomen, which corresponds to the colon ascendes. c The transaxial low dose CT
shows only discrete pericolic compression but no mass. d The diagnostic CT using intravenous and
oral contrast agent clearly shows an intraluminal contrast enhanced lesion (arrow)

2.3 Potential and Limitations of Combined PET/CT

PET/CT offers significant shorter scan times compared with stand-alone PET scan-
ners, where the attenuation correction is not based on an ultrafast CT scan. The
linear scaling of attenuation coefficients, measured at an energy of up to 140 kVp,
to 511 kV PET values is a valid method for soft tissue and bones (Kinahan et al.
1998, 2003). Beside the advantage of the shorter scan time, the CT-based attenuation
map also has higher statistics and, therefore, a lower noise contribution than conven-
tional attenuation measured with 511 keV gamma sources. However, in regions with
high-density materials, such as inlays or obese patients, CT causes beam-hardening
artifacts by attenuating the lower X-ray energy more than the high energies, result-
ing in a shift of the polychromatic X-ray spectra to higher energies. This effect can
cause significant artifacts in the CT images and lead to false attenuation values for
the PET images (Fig. 3). Beam hardening artifacts are also the reason why whole-
body PET/CT examinations are performed with the patient’s arms raised above the
head rather than at the side of the body as usually performed in PET. This also
avoids truncation artifacts caused by exceeding the CT field of view, which would
subsequently lead to an incorrect quantification in the PET images (Ohnesorge et al.
2000).

2.3.1 Co-registration Errors

The latest generations of PET/CT scanners implement 3D PET data acquisition
technology and fast scintillator materials, such as lutetium oxy-orthosilicate (LSO)
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Fig. 3 a Metal artifact in a CT image, and b its impact on the attenuation correction of the PET
data. c The hyper-dense implants in the jaw lead to a misinterpretation of the attenuation data,
which cause an artificially increased uptake in the PET data. d However, the PET image without
attenuation correction does not show this increased uptake and can thus be used to verify that the
increased uptake in the PET image is related to wrong attenuation

Fig. 4 Immobilization of the patient during a PET/CT examination. The blue vacuum mattress
supports the patient to hold the “arms up” position during the 20–30min scan time, without having
major movement

or gadolinium oxy-orthosilicate (GSO), allowing short scan times of only 3–4min
per bed position. Shorter scan times result in more comfort for the patient and re-
duced probability for a misalignment of PET and CT data caused by patient-induced
motion artifacts. Nevertheless, a 4-min scan time per bed position still results in
a 20–30min PET scan for a whole body examination with five to eight bed pos-
itions and a 16-cm axial field of view of the PET scanner. This is still a significant
time-window between the CT scan and the last PET bed position. Thus, to avoid
patient motion during the acquisition, comfortable and secured patient bedding is
mandatory (Fig. 4).
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2.3.2 Breathing Artifacts

Another source of misaligned PET and CT data are breathing artifacts. CT scans
are usually very fast and acquired in inspiration phase according to standard diag-
nostic CT scan protocols. The PET scan is acquired over several minutes while the
patient breathes normally. This can lead to a mismatch of PET and CT data, es-
pecially in areas of the diaphragm, thorax, and abdomen. To avoid such artifacts,
adapted examination protocols with instructed respiration cycles — mid expiration,
breath hold — (Beyer et al. 2003) or CT scans in normal respiration are performed
(Brechtel et al. 2006; Goerres et al. 2002, 2003).

2.3.3 Contrast Agents

Diagnostic CT usually requires the application of contrast media, intravenously and
orally. Contrast agents improve the discrimination of the vascular system and di-
gestive tract from other soft tissue. However, the effects of CT contrast agents are
not included in the linear scaling model to calculate PET attenuation correction
data from X-ray absorption factors. CT contrast agents contain iodine and cover
a range approximately from 100 up to a 1,000 Hounsfield units (Mohnike 2006).
Thus, contrast-enhanced structures are considered as bone in the attenuation map
and might lead to a false PET attenuation correction if the PET/CT examination
protocols are not adjusted accordingly. However, a careful comparison of CT image
and the contrast-enhanced regions with the PET images as well as the review of the
uncorrected PET data generally help to avoid misinterpretation in clinical diagnosis
(Fig. 5).

Fig. 5 a–d Contrast-media-related artifact. The attenuation corrected PET image a shows
increased uptake in the right supraclavicular region due to increased contrast agent concentra-
tion in the right vena subclavia d. The fused PET/CT image b shows that the high uptake region
corresponds to the vessel. The PET image not attenuation corrected c does not show the increased
uptake and can thus prove that this is related due to the high contrast agent uptake from the CT and
the resulting erroneous attenuation correction data
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2.3.4 Advanced PET/CT Applications

The ultimate goal of combined PET/CT is to replace separate PET and CT exami-
nations by a combined PET/CT scan, where both examinations operate at their full
diagnostic value. Since the introduction of the first combined PET/CT scanner in
2000, which utilized a single-slice CT, the latest PET/CT generation is based on a
64-slice spiral CT, allowing the full range of diagnostics, equal to a state-of-the-art
stand-alone CT. These advanced machines are especially of interest for cardiology
(Di Carli and Dorbala 2007; Namdar et al. 2005). Dedicated respiratory and cardiac
gating options (Nehmeh et al. 2003) allow for a fast acquisition of perfectly matched
PET and CT data of the heart with excellent image quality.

2.4 PET/CT in Preclinical Research

The realm of preclinical imaging using small laboratory animals to investigate
pathological processes in vivo or accelerate the development of drugs and biomark-
ers is an emerging field in biomedicine. However, dedicated imaging systems with
much enhanced performance, compared with clinical scanners, in terms of resolu-
tion and sensitivity, are necessary to accommodate the much smaller anatomy of
mice and rats. Industry has replied to this need by introducing commercial ani-
mal scanners in the early 2000s. While the first generation of animal imaging sys-
tems were stand-alone PET or CT systems, General Electric, Gamma Medica, and
Siemens have recently introduced combined PET/CT machines for small-animal
imaging (Fig. 6). Dedicated small-animal state-of-the-art PET scanners offer a reso-
lution in the range 1–1.5mm with a sensitivity of up to 11% (Tai et al. 2005; Wang
et al. 2006) The excellent image resolution allows for quantitative assessment of
tiny structures, such as the ribs or vertebral bodies of a mouse (Fig. 7). Small-animal
CT systems can achieve an image resolution of less than 20µm, which allows the
quantitative assessment of the trabecular bone density in a mouse femur (Fig. 8).
Subsequently, the combined PET/CT modality provides synergy of the best features
of the individual scanners, allowing the fusion of morphology and functional infor-
mation with the highest possible accuracy for noninvasive small animal imaging.

Fig. 6 State-of-the-art preclinical PET/CT and dockable PET and CT device
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Fig. 7 18F–flouride PET scan of a mouse. The large axial FOV of 12 cm can cover the whole
animal. In comparison with a clinical system, the much higher resolution enables resolving small
bones such as the ribs of a mouse. Right: 3D maximum intensity projection (MIP). Left: typical 3D
card display (transversal, coronal and, sagittal view)

Fig. 8 CT bone scan of a mouse knee joint using a dedicated small-animal CT scanner, which
provides an image resolution of 40µm. Right: 3D rendering display of the knee. Left: typical 3D
card display (transversal, coronal and, sagittal view). The tiny trabecular bone structures in the
bone can be resolved

3 PET/MR – A New Tool for Science and Clinic?

The combination of PET and CT has already shown great value in clinical and
preclinical applications. The advantage of having quantitative functional informa-
tion underlayed with the anatomy can lead, in many situations, to more accurate
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diagnosis and optimized therapy protocols. A limitation of CT is that adequate
soft-tissue contrast can not be achieved. Despite the use of contrast agents, suffi-
cient morphology is not revealed in many cases. Furthermore, the CT radiation dose
which is necessary to achieve a good image quality is significant (Brix et al. 2005).
Although the strength of CT lies in bone and lung imaging, supplementing the PET
with magnetic resonance imaging (MRI) would be an advantage over PET/CT for
many applications due to the excellent soft-tissue contrast of MRI in regions such
as the brain or abdomen. In addition, MRI examinations do not require the use of
ionizing radiation and therefore do not engender an additional radiation dose for
the patient. Studies with high-field magnets (9.4 Tesla) confirmed that MRI can be
performed without risk for the patient (Vaughan et al. 2006). A PET/MRI system
can probably not replace PET/CT since both MRI and CT have their own individ-
ual strength, but the combination of PET and MRI would definitely stimulate the
emerging field of molecular imaging.

3.1 Technical Challenges

The combination of two imaging modalities is always a challenge. One reason for
this is the question of whether the two modalities can operate together without per-
formance compromise and without mutual interference.
The main challenge in merging the hardware of PET and MRI into a one single

device is that conventional PET detector designs use photomultiplier tubes (PMT)
for the light detection. Due to their functional principle — accelerating electrons in
a high electric field inside a vacuum tube — PMTs are very sensitive to magnetic
fields, and hence, are not suitable for use near or inside a high magnetic field. Also,
if the PET and MRI are combined to be used simultaneously, both fields of view
have to be physically aligned. This means that the PET detectors have to be built
within the MRI bore, resulting in very limited space for the PET detectors.

3.1.1 PET Light Detectors

An alternative light detector for PET, which is capable of detecting the very small
amounts of scintillation light, is the avalanche photodiode (APD) (Grazioso et al.
2005; Pichler et al. 2001). This solid-state detector has already been used for small-
animal PET scanner approaches (Lecomte et al. 2001; Pichler et al. 2004; Ziegler
et al. 2001). Although the internal gain of APDs is only in the order of 102–103 and
they furthermore require a charge sensitive preamplifier for readout, APDs provide
sufficiently fast and low-noise electrical signals. APDs are proven to be insensitive
to magnetic fields and are very small in size, with only a few millimeters’ thickness.
Thus, APDs are ideal candidates to be used as PET detectors inside a high-magnetic
field. However, for combined PET/MRI the charge sensitive preamplifiers require
very careful design in order to avoid potential interference with MRI radiofrequen-
cies or gradients.
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3.1.2 PET Detector Materials in the MR Field

MRI requires a homogeneous static magnetic field. Whenever this magnetic field is
distorted or inhomogeneous the acquired MR images will show artifacts. The ten-
dency of material to interact with the magnetic field and cause distortions is quanti-
fied by the material’s susceptibility.
Integrating a PET detector inside a magnet requires the insertion of different ma-

terials, such as scintillator crystals, light detector, electronics and electronic shield-
ing materials. All these different components need to be magnetically compatible
with susceptibilities close to human tissue in order to maintain the MRI perfor-
mance. Nonmagnetic materials are not necessarily MRI compatible. Metals have
certain conductivity where MRI gradients, which are varying magnetic fields during
MRI, can induce eddy currents. These eddy currents distort the MR images and lead
to chemical-shift artifacts. In addition, electro-conductivematerials can interact with
the radiofrequency (RF) probe and alter the B1-field, which subsequently excites the
protons in the object being measured.
While scintillating materials such as LSO, BGO or GSO cause only mild art-

ifacts when located very close to the object inside a MR scanner (Marsden et al.
2002; Shao et al. 1997; Yamamoto et al. 2002), the electronic circuit boards and
light detectors, which essentially contain metallic and even ferro-magnetic parts,
are more likely to cause distortions of the homogeneous MR field or interact with
the gradient or RF system.
Most of the material-related MRI artifacts can be avoided if the PET detector is

located outside the RF probe and preserves a certain distance to the object (Fig. 9).
A PET detector which is used inside a magnetic field has to be carefully selected
to be “transparent” to the MRI scanner. Subsequently, this means that all electronic
components, such as capacitors, amplifiers, and resistors, need to be nonmagnetic
and large solid areas of metal need to be avoided.

Fig. 9 Schematic (side) view
of the setup of a PET/MRI
system. The PET detectors
are usually located between
the gradient set and the RF
probe to avoid interference
during MRI
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3.2 History of PET/MR Development

While PET/CT could be relatively easily realized by combining two existing, more-
or-less standard imaging systems, linked together by one patient bed and one operat-
ing console, PET/MRI involves major modifications, especially in the PET detector
technology.
Figure 10 shows three basic concepts to combine PET and MRI. Although the

easiest realization is to mount the PET and MRI side by side (Fig. 10a), this design
does result in limited latitude for the data acquisition. The major drawback of this
PET/CT-like solution for a PET/MRI is that the scans can not be performed simul-
taneously. This not only adds significant examination time, since the MRI is much
slower than CT imaging, it also rules out the possibility of acquiring two different
sets of information simultaneously by PET and MRI. Such a synchronous data ac-
quisition could be of high interest in preclinical research and clinical diagnosis if,
for example, the perfusion needs to be temporally correlated with receptor expres-
sion. Such an isochronal acquisition of PET and MRI data could also be of great

Fig. 10 a–c Potential realizations of PET/MRI scanners. a PET/MRI side by side. Two individual
devices are mounted back-to-back to each other and have a common control unit, similar to a
PET/CT. b PET insert within anMRI. TheMRI system remains untouched and can also be operated
without the PET insert; however, the bore size is drastically reduced and the PET detectors have to
be compact. c PET detector embedded into an MRI system. Both devices are merged together into
one multimodality scanner. This approach requires major modifications of both the PET and MRI
technologies
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interest in brain as well as in tumor imaging. In sharp contrast to PET/CT, where an
integration of PET detectors inside the CT seems impossible due to the high X-ray
flux of the CT, the PET/MRI is set apart and paves the way for many interesting ap-
plications in biomedical and clinical research. Furthermore, for cardiac imaging, the
acquisition of temporally matched information on perfusion and metabolic viability
of the myocardium might be of importance.
To achieve a simultaneous PET/MRI data acquisition, a PET detector fully inte-

grated inside the MRI scanner is mandatory. In general, there are two different ways
to construct an integrated PET/MRI scanner, first by inserting a PET in a standard
MRI (Fig. 10b), which will reduce the bore size drastically but still allows for use of
the MRI scanner without the PET, and secondly, by fully embedding the PET detec-
tors into the MRI scanner hardware, maintaining a larger clear MRI bore (Fig. 10c).
Although the latter is definitely the solution of choice, it is, however, the most

expensive and most challenging realization of a PET/MRI system. Currently, at least
one major medical imaging company decided for the PET insert solution and con-
structs a dedicated PET/MRI scanner for brain examination in research and clinic
(Fig. 10b). The first encouraging results of this approach were presented at the 2006
Radiology Society of North America (RSNA) conference in Chicago.
The integration of the PET scanner in the MRI scanner bore means that the PET

detectors need to operate at the maximum magnetic field strength. Thus, the use of
PMTs in this environment is excluded. Figure 11 shows schematically four different
approaches for “MR compatible” PET detector designs.

3.2.1 Light-fiber-based PET/MRI Systems

Using long light fibers to transport the scintillation light to the PMTs residing out-
side the high-magnetic field in a shielded environment (Figs. 11a, 12) has been in-
vestigated for many years (Marsden et al. 2002; Shao et al. 1997). However, this
method impacts the PET signal quality by a light loss caused in the fibers (Catana
et al. 2005; Marsden et al. 2002; Raylman et al. 2006). Both the energy and timing
resolution of the PET suffer from this approach. With the introduction of reliably
working APDs (Lecomte et al. 1990; Pichler et al. 1998), which can be operated
inside magnetic fields, the group at the University of California, Davis, USA, has
designed a hybrid PET detector which can be operated inside a 7-Tesla magnet
(Catana et al. 2006) (Figs. 11, 13). Basically, scintillation crystals are coupled to
position-sensitive APDs (Shah et al. 2002) via short light fibers; this avoids mate-
rials other than the nonmetallic scintillator and light fibers being located inside the
MRI field of view (FOV). This ensures a minimized probability that either the PET
interferes with the MRI or the MRI affects the PET signals. The short light fibers,
having only a length of 10 cm, still maintain a good PET signal quality. The crystal
blocks are assembled to a ring which is located between the limited space (3 cm)
between gradient and RF coil of a small-animal 7-Tesla MRI system. This approach
has a limited axial field of view (14mm) and does not allow for an easy axial ex-
tension since all the space is already occupied by the light fibers. Nevertheless, the
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Fig. 11 a–d Schematics of four different approaches to design a PET/MRI system. a Long optical
fibers coupled to PMTs. The long fibers lead the scintillation light away from the magnetic file so
that PMTs can be operated. b Hybrid approach with fibers and APDs. Very short fibers are used to
couple the scintillators to the APDs, which reside outside the MR FOV. c APDs directly coupled
to the scintillator block. This approach requires careful design to have no interference of the PET
detectors with the MRI. However it offers a very compact design. d Split magnet approach. This
approach uses well-established PMT technology with a modified split magnet, where the PET
detector is built in between the two magnet halves

Fig. 12 Bottom: PET/MR approach based on long optical fibers coupled to outside PMTs. The
PET ring consists of a ring of scintillation crystals coupled to long light fibers, whose read-out is
analyzed outside the magnet. Top: images show simultaneously acquired PET/MR images of a rat
head injected with FDG. The 3D PET volume image was acquired by stepping the mouse through
the PET scanner in 2-mm steps (10min per step) (Marsden et al. 2002)
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Fig. 13 a–c PET/MRI system built at the University of Davis, California, USA (Catana et al.
2006). a Photograph of the PET insert with cover taken off. b Acquired PET/MR images of a dead
mouse injected with 18F-fluoride. c Schematic of the PET insert when it is located inside the MRI
scanner

losses in energy and timing resolution inherent to the use of long light fibers are
minimized and the system can take full advantage of having an MRI FOV free of
metallic objects, since only the crystal blocks and the light fibers reside at the center
of the MRI. The first encouraging results and mouse images have been shown by
using this approach (Fig. 13) (Catana et al. 2006).
The manufacturing of light-fiber-based PET systems can be very delicate. Even

though short light fibers have already been successfully used in existing state-of-
the-art small-animal PET scanners (Tai et al. 2005), they bear limitations for a
PET/MRI application since the radially available space for the PET detectors in
such a combined system is very limited. The more axial PET detector layers are
added to the system, the more fibers are needed to read out the individual crystals,
thus limiting the axial FOV.

3.2.2 Integrated PET/MRI Systems

The use of fibers to transfer the light to the detector is always associated with a
loss of energy and timing resolution, even if very short light fibers are used. To
avoid these losses, the light detector needs to be directly coupled to the scintilla-
tor. This implies that the presence of metallic material inside the MRI FOV can not
be avoided. In the approach of the University of Tübingen, Germany, a 3× 3 APD
array is directly coupled to the crystal block (Judenhofer et al. 2007; Pichler et al.
2006). To avoid long signal tracks, which would provide a large contact surface for
distortions and noise to interact with the detector, the preamplifier is mounted as
close as possible to the APD array and implemented as an integrated circuit. The
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Fig. 14 a, b PET/MRI system built at the University of Tübingen, Germany. a Schematic of the
PET when inserted in the 7-Tesla MRI system. Small images show the assembled integrated PET
insert and one detector cassette with LSO crystal, and attached electronics. b Acquired PET/MR
images of a mouse head injected with 18F-FDG. The high PET uptake matches the location of the
harderian glands when overlayed with the MRI data (Judenhofer et al. 2007)

arrangement of crystal block, APD array, and preamplifier electronics is all located
at the centre of the MRI FOV between the gradient and RF coil of a 7-Tesla small-
animal MRI system (Fig. 14). The presence of the RF-coil and the switching of the
gradients require good RF shielding for the PET detector. The best shielding would
be achieved by encapsulating the complete detector assembly in a solid metal box
made of copper, yet the use of large solid metal surfaces is problematic as eddy
currents can be induced. Thus, for the PET detector shielding, 10-µm, thin, double-
sided, copper-coated plastic was used, which is sufficient enough for shielding but
does not interfere with the MRI. In addition, each detector is encapsulated by itself,
which reduces the overall continuous surfaces and thus the area for eddy currents
to be created. This approach provides the potential to design a PET scanner with a
large axial FOV if highly integrated electronics, which only occupy the space behind
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the crystal block and APD, are used. First phantom performance measurements and
animal studies were performed with this integrated PET/MRI system. The initial re-
sults indicate a nearly uncompromised functionality of the PET andMRI, and might
even allow for nuclearmagnetic resonance (NMR) spectroscopy and functionalMRI
(fMRI). Figure 14 shows a mouse head injected with [18F]FDG, simultaneously im-
aged with a prototype fully integrated PET/MRI (Judenhofer et al. 2007). A similar
approach of directly coupling the scintillator to the APD is already used for investi-
gation and construction of a first clinical head PET/MRI system by SiemensMedical
Solutions.

3.2.3 PET/MRI Approaches using Modified Magnets

So far, all the described PET/MRI approaches require a significant modification
of the PET detector technology in order to avoid mutual interference between the
two imaging systems and to make the PET scanner basically invisible for the MRI.
However, the MRI system remains more or less untouched.
Two groups, at the University of Cambridge, UK, and the University of Western

Ontario, Canada, are working on a PET/MRI system using advanced MRI technol-
ogy and, more or less, state-of-the-art PET detector technology. This is either done
by using a split magnet, where PET detectors are built in between the two halves
of the magnet, or by using a field-cycled MRI scanner where the magnetic field is
close to 0 Tesla when the PET signals are read out by PMTs (Gilbert et al. 2006;
Lucas et al. 2006). Both approaches are currently under investigation, since the split
magnet needs a special gradient coil design to bridge the axial gaps between the two
magnet halves. The PET detectors used in between are based on a commercially
available animal PET scanner detector technology using 12×12 LSO crystal arrays
with an individual crystal size of 1.5× 1.5× 10mm3 coupled to position-sensitive
PMTs via a short light-fiber bundle (Tai et al. 2005). The fiber bundles are elon-
gated to 1.2m in order to lead out the scintillation light in radial direction to the
PMT. However, the split magnet allows a radial guidance of the fibers which does
not require bending, subsequently having only little light loss and space constraints
(Fig. 15). Nevertheless, the MRI system is based on a 1-Tesla magnet, which will
limit the signal-to-noise ratio of the MR images (Lucas et al. 2006).
Both, PET/MRI systems, the one based on the split magnet and the one based on

the field-cycledMRI need to prove their feasibility, in order to allow the construction
of a high-quality PET/MRI scanner at reasonable cost.

3.3 PET Attenuation Correction based on MRI Data

As already discussed for PET/CT, for an accurate PET quantification, correction for
the 511-keV photon attenuation caused by the tissue is mandatory. In sharp contrast
to PET/CT, where the CT image data provide an attenuation map for PET images,
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Fig. 15 Split magnet PET/MR approach of the University of Cambridge. A 1-Tesla magnet with a
schematic of PET system superimposed. The cut-away shows a ring of scintillating crystal blocks
(at the center), fiber optic bundles, and screened PMTs (outside magnet cryostat) (Lucas et al.
2006)

MR image data contain the information about tissue proton density. The proton
density does not necessarily reflect the photon attenuation probability. For example:
bone, which is a very dense tissue, has a high attenuation factor in CT images, but
only low proton density. Hence, bones provide no signal in MR images and are
similar to the MRI signal of air. Thus, a simple re-mapping of MR signal intensities
would not provide an accurate PET attenuation correction.
The use of a measured attenuation correctionwith an external source, such as car-

ried out on stand alone PET scanner, does not seem adequate for PET/MRI since the
space within the MRI scanner is already limited and a mechanical implementation
of the rotation mechanism is challenging. In addition, the transmission measurement
would increase the total examination time and contribute to the radiation exposition.
This problem calls for new approaches so as to derive PET attenuation data for a

combined PET/MRI scanner from the MR image data.
First approaches, based on regional segmentation of the image into body regions

and organs have already been successfully implemented. Usually, they only pro-
vide sophisticated data when applied to rigid body parts such as the head (Zaidi and
Hasegawa 2003; Zaidi et al. 2003). Here, the circular shape and also the distribution
of the tissue, such as skull, brain, liquor, etc., have only small variations from ex-
amination to examination. Thus, algorithms can segment regions based on a set of
a-priori information. While these algorithms perform well on rigid and well defined
structures such as the head, they tend to fail or require manual user assistance if
applied on other body regions; for example, the thorax or abdomen. Furthermore, a
simple segmentation of MR images to reveal an attenuation map for PET will not
include MR image truncation artifacts caused by the limited MR FOV. For these
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cases, new algorithms and methods are currently under investigation (Montandon
and Zaidi 2005). Some of these approaches are atlas based and try to use more a-
priori information corresponding to the investigated region. However, the creation
of sophisticated atlases is very time-consuming and requires a multiplicity of data
sets from which the atlas can be derived. Furthermore, different body regions as
well as gender, age, and body size or weight will require a different atlas to achieve
proper results. Nevertheless, it remains unclear how pathologies (e.g., large tumors)
can be implemented in atlas-based attenuation correction.
A new approach is to utilize so-called support vector machines (Zien et al. 2000),

which are algorithms that can learn from given templates. The aim is to apply such
algorithms on well-matched training data sets of attenuation maps derived from a
transmission or a CT scan and MRI data from the same subject. The algorithms try
to find certain textures and attributes of the MRI image data matching to a certain
attenuation value from the attenuation data. However, to have a sophisticated trained
algorithm, several hundred ideally matched training data sets are necessary.
Overall, it is up to now unclear which attenuation correction approach for

PET/MRI data is the best to be used. All listed algorithms have their strength and
weaknesses, and probably a combination of all will lead to an adequate and auto-
mated MRI-based attenuation correction.

3.4 Preclinical Research Gains from PET/MRI

PET is a powerful molecular imaging tool with a number of demonstrated applica-
tions in the study of experimental animal models. Through the use of highly spe-
cific radiolabeled molecular probes, PET provides exceptionally sensitive assays of
a wide range of biological processes and is therefore a novel method to study animal
models of diseases. However, the principal drawback of PET is its relatively poor
spatial resolution, thus making an accurate localization of high uptake extremely
difficult in many cases. This is particularly true when using highly specific radiola-
beled probes that do not produce images with significant anatomical information for
reference.On the other hand,MRI provides exquisite high resolution and anatomical
information as well as access to volume-specific chemical and physical information
(e.g., metabolite concentrations and water diffusion characteristics). However, the
sensitivity of MRI is much lower compared with nuclear imaging approaches. Ab-
solute quantification in MRI is also challenging due to the nonlinear relationship
between probe concentration and its effect on image intensity. Each modality has
its advantages as well as its limitations. Merging these two modalities in the study
of experimental animal models will allow the strengths of both techniques to be
exploited in a synergistic fashion. Accurate morphological information can also im-
prove the quantification accuracy by correcting for partial volume effects (Meltzer
et al. 1990; Rousset et al. 1998). Besides the better soft tissue contrast, MRI has
the big advantage compared with CT that it does not use ionizing radiation. For
whole-body mouse CT scan with a spatial resolution of about 50µm, the dose per
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scan is about 0.6Gy, which is approximately 5% of the LD 50 (lethal dose for 50%)
value for mice (Weissleder 2002). Several studies indicate that even X-ray doses
below 0.1Gy can influence the expression of cytokines such as IL-10 or IL-12 in
animal models (Liu et al. 2003). Thus, radiation exposure is definitely a substantial
problem in preclinical research using small animals. In sharp contrast to PET, the
radiation dose of CT is usually by factors higher than the radiation dose from the
positron emitters. Therefore, small-animal imaging might profit immensely from a
combined PET/MRI system. In addition, the flexibility of MRI scans by using dif-
ferent sequences to investigate different soft-tissue types presents a large choice of
imaging protocols for preclinical studies. The simultaneous acquisition of PET and
MRI data is an advantage not only because it reduces the total scan time but also
because it allows a temporal coregistration of PET and MRI data.

3.5 Roadmap for Clinical PET/MRI

The described approaches to combining PET and MRI into one device are mostly
based on preclinical research systems. For a clinical multimodality PET/MRI scan-
ner investigations are pursued to develop a PET insert which can be used in com-
bination with a standard 3-Tesla clinical patient scanner. Due to limited available
space inside the MRI machine, the PET insert can be used exclusively for imag-
ing of the head and neck regions. It uses a standard MR head-coil, which will be
located in the PET insert. While such a system will provide an ideal platform for
studies in the fields of neurology, neuro-oncology and psychiatry, the ultimate goal
would definitely be a whole-body PET/MRI system. Such a system would not only
be valuable for whole-body oncological examinations but also allow for advanced
motion correction by simultaneous PET and MRI data acquisition. This option of
improved motion correction is another benefit of PET/MRI over PET/CT.

3.6 PET/MRI: Goes the Potential beyond Dual-Modality Imaging?

The original aim of combining PET andMRI as a dual modality imaging system was
to cover weaknesses of the existing PET/CT systems, which are lack of soft-tissue
contrast and the relatively high radiation dose applied from the CT. However, MR
imaging goes far beyond acquiring anatomical images with high- quality and high
soft-tissue contrast; MRI offers also functional information such as fMRI and pro-
ton spectroscopy. Thus, complementary functional information from PET and MRI
can be correlated, providing additional information for kinetic modeling. The poten-
tial of simultaneous PET/MRI, therefore, goes beyond revealing tracer uptake and
morphology towards multifunctional imaging.
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Pichler B, Böning G, Lorenz E, Mirzoyan R, Pimpl W et al (1998) Studies with a prototype high
resolution PET scanner based on LSO-APD modules. IEEE Trans Nucl Sci 45:1298–1302
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Abstract Even though the intrinsic magnetic resonance imaging (MRI) contrast is
much more flexible than in other clinical imaging techniques, the diagnosis of sev-
eral pathologies requires the involvement of contrast agents (CAs) that can enhance
the difference between normal and diseased tissues by modifying their intrinsic pa-
rameters. MR CAs are indirect agents because they do not become visible by them-
selves as opposed to other imaging modalities. The signal enhancement produced
by MRI CAs (i.e., the efficiency of the CAs) depends on their longitudinal (r1) and
transverse (r2) relaxivity (expressed in s−1 mmol−1 l), which is defined as the in-
crease of the nuclear relaxation rate (the reciprocal of the relaxation time) of water
protons produced by 1mmol per liter of CA.
Paramagnetic CAs (most of them complexes of gadolinium) are frequently used

in clinics as extracellular, hepatobiliary or blood pool agents. Lowmolecular weight
paramagnetic CAs have similar effects on R1 and R2, but the predominant effect at
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low doses is that of T1 shortening (and R1 enhancement). Thus, organs taking up
such agents will become bright in a T1-weighted MRI sequence; these CAs are thus
called positive contrast media.
The CAs known as negative agents influence signal intensity mainly by short-

ening T2∗ and T2, which produces the darkening of the contrast-enhanced tissue.
These CAs are generally composed of superparamagnetic nanoparticles, consist-
ing of iron oxides (magnetite, Fe3O4, maghemite, γ Fe2O3, or other ferrites). Iron
oxide nanoparticles are taken up by the monocyte-macrophage system, which ex-
plains their potential application as MRI markers of inflammatory and degenerative
disorders.
Most of the contemporary MRI CAs approved for clinical applications are non-

specific for a particular pathology and report exclusively on the anatomy and the
physiological status of various organs. A new generation of MRI CAs is progres-
sively emerging in the current context of molecular imaging, agents that are de-
signed to detect with a high specificity the cellular and molecular hallmarks of
various pathologies.

1 Introduction

Clinical magnetic resonance imaging (MRI) relies on the magnetic properties of 1H,
as one of the most abundant naturally occurring nuclei in the human body. Particu-
larly detailed anatomical images are obtained by exposing 1H nuclei to an external
magnetic field and to excitation pulses in the form of radio waves (oscillating elec-
tromagnetic field). Spatial information about the distribution of magnetic nuclei in
the body is achieved by exposing them to an inhomogeneous magnetic field that
varies linearly over the body, forming a so-calledmagnetic field gradient. The mag-
netic field gradient causes identical nuclei to precess at different Larmor frequen-
cies, which are proportional to the field strength. The larger the gradient strength
the larger the frequency range, and thereby the characteristically outstanding con-
trast between various anatomic structures in the human body is obtained by MRI
(Lauterbur 1973; Petersen et al. 1985; Rinck 1993; Muller 1996).
The term contrast defines the relative difference in intensities between two adja-

cent regions within an examined object on a gray (or color) scale. The numerical dif-
ference between the intensities of pixels or voxels creates the contrast. The contrast
of an MR image is the result of various contributing intrinsic [proton longitudinal
and transverse relaxation times, T1 and T2, respectively, the T2-star (T2∗), proton
density, flow, diffusion, and perfusion] and extrinsic (type of pulse sequence, timing
parameters of the pulse sequence, strength of magnetic field) parameters.
Even though the intrinsic MRI contrast is much more flexible than in other clin-

ical imaging techniques, the diagnosis of several pathologies requires the involve-
ment of contrast agents (CAs) that can enhance the difference between normal and
diseased tissues by modifying their intrinsic parameters. This is the result of in-
creasing (positive agents like paramagnetic CAs) or of decreasing (negative agents
like superparamagnetic CAs) the signal intensity by shortening the proton relaxation
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times of the imaged organs and tissues. Accordingly, MR CAs are indirect agents
because they do not become visible by themselves as opposed to other imaging
modalities.
The signal enhancement produced by MRI CAs (i.e. the CAs’ efficiency) de-

pends on their relaxivity (r1 and r2), which is defined as the increase of relaxation
rate (R1 = 1/T1; R2 = 1/T2) produced by 1mmol per liter of CA (expressed in
s−1 mmol−1 l) (1). The r1 and r2 are the main physicochemical parameters that
are considered in the development of an effective magnetic label, and they depend
essentially on the size and chemical structure of a CA molecule and on the accessi-
bility of water molecules to the magnetic center (1).

Ri(obs) =
1

Ti(obs)
=

1
Ti(diam)

+ riC; i = 1 or 2 (1)

where:

Ri(obs) and 1/Ti(obs) = global relaxation rate of the aqueous system (s−1)
Ti(diam) = relaxation time of the system before addition of the CA(s)
C= the concentration of the paramagnetic center (mmol l−1)
ri = the relaxivity (s−1 mmol−1 l)

It should be emphasized that tissue concentration of CA is not the only parame-
ter that contributes to its efficiency. The CA distribution within the image voxel,
the proton density and the diffusion as well as the chemical environment are not
negligible contributors to the efficiency of signal enhancement.
The CAs for MRI should fulfill several requirements for clinical applications:

adequate relaxivity and susceptibility effects, tolerance, safety, low toxicity, sta-
bility, optimal biodistribution, elimination and metabolism. Most of the MRI CAs
do not highlight specific pathologies, but rather unspecific pathological alterations.
Those with a wide clinical application can be classified as extracellular, blood pool,
and hepatobiliary agents, as well as pharmaceuticals enhancing the lymph nodes,
liver and tumors.

2 Relaxation Mechanisms

2.1 Paramagnetic Relaxation

Quantitative theoretical models have been developed to express the relaxivity of
paramagnetic centers. The efficiency of CAs is linked to molecular motions and
to intrinsic properties of the nuclei (magnetic moment, gyromagnetic ratio, spin).
The paramagnetic relaxation is classically explained by two mechanisms: the “inner
sphere” (IS) and “outer sphere” (OS) contributions (Muller 1996). The principle
of “inner sphere” relaxation (Fig. 1) relies on a chemical exchange during which
one (or several) water molecule(s) in contact with the electronic spins leaves the
first coordination sphere of the paramagnetic center and is (are) replaced by other
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Fig. 1 Schematic representation of the inner sphere relaxation mechanism

molecules (residence time τM). This mechanism allows the propagation of the para-
magnetic effect to the totality of the solvent since the water molecule exchanges
between two sites (bound to the paramagnetic center and bulk water). The IS model
has been described by the Solomon-Bloembergen-Morgan theory (SBM) (Solomon
1955; Bloembergen 1957).
The relaxation time of water protons located in the first coordination sphere of

the metal is T1M. The contribution of the inner sphere mechanism is given by:

R1
IS = f q

1
T1M + τM

(2)

where:

f = the relative concentration of the paramagnetic complex and of the water
molecules
q = the number of water molecules in the first coordination sphere
τM = the water residence time

Calculation of T1M is based on a model which includes the amplitude of the mag-
netic interaction, its temporal modulation and the effect of the strength of the exter-
nal magnetic field (3).

1
T1M

=
2
15

(µ0
4π

)2
γ 2Hγ 2S h̄2S(S+1)

1
r6

[
7τc2

1+(ωSτc2)2
+

3τc1
1+(ωHτc1)2

]
(3)

where
1

τci
=
1
τR

+
1

τM
+
1
τsi

(4)
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1
τS1

=
1
5τSO

[
1

1+ ωS2τV2
+

4

1+4ωS2τV2

]
(5)

1
τS2

=
1

10τSO

[
3+

5
1+ ωS2τV2

+
2

1+4ωS2τV2

]
(6)

where:

γS and γH = the gyromagnetic ratios of the electron (S) and of the proton (H),
respectively
ωS,H = the angular frequencies of the electron and of the proton
r= the distance between coordinated water protons and unpaired electron spins
τc1,2 = the correlation times modulating the interaction; they are defined by (4)

Where:

τR = the rotational correlation time of the hydrated complex
τs1,2 = the longitudinal and transverse relaxation times of the electron

These latter parameters are field dependent (5 and 6).

τSO = the value of τs1,2 at zero field
τv = the correlation time characteristic of the electronic relaxation times

The second contribution to the paramagnetic relaxation is the “outer sphere” relax-
ation (Fig. 2). It is explained by the dipolar interaction at long-distance between the
spin of the paramagnetic substance and the nuclear spin. This mechanism is mod-
ulated by the translational correlation time (τD) that takes into account the relative
diffusion (D) of the paramagnetic center and the solvent molecule, as well as their
distance of closest approach (d) (7). The OS model has been described by Freed
(1978).

τD = d2/D (7)

The complexity of equations describing the relaxation rate explains the impor-
tant number of parameters describing the IS and OS relaxation (eight parameters:
τM, q, τR, D, r, d, τV, τS0). Considering this high number of parameters, the esti-
mation of all of them by the technique of field cycling is often ambiguous. Thus, the
determination of some parameters by independentmethods facilitates the theoretical
adjustment of the proton nuclear magnetic relaxation dispersion (NMRD) profiles
(Fig. 3). This curve characterizes the efficiency of CA at different magnetic fields
(Vander Elst et al. 1997; Muller et al. 1999; Laurent et al. 2000, 2004a, 2004b).

Rotational correlation time (τR)
The rotational correlation time characterizes the reorientation of the vector be-

tween Gd3+ and the protons of the water molecule. Generally, for a low molecu-
lar weight complex, τR limits the relaxivity of the complex at imaging field. The
rotational correlation time can be obtained by various methods, such as: (1) analy-
sis of 17O longitudinal relaxation on Gd complexes (Micskei et al. 1993a, 1993b),
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Fig. 2 Schematic representation of the outer sphere relaxation mechanism

Fig. 3 NMRD profile of Gd-DTPA at 310K (Laurent et al. 2006)



Contrast Agents: Magnetic Resonance 141

(2) measurement of the longitudinal relaxation rate in 13C-NMR (Shukla et al.
1991), (3) fluorescence polarization spectroscopy (Helms et al. 1997), and (4) 2H-
NMR on deuterated lanthanum complexes (Vander Elst et al. 1997).

Electronic relaxation times (τS1 and τS2)
Longitudinal and transverse electronic relaxation times (τS1 and τS2, respec-

tively) describe the process of return to equilibrium of the magnetization associ-
ated to electrons during transitions between electronic levels of paramagnetic center.
These transitions produce fluctuations that allow the relaxation of protons.

Number of coordinated water molecules (q)
The number of coordinated water molecules strongly influences the IS contribu-

tion. For complexes like Gd-DTPA, if the number of coordinated water molecules
increases from 1 to 2, the relaxivity increases by approximately 30%, but nearly all
Gd-DTPA derivatives have a q value equal to 1. The value of q can be estimated
either in solid phase (X-rays or neutron diffraction) or in solution [fluorescence of
Eu or Yb complexes, LIS (lanthanide-induced shift) method in 17O-NMR].

Proton-metal distance (r)
In the presence of paramagnetic centers, the IS contribution relies on dipolar

interactions. The efficiency of dipolar mechanism is proportional to 1/r6, where r
is the metal-proton distance. So, even a weak modification of this distance has an
important impact on the complex relaxivity.

Coordinated water residence time (τM)
The mechanism of IS relaxation is based on an exchange between water mole-

cules surrounding the complex and the water molecule(s) coordinated to the lan-
thanide. Consequently, the exchange rate (kex = 1/τM) is an essential parameter for
transmission of the “relaxing” effect to the solvent. This parameter has been studied
in many complexes to understand the influence of various factors, like the charge,
the presence of amide bonds, etc. (Micskei et al. 1993a, 1993b; Gonzalez et al. 1994;
Aime et al. 1999; Zhang et al. 2001; Toth et al. 1996, 1998, 1999).

2.2 Superparamagnetic Relaxation

The proton relaxation in superparamagnetic colloids like iron oxide particles occurs
because of the fluctuations of the dipolar magnetic coupling between the nanocrystal
magnetization and the proton spin. These superparamagnetic crystals of iron oxide
exhibit extremely high magnetic moments due to a cooperative alignment of the
electronic spins of the individual paramagnetic ions.
The relaxation is described by an outer sphere model where the dipolar interac-

tion fluctuates because of both the translational diffusion process and the Néel relax-
ation process (Roch et al. 1992, 1999a, 1999b, 2001; Muller et al. 2001; Ouakssim
et al. 2004).
The analysis of the protonNMRD profiles (Fig. 4) of superparamagnetic particles

gives thus:
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Fig. 4 NMRD profile of magnetite particles in colloidal solution

1. The average radius (r): at high magnetic fields, the relaxation rate depends only
on τD and the inflection point corresponds to the condition ωI .τD ∼ 1. As shown
in (8), the determination of τD gives the crystal size r; r, D and ωI are the average
radius of the superparamagnetic crystals, the relative diffusion coefficient, and
the proton Larmor frequency, respectively.

τD = r2
/

D (8)

2. The specific magnetization (Ms): at high magnetic fields, Ms can be obtained
from the equation Ms ≈ (Rmax/C · τD)1/2, where C is a constant and Rmax the
maximal relaxation rate.

3. The crystal anisotropy energy (Ea): the absence or the presence of an inflection
point at low fields informs about the magnitude of the anisotropy energy. For
crystals characterized by a high Ea value as compared to the thermal agitation,
the low field dispersion disappears. This was confirmed in a previous work with
cobalt ferrites (Roch et al. 1999b), which are known to have high anisotropy
energy.

4. The Néel relaxation time (τN): this characterizes the spatial fluctuations of the
global magnetization of the superparamagnetic particle. The relaxation rate at
very low field R0 is governed by a “zero magnetic field” correlation time τC0,
which is equal to τN if τN 
 τD. However, this situation is often not met, so that
τN is often reported as a qualitative value in addition to the crystal size and the
specific magnetization.
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3 Clinical Contrast Agents

3.1 Positive Contrast Agents

Paramagnetic CAs are actually the most frequently used in clinical applications af-
ter the first introduction of paramagnetic ions (Mn2+) by Lauterbur et al. (1978).
These compounds enhance the image contrast by lowering the T1 of water protons in
the adjacent tissues. Most of them are complexes of the lanthanide gadolinium(III)
(Gd), which is chelated with hydrophilic poly(aminocarboxylate) ligands to reduce
the toxicity of the heavy metal. The favorable magnetic properties of Gd(III) (seven
unpaired electrons and slow electronic relaxation time) make of it the preferred para-
magnetic ion for MRI applications (in addition to Mn2+, Dy3+ and Fe3+), while the
number of water molecules coordinated directly to the paramagnetic center depends
on the denticity of the chelate molecule. Low molecular weight paramagnetic CAs
have similar effects on R1 and R2, but since the intrinsic R1 of tissues is much
lower than R2, the predominant effect at low doses is that of T1 shortening (and
R1 enhancement). Thus, organs taking up such agents will become bright in a T1-
weighted MRI sequence; these CAs are thus called positive contrast media.
Gd-DTPA and Gd-DOTA were the first ionic compounds of a new generation of

imaging agents. These complexes are characterized by low toxicity, high thermody-
namic and kinetic stability. Although well tolerated, these two compounds are high
osmolar CAs (Weinmann et al. 1984; Magerstadt et al. 1986). Thus, two neutral
non-ionic gadolinium chelates, Gd-DTPA-BMA (Bousquet et al. 1988) and Gd-HP-
DO3A (Cacheris et al. 1990) have been developed. More recently, another neu-
tral paramagnetic complex has been used as an extracellular CA, Gd-DO3A-butrol
(Vogler et al. 1995; Platzek et al. 1997; Tombach et al. 2002). Since the detection
of metastatic focal liver disease is a key health strategy, efforts have been focused
to obtain hepatobiliary CAs for MRI, like Gd-BOPTA (Uggeri et al. 1995) or Gd-
EOB-DTPA (Weinmann et al. 1991; Vander Elst et al. 1997) (Fig. 5).

3.1.1 Extracellular Agents

The most commonly used MRI contrast media in radiology are extracellular agents
(Table 1). They are typically small molecular weight compounds that distrib-
ute nonspecifically in the blood plasma and extracellular space of the body after
administration. Due to the hydrophilicity of their chelating agent, most of them
have a rapid excretion through the kidneys with an elimination half-life of about
15–90min. Accordingly, they are efficient agents for imaging the leakage through
the blood-brain barrier, and their typical use concerns the detection of brain tumors
(Fig. 6). The first CA approved for clinical MRI applications in human beings was
the anionic gadolinium diethylenetriaminepentaacetate complex, Gd-DTPA, which
is nowadays routinely used for contrast enhancement under the name of Magnevist
(Schering, Berlin, Germany) (Lauffer 1988; Harpur et al. 1993; Tweedle et al. 1995;
Vogler et al. 1995; Caravan et al. 1999; Rohrer et al. 2005; Herborn et al. 2007).
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Fig. 5 Structure of paramagnetic contrast agents

This class of MRI contrast media has limited adverse effects (i.e., headache, nau-
sea, “metallic” taste), mainly because of their efficient and rapid excretion from the
body, which minimizes exposure to drug and possible cell internalization by endo-
cytosis. They are largely excreted unaltered by oxidation or conjugation (Caravan
et al. 1999). Though, the possible in-vivo decomplexation and transmetallation by
endogenous ions represents a matter of great concern in the development of new
contrast media because both metal ions and free organic ligands are highly toxic
(Tweedle et al. 1991).
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Table 1 Extracellular MRI contrast agents currently used in clinical practice

Name of the
compound/
Generic name

Trade name Relaxivitya

(s−1mM−1)
(1.5T, 37 ◦C,
water)

Distribution/
excretion

Indication/dosage
LD50

Gd-DTPA
Gadopentetate
dimeglumine

Magnevist r1 = 3.3
r2 = 3.9

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1–0.3mmol/kg
LD50 = 6.4mmol/kg

Magnevist
enteral

Bowel marking Gastrointestinal
100ml oral
(0.001mol/l)

Gd-DOTA
Gadoterate
meglumine

Dotarem r1 = 2.9
r2 = 3.2

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1mmol/kg
LD50 =
10.6mmol/kg

Gd-DTPA-BMA
Gadodiamide

Omniscan r1 = 3.3
r2 = 3.6

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1–0.2mmol/kg
LD50 = 34mmol/kg

Gd-HP-DO3A
Gadoteridol

ProHance r1 = 2.9
r2 = 3.2

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1mmol/kg
LD50 = 12mmol/kg

Gd-DTPA-BMEA
Gadoversetamide

Optimark r1 = 3.8
r2 = 4.2

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1mmol/kg
LD50 = 26mmol/kg

Gd-DO3A-butrol
Gadobutrol

Gadovist r1 = 3.3
r2 = 3.9

Intravascular,
extracellular
Renal excretion

Neuro/whole body
0.1mmol/kg
LD50 = 23mmol/kg

Gd-BOPTA
Gadobenate
dimeglumine

MultiHance r1 = 4.0
r2 = 4.3

Extracellular,
hepatobiliary
Renal and bil-
iary excretion

Central nervous sys-
tem (CNS), liver
0.1mmol/kg (CNS)
0.05mmol/kg (liver)
LD50 = 7.9mmol/kg

aFor more information see Rohrer et al. (2005)
LD50 median lethal dose

Commonly, linear chelates of gadolinium (e.g., Gd-DTPA) and bisamide deriva-
tives (e.g., Gd-DTPA-BMA) are less stable than macrocyclic systems (e.g.,
Gd-DOTA) and C4-substituted compounds like Gd-ethoxybenzyl (EOB)-DTPA
(hepatobiliary agent). In-vivo dissociation may result from the chelate interaction
with endogenous entities or by spontaneous processes. The biological interaction
may be related to the size, shape, charge, and lipophilicity of the chelate, while
the thermodynamics and kinetics of metal-ligand binding govern the spontaneous
processes (Wedeking et al. 1992; Laurent et al. 2001; Cabella et al. 2006; Idée
J-M et al. 2006). Thomsen (2006) has reported recently that Omniscan, an extra-
cellular nonionic low osmolar CA, may produce a serious adverse reaction called
nephrogenic systemic fibrosis (NSF), which in some cases can lead to serious phys-
ical disability.
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Fig. 6 Patient with a brain tumor before (top row: precontrast) and after the injection of Mag-
nevist (bottom row: contrast enhanced). The slightly opaque mass in the patient’s left hemisphere
observed in precontrast images (arrows) is clearly delineated only in contrast-enhanced images.
Extracellular agents enhance the absence or breakdown of the blood-brain barrier and the high
vascular lesions. Serial axial slices of the brain were acquired at 1.5 T on a Siemens Symphony
MRI system with a T1-weighted spin-echo sequence (repetition time, TR = 552ms; echo time,
TE= 17ms; matrix= 192×256; field of view, FOV= 173×230; slice thickness 5mm). [Images
courtesy of Dr. Divano L, Chambor Clinic of Medical Imaging, Mons, Belgium]

3.1.2 Blood Pool Agents

Magnetic resonance angiography (MRA), one of the clinical imaging techniques
used to image blood vessels, is of paramount importance for the diagnosis of
pathologies that are characterized by vascular injuries and flow reduction, i.e., trau-
matic injuries, ulcers, infectious diseases, tumors, embolism, atherosclerosis. The
vascular system can be visualized by MRA in the absence of any exogenous CA,
unlike X-ray angiography and other angiographic techniques, but diagnosis is some-
times challenging because the contrast is flow-dependent and sensitive to artifacts at
locations of turbulent flow, such as behind a stenosis. Faster MRA protocols and the
development of CAs dedicated to this application have greatly improved the clini-
cal value of this technique, known nowadays as contrast enhancedMRA (CE-MRA)
(Den Boer and Hoogeveen 2001). CE-MRA (Fig. 7) has, moreover, the advantage of
not being invasive, since no exposure to ionizing radiation or nephrotoxic iodinated
CA is involved as opposed to X-ray angiography and CT angiography (Schneider
et al. 2005).
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Fig. 7 Three-dimensional CE-MRA of the neck vessels (normal carotid artery bifurcations are
well represented) in a healthy individual obtained after the first pass of a bolus of Dotarem. Coronal
images were acquired at 1.5 T on a Siemens Symphony MR imaging system with a 3D time-of-
flight (TOF) sequence (TR = 3.7ms; TE = 1.5ms; matrix= 180×384; FOV = 188×300; slice
thickness 0.8mm). [Images courtesy of Dr. Divano L, Chambor Clinic of Medical Imaging, Mons,
Belgium]

For a proper evaluation of the vascular system by CE-MRA, angiographic CAs
must have an enhanced T1 relaxivity, a prolonged vascular residence time and a lim-
ited extravasation to allow repeated image acquisitions after a single administration.
Other prerequisite attributes are the low toxicity, biological inertness, excretability
from the blood stream, low accumulation in the reticulo-endothelial system (RES),
absence of metabolic conversion and low immunogenicity (Bogdanov et al. 1999).
Several strategies were developed for the prolongation of the vascular residence
time and for the enhancement of T1 relaxivity (increased rotational correlation time,
τR, and decreased water residence time, τM). Thus, some of the MRA CAs mimic
the circulating blood cells (liposomes or micelles) (Anelli et al. 2001; Parac-Vogt
et al. 2006), while others mimic plasma proteins (macromolecules and colloids)
(Corot et al. 1997; Kobayashi et al. 2001; Gaillard et al. 2002; Wang et al. 2003)
or reversibly bind to plasma proteins (Parmelee et al. 1997; Bremerich et al. 2001;
Sharafuddin et al. 2002; Hovland et al. 2003; Parac-Vogt et al. 2005).
However, different disadvantages limit the clinical application of these appro-

aches for CE-MRA. The concerns regarding patient safety and manufacturing costs
restrict their utilization for the development as blood-pool CAs and only a limited
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Table 2 Blood pool contrast agents approved for phase III clinical trials

Name of the
compound/
Trade name

Relaxivity
(s−1mM−1)
(37 ◦C)

Mechanism
of blood
enhancement

Excretion, Plasma
half-life, LD50

Indication/dosage

MS-325
Vasovist
(formerly
AngioMARK)

r1 = 5.1 in
water and 25
in 4% HSA at
0.47 T, and ∼5
in water at
1.41Ta

Transient
binding to
albumin

Biliary and partly renal
excretion
Half-life= 23 min in
rats, 1.97 h in rabbits,
and 3.52 h in primates
LD50 = 5–6mmol/kg

Peripheral vascular
disease and coronary
artery disease
0.05mmol/kg

P792
Gadomelitol
Vistarem

r1 = 38.5 in
water and 40
in 4% HSA at
0.47 T, and 24.9 in
water at 1.41 Tb

Macro-
molecular
Gd-DOTA
derivative

Renal excretion
Half-life= 20 min
in rats and 41min
in rabbits
LD50 > 1.88mmol/kg

Myocardial perfusion,
vascular imaging
and tumor
characterization
0.015mmol/kg

aMuller et al. (1999)
bVander Elst et al. (2005)

number has progressed to clinical trials to date (Table 2). For example, liposomes
leave the circulation rapidly and accumulate in liver and spleen. The prolonged
blood pool retention of macromolecular CAs represent a potential risk to the pa-
tient, while the relaxivity gain obtained by increasing the molecule size is often less
than expected (Aime et al. 1998). The main drawback of plasma protein mimetics is
their opsonization and recognition by the reticulo-endothelial system, which leads
to fast plasma depletion and decrease of the blood pool signal. Cardiac toxicity,
immunogenicity, and prolonged retention in liver and bone characterize albumin-
chelate conjugates, whereas poly(L-lysine) chelate conjugate is retained in kidneys
and adrenal glands. The foremost disadvantage of dextran-based conjugates is their
polydispersity, which is responsible for the fast elimination from the blood.
Low molecular weight CAs that bind noncovalently to plasma albumin produce

an efficacious alternative to macromolecule-based MR blood pool agents, which
solve the clearance problems. For instance,MS-325 is a small-molecule chelate with
a molecular weight of 957Da that binds strongly and reversibly to human serum al-
bumin (HSA) after injection and thus becomes a macromolecular complex (68KDa
in the bound form) with blood-pool distribution. At a clinical dose of 0.05mmol/kg,
one or two MS-325 molecules will be bound per molecule of HSA. The equilibrium
between free and protein-bound MS-325 allows that a small amount of MS-325 be
excreted through the kidneys (Kroft et al. 1999; Muller et al. 1999; Caravan et al.
2002; McMurry et al. 2002; Farooki et al. 2004).
Another molecular approach with potential clinical benefits is represented by the

intermediate size (MW= 6.47kDa) blood-pool agents like P792, which is a macro-
cyclic gadolinium complex having a Gd-DOTA core on which hydrophilic bulky
groups are linked to ensure biocompatibility. The agent is rapidly eliminated mainly
via the urinary route, does not bind to albumin and does not cross the healthy blood-
brain barrier. Combining intravascular retention with no extravascular diffusion, the
rapid body clearance and the marked T1 effect, P792 presents optimal attributes for
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angiographic applications, allowing a favorable contrast between vessels and adja-
cent tissue (Turetschek et al. 2001; Gaillard et al. 2002; Corot et al. 2003; Mandry
et al. 2005).

3.1.3 Hepatobiliary Agents

The CAs used for MRI of the liver were designed to improve the discrimination and
diagnosis of focal hepatic lesions. Paramagnetic extracellular CAs may improve the
differential diagnosis, but they rapidly distribute in the interstitial space, do not pass
plasmamembranes, while their hepatocellular uptake and biliary excretion are negli-
gible. More accurate depiction of all types of hepatic lesions has raised the necessity
to develop liver-specific agents, despite the progress in liver-dedicated T1- or T2-
weighted MRI protocols. Two main classes of liver CAs were designed to overcome
the limitations of unspecific tissue uptake of extracellular low molecular weight
gadolinium chelates. These are hepatobiliary CAs, with uptake into hepatocytes fol-
lowed by variable biliary excretion, and superparamagnetic iron oxide (SPIO), with
uptake by the macrophages of RES mainly into the liver and spleen (Semelka and
Helmberger 2001; Weinmann et al. 2003; Reimer et al. 2004a; Karabulut and Elmas
2006). Considering that these latter agents belong to the class of negative contrast
media and they are not specific to hepatocytes, they will be covered subsequently in
the sub-chapter 3.2.
The only hepatobiliary CAs that are approved for clinical use are mangafodipir

trisodium (Mn-DPDP, Teslascan) and gadobenate dimeglumine (Gd-BOPTA, Mul-
tiHance). Gadoxetic acid (Gd-EOB-DTPA, Eovist, Primovist) is in phase III clinical
trials in USA and Europe, has finished phase III studies in Japan, and has been ap-
proved for clinical use in Sweden (Table 3). The enhancement produced by these
agents during the distribution phase depends mainly on tumor vascularity and its
blood supply, while late enhancement relies on cell specificity. In the case of man-
gafodipir, its active uptake by differentiated carcinoma cells allows diagnosis of
primary hepatocellular liver tumors (Rofsky et al. 1993). Experimental studies with
gadobenate dimeglumine did not show any intracellular uptake within hepatocellu-
lar carcinomas (Marchal et al. 1993).
The chemical similitude of Mn-DPDP [manganese (II)-N, N′-dipiridoxylethy-

lenediamine-N, N′-diacetate-5, 5′-bis(phosphate) sodium salt] with vitamin B6
(DPDP is a vitamin B6 analog) contributes to its hepatocyte uptake, but some of
the liver accumulation is related to the metabolism of the parent compound with
release of free Mn2+ ions. Mn-DPDP is metabolized in-vivo by dephosphoryla-
tion and transmetallation by Zn2+, while free Mn2+ ions are probably bound by
α2-macroglobulin and transported to the liver (Elizondo et al. 1991; Toft et al.
1997a, 1997b). After intravenous administration (5µmol/kg), the manganese ion
accumulates in liver, bile, pancreas, kidneys, and cardiac muscle. The physiologi-
cal status of liver parenchyma influences the degree of liver enhancement, which
starts within 1–2min post injection, attains a steady-state level within 5–10min
and persists for several hours. Compared with Gd chelates, this pattern of liver
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Table 3 Properties of hepatobiliary contrast agents approved for clinical use or in phase III
clinical trials

Name of the
compound/
Trade name

Relaxivity
(s−1mM−1)
(0.47T, 37◦C)

Transport Excretion, Plasma
half-life, LD50

Indication/dosage

Mangafodipir
trisodium
Mn-DPDP
Teslascan

r1 = 2.8 in
water solution
and 21.7 in
liver tissuea

Vitamin B6
transporter
and α2-
macroglobulin

15% renal, 59%
biliary Half-life=
120 min, LD50 =
5.4mmol/kg

Metastases, additional
pancreatic enhancement
0.005mmol/kg

Gadobenate
dimeglumine
Gd-BOPTA
MultiHance

r1 = 4.2 in
water solutionb

and 30 in liver
tissuec

Organic
anion

75–90% renal,
10–25% biliary
Half-life= 15 min
LD50 = 5.7–7.9
mmol/kg

Metastases
Biliary obstruction lim-
its liver uptake
0.05mmol/kg

Gadoxetic acid
Gd-EOB-
DTPA Eovist,
Primovist

r1 = 4.9 in
water solutiond

and 10.7 in
liver tissuee

Organic
anion

41% renal, 57%
biliary Half-life=
60 min, LD50 >
10mmol/kg

Metastases
Biliary obstruction lim-
its liver uptake
0.0125–0.025 mmol/kg

aElizondo et al. (1991); bLaurent et al. (2006); cReimer et al. (2004a); dVander Elst et al. (1997);
eShuter et al. (1996)

enhancement allows greater flexibility in scanning protocols and patient scheduling
(Bellin et al. 2005). The lesion-liver contrast is significantly improved byMn-DPDP
because, generally, the compound is not taken up by nonhepatocellular liver lesions.
Thus, Mn-DPDP-enhanced MRI was comparable or superior to CT in detecting
small metastases and improved the tumor-liver contrast up to 218% on T1-weighted
gradient-echo images. However, the benefits of Mn-DPDP in the detection of he-
patocellular carcinomas (HCCs) are rather conflicting because HCCs may contain
variable amounts of functioning hepatocytes. Furthermore, a considerable variabil-
ity of Mn-DPDP uptake was also found in the case of adenomas, which does not
allow a reliable differentiation between them and HCC (Reimer et al. 2004a).
The adverse events produced by Mn-DPDP are probably related to the in-vivo

dechelation of the CA. Among them, the most frequently reported by patients
were flushing, warmth, nausea, increase of the blood pressure and heart rate, and
dizziness.
Gd-BOPTA (gadolinium benzyloxypropionictetraacetate) (Uggeri et al. 1995;

Morisetti 1999; Schima et al. 1999) and Gd-EOB-DTPA (gadolinium ethoxybenzyl
diethylenetriaminepentaacetic acid) (Weinmann et al. 1991; Schuhmann-Giampieri
1992; Hamm et al. 1995; Shuter B et al. 1996) are water-soluble gadolinium com-
plexes with a lipophilic moiety that intermediates hepatocellular uptake through
the anionic-transporter protein (van Montfoort et al. 1999; Reimer et al. 2004a).
The transporter is a membrane protein located in the sinusoidal and canalicular
side of hepatocytes. The intracellular transport of gadolinium chelates is partly
energy-dependent and they accumulate in bile with no metabolic alteration. Al-
though the two compounds exhibit similar chemical structure, the bile sequestration
of Gd-BOPTA is minimal and its diffusion back into the plasma is possible. Thus,



Contrast Agents: Magnetic Resonance 151

Gd-BOPTA has a less important biliary elimination in comparison with Gd-EOB-
DTPA (Table 3).
The hepatic uptake of Gd-BOPTA represents only 2–4% of the injected dose,

and its transient albumin binding makes this CA potentially suitable for MR an-
giography. During the first minutes after administration, Gd-BOPTA acts as a con-
ventional extracellular CA. A marked and long-lasting enhancement of normal liver
parenchyma is produced 40–120min after administration. Gd-BOPTA is indicated
for the detection of focal liver lesions in patients with known or suspected primary
liver cancer (e.g., hepatocellular carcinoma) or metastatic disease, which appear
hypointense on MR images (Reimer et al. 2004a; Bellin et al. 2005). Gd-BOPTA
was particularly efficient in the detection of hypervascular lesions on delayed post-
contrast images (i.e., 40–120min post injection). The most common adverse events
reported by patients (1–2.6%) were headache, flushing, nausea, abnormal taste, and
reaction at the injection site.
Similar to Gd-BOPTA, Gd-EOB-DTPA is able to bind to plasma proteins, which

results in an increase of T1 relaxivity (8.7s−1 mM−1, bovine plasma, 0.47T)
(Rohrer et al. 2005). Gd-EOB-DTPA has a short phase of extracellular behavior,
while the delayed phase starts 15–20min after administration, when 30% of the
compound is taken-up by hepatocytes. This increases the signal intensity of nor-
mal liver parenchyma with an improved lesion-to-liver contrast because most of
the malignant tumors do not contain functioning hepatocytes. Compared with CT,
Gd-EOB-DTPA-enhanced MRI was able to detect small lesions at a higher rate,
with a lower frequency of false positive results. Due to excretion through the bil-
iary system, Gd-EOB-DTPA has a potential application for contrast-enhanced MR
cholangiography. The adverse events currently reported as being definitely, possibly
or probably related to Gd-EOB-DTPA administration were nausea, vasodilation,
headache, taste perversion and pain at the injection site.

3.2 Negative Contrast Agents

The CAs known as negative agents influence signal intensity mainly by shortening
T2∗ and T2, which at a given echo time produces darkening of the contrast-enhanced
tissue. Conversely, they can act as positive agents (T1 shortening and image bright-
ening) when appropriate imaging sequences are involved. These CAs are composed
of superparamagnetic nanoparticles, consisting of iron oxides (magnetite, Fe3O4,
maghemite, γFe2O3, or other ferrites), which have a net magnetic dipole that is large
compared with the sum of its individual unpaired electrons. This large magnetic
moment alters the magnetic field in tissues and creates a large magnetic-field het-
erogeneity, through which water molecules diffuse. Diffusion induces dephasing of
the proton magnetic moments, resulting in T2 shortening. Such CAs are also called
susceptibility agents because of their effect on the magnetic field, which increases
with the crystal size and is a long-distance effect, as opposed to the paramagnetic IS
process of relaxation, which requires a close interaction with water protons (Rinck
1993; Okuhata 1999).
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The superparamagnetic nanoparticles are composed of an iron oxide nucleus of
several nanometers diameter. To increase their stability in aqueous medium, par-
ticles are coated with small molecules (citrate, oleate, silane, etc.) or polymers
(dextran, synthetic polymers, starch, etc.) and form colloidal suspensions. Iron ox-
ides are divided into two classes according to their global size: if the diameter is
>50nm, they are called SPIO, while USPIO (ultra small particles of iron oxide)
have a diameter of <50nm. The most common method for the synthesis of su-
perparamagnetic nanoparticles involves coprecipitation of ferrous and ferric salts
in an alkaline medium. Although coprecipitation methods are used for their sim-
plicity, the nanoparticles are fairly polydisperse. Thus, several other techniques are
currently being developed to obtain nanoparticles with more uniform dimensions
(Willard et al. 2004; Thorek et al. 2006).
Various kinds of nanoparticles have been developed and are used for clinical ap-

plications: Sinerem (Guerbet, France) (Jung and Jacobs 1995), Clariscan (Nycomed,
Norway) (Kellar et al. 2000), Endorem (Guerbet, France) (Groman et al. 1989) and
Resovist (Schering, Germany) (Bremer et al. 1999; Reimer et al. 1999) (Table 4).
Superparamagnetic nanoparticles have currently become very popular because of

their strongmagnetic efficacy and because they are composed of biodegradable iron,
which is biocompatible and can thus be reused/recycled by cells using normal bio-
chemical pathways for iron metabolism (Bulte and Kraitchman 2004). In addition,
their surface coating allows chemical linkage of functional groups and vectorizing
molecules that render them able to target a certain organ or disease (Corot et al.
2006; Thorek et al. 2006).
Conversely, their main disadvantage for MRI applications is represented by the

fast opsonization after intravenous administration, which leads to a massive uptake
by macrophages and mainly by the Kupffer cells in liver. Sometimes, these agents
can produce onMR images a strong effect of magnetic susceptibility called “bloom-
ing”, which manifests by a pronounced decrease of signal intensity that causes the
distortion or obliteration of organ boundaries (Wang et al. 2001).

3.2.1 Passive Targeting

Iron oxide nanoparticles are taken up by the monocyte-macrophage system, which
explains their capture by liver, spleen and bone marrow and their potential applica-
tion as MRI markers of inflammatory and degenerative disorders characterized by
an enhanced phagocytic activity of the macrophages. Their capture by phagocytes,
which is expressed in terms of stability, biodistribution, opsonization, metabolism
and clearance from the vascular system, is modulated by the same properties that in-
fluence the MRI efficacy, i.e., the size of iron oxide crystals, the hydrodynamic size
of the coated particle, the charge, the nature of coating, etc. (Corot et al. 2006). As
a general rule, larger-sized particles such as SPIOs are taken-up faster than USPIO,
but the charge of the coating material plays a decisive role. Hence, the blood half-life
is shorter for ionic dextran (carboxy and carboxy-methyl) than for nonionic dextran,
while very small USPIO (VSOP) that are coated with citrate have the shortest blood
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Table 4 Properties of superparamagnetic nanoparticles approved for clinical use or under clinical
investigationsa

Names of the
compound
Company

Hydrodynamic
Size (nm)b

Coating agent

Relaxivity
(s−1mM−1)
(1.5T,37◦C,
water or
plasma)

Half-life in
humans (hours)

Dosage
(µmol Fe/kg)

Applications

Ferumoxides,
AMI-25
Endorem/Feridex
Guerbet, Advanced
Magnetics

120–180
Dextran T10

r1 = 10.1
r2 = 120

2
30

Liver imaging
Cellular labeling

Ferumoxtran-10,
AMI-227
BMS-180549
Sinerem/Combridex
Guerbet, Advanced
Magnetics

15–30
Dextran T10, T1

r1 = 9.9
r2 = 65

24–36
45

Metastatic lymph
node imaging
Macrophage imaging
Blood pool agent
Cellular labeling

Ferumoxytol
Code 7228
Advanced
Magnetics

30
Carboxylmethyl-
dextran T10

r1 = 15
r2 = 89

10–14
18–74

Macrophage imaging
Blood pool agent
Cellular labeling

Ferumoxsil
AMI-121
Lumirem/
Gastromark
Guerbet, Advanced
Magnetics

300
Silicon

n.a. Oral Gastrointestinal
imaging

Ferucarbotran
SHU-555A
Resovist
Schering

60
Carboxydextran

r1 = 9.7
r2 = 189

2.4–3.6
8–12

Liver imaging
Cellular labeling

SHU-555C
Supravist
Schering

21
Carboxydextran

r1 = 10.7
r2 = 38

6
40

Blood pool agent
Cellular labeling

Feruglucose
NC100150
Clariscan
(abandoned)
Ferristene
Abdoscan
GE-Healthcare

20, Pegylated
starch (Clariscan)
3,500,
Sulphonated
styrene-
divinylbenzene
copolymer
(Ferristene
Abdoscan R©)

n.a.
n.a.

6
36
Oral

Blood pool agent
Gastrointestinal
imaging

VSOP-C184
Ferropharm

7
Citrate

r1 = 14
r2 = 33.4

0.6–1.3
15–75

Blood pool agent
Cellular labeling

aFor more information see Corot et al. (2006)
bDetermined by laser light scattering
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half-life in humans due to their anionic surface. However, the blood half-life is dose-
dependent due to the progressive saturation of macrophage uptake and is generally
longer in humans than in animals. It is worthy to mention that the total amount of
iron oxide (50–200mg Fe) injected for clinical MRI has a satisfactory safety pro-
file and chronic iron toxicity can develop only if liver iron concentration exceeds
4mg/gram of tissue (Bonnemain 1998).
Clinical applications of iron oxide nanoparticles depend on their biodistribution.

Thus, SPIO is well adapted for imaging of liver tumors and metastases because of
the intense macrophage (Kupffer cells) uptake. In these conditions, the contrast of
liver tumors is possible because only healthy liver tissue has a dark signal on T2
or T2∗-weighted images, while the signal intensity of tumors is not changed. Liver
tumors or metastases as small as 2–3mm can thus be detected (Stark et al. 1988;
Tanimoto and Kuribayashi 2005; Yoshikawa et al. 2006).
USPIO with prolonged half-life and minor macrophage uptake are useful for

imaging metastatic lymph nodes because these iron particles are progressively taken
up by macrophages in healthy lymph nodes (they appear dark on MR images) but
no modification of contrast is observed in metastatic tissue. Comparatively, USPIO
are useful for macrophage imaging in inflammatory and/or degenerative diseases
(Weissleder et al. 1990; Hudgins et al. 2002; Mack et al. 2002). For instance,
USPIO were used to detect inflammation associated with ischaemic stroke (Saleh
et al. 2004) or to image macrophage-rich areas in unstable atherosclerotic plaques
(Ruehm et al. 2001; Trivedi et al. 2004). They were also useful for in-vivo imaging
of macrophage activity in experimental autoimmune encephalomyelitis (EAE) (Xu
et al. 1998) or in patients with multiple sclerosis (Dousset et al. 2006).
Iron oxide particles coated by inert silicon (ferumoxsil) or polystyrene (ferris-

tene) were developed for oral administration and improvement of differentiation
between the gastrointestinal tract and surrounding tissues (Johnson et al. 1996;
Jacobsen et al. 1996).

3.2.2 Blood-pool Imaging

Small sized (7–30 nm) iron oxide nanoparticles like Sinerem/Combidex,
Ferumoxytol-7228, SHU-555C, VSOP-C184, and MION (monocrystalline iron ox-
ide nanocompounds) have optimal physicochemical and biological properties for
blood-pool imaging (Table 4). Their low levels of macrophage uptake and pro-
longed half-lives, as well as T1-shortening effect with certain MRI protocols and
when injected at low doses (15–50 µmol Fe/kg) were exploited for MRA applica-
tions, e.g., angiography, evaluation of cerebral, myocardial or renal perfusion, de-
tection of hepatic vascular lesions (Ahlstrom et al. 1999; Corot et al. 2003; Reimer
et al. 2004b). These compounds, known as slow-clearance blood pool agents, pro-
vide a larger time window for image acquisition of the vascular system, both for the
first-pass and for the equilibrium-phase MRA. Unfortunately, major drawbacks of
these applications were observed due to the superparamagnetic nature of iron ox-
ide nanoparticles, which was responsible for the loss of blood signal mainly when
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higher doses of CA were injected. In these conditions, the T2∗ effects prevail over
the T1 effects, even when using MRI sequences with very short echo times. In ad-
dition, images acquired during the equilibrium-phase show both arterial and ve-
nous contrast enhancement, which complicates the interpretation of the vascular
tree (Schneider et al. 2005; Corot et al. 2006).

4 Perspectives

Among the modern methods of clinical imaging, MRI has prevailed as the foremost
diagnostic technique because it is able to furnish, noninvasively and with a high spa-
tial resolution, both anatomical and physiological information. Most of the contem-
porary MRI CAs approved for clinical applications are nonspecific for a particular
pathology and report exclusively on the anatomy and the physiological status of var-
ious organs. Nevertheless, a new generation of MRI CAs is progressively emerging
in the current context ofmolecular imaging. These new agents are designed to detect
with a high specificity the cellular andmolecular hallmarks of various pathologies. It
is, however, generally accepted that conventional gadolinium chelates have a quite
low efficiency in the detection of molecular events because of their sensitivity in
the order of micromolar concentrations. Thus, the development of MRI CAs with
improved efficiency represents a challenge with respect to the choice of the most
adequate method of chemical synthesis and to the development of MRI protocols
adapted for their detection.
As a new and rapidly expanding discipline, molecular imaging integrates cell

and molecular biology with the final purpose to develop new diagnostic technolo-
gies able to identify, in-vivo, biochemical processes involved in pathological mech-
anisms which are often produced a long time before the morphological ones. Their
early detection may represent a decisive advantage for the choice of adequate ther-
apeutic strategies (Gupta and Weissleder 1996; Nunn et al. 1997; Weissleder and
Mahmood 2001;Massoud and Gambhir 2003;Meade et al. 2003; Rollo 2003; Rudin
et al. 2003; Sosnovik and Weissleder 2006).
The new generation of MRI CAs under development in biomedical research is

represented by complex assemblies made of a magnetic reporter, the contrastophore,
conjugated via a linker to a vectorizing moiety (ligand) specific to the structure to be
targeted. Various vector and carrier molecules have been developed to deliver mag-
netic labels to specific target sites, such as antibodies, peptides, polysaccharides, ap-
tamers, and synthetic compounds (e.g., peptide mimetics). The high specific affinity
for the target of these ligand molecules and its preservation after conjugation to the
magnetic reporter are prerequisite requirements for success in molecular targeting.
Another constraint is related to the minimal concentration of the magnetic re-

porter able to exert a significant effect on the relaxation rate of tissue water and
therefore on the MRI signal. Since cellular receptors are present in nano- or even
picomolar concentrations, the CA bound to these targets should bring an effec-
tive magnetic payload in order to defeat the signal dilution in the image voxel.
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Fig. 8 Molecular imaging of inflammation with Gd-DTPA-B(sLex)A, an E-selectin-targeted CA
(Boutry et al. 2005). Chemical structure of sialyl-Lewisx, the natural ligand of E-selectin (adhe-
sion molecule expressed in inflammation) (top row), and of Gd-DTPA-B(sLex)A which is vec-
torized to E-selectin with a mimetic of sialyl-Lewisx conjugated to Gd-DTPA (middle row). MR
coronal images of a mouse with hepatitis (induced by the co-administration of D-galactosamine
and lipopolysaccharide) before (pre-contrast) and several time intervals (3 min and 30 min post-
contrast) after i.v. administration of Gd-DTPA-(middle row)(sLex)A are presented in the bot-
tom row. The liver blood vessels appear bright in the postcontrast images due to the binding of
Gd-DTPA-B(sLex)A to E-selectin. The images were acquired at 1.0 T with a Siemens Magne-
tom Impact System by using a T1-weighted spin-echo sequence (TR/TE = 600/20ms; FOV =
5×10cm; matrix= 90×256; slice thickness = 3mm; spatial resolution = 0.555×0.390mm)

These limitations can be solved by increasing the efficiency of CAs either by a
greater intrinsic relaxivity (modulation of physical properties like q, τM and τR)
or by the attachment of many magnetic centers to the ligand. Among the mag-
netic materials able to be detected at low tissue concentrations, one can point out
the superparamagnetic particles (Corot et al. 2006), the paramagnetic dendrimers
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Fig. 9 Molecular imaging of αvβ3 expression in atherosclerotic plaques with a mimetic of
RGD peptide conjugated to Gd-DTPA (Burtea et al. 2008). Chemical structure of αvβ3-
targeted contrast agent, Gd-DTPA-g-mimRGD is shown in top row. Axial slices at the
level of abdominal aorta of a transgenic mouse model of atherosclerosis (ApoE−/− mouse)
before and 10min after the administration of Gd-DTPA-g-mimRGD are presented in
the middle row. The images were acquired at 4.7 T with a Bruker AVANCE-200 imag-
ing system (RARE imaging protocol, TR/TE = 1,048.5/4ms, RARE factor = 4,
NEX= 4, matrix= 256, FOV= 2.3cm, slice thickness 0.8mm, spatial resolution = 90µm). The
external structures of the aortic wall (probably adventitia and partly tunica media) are strongly
enhanced, while in the enlarged image the more profound layers (toward the aortic lumen)
of the aortic wall (possibly tunica media and intima) can be distinguished. The presence of
atherosclerotic plaques (bottom row) was confirmed on histologic sections (stained with hemalun
and Luxol fast blue), which were validated by immunohistochemistry for αvβ3 expression
(anti-αvantibody; color developed with diaminobenzidine) and for the presence of angiogenic
blood vessels (anti-PECAM antibody on whole-mount aorta)
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(Wiener et al. 1994), and the perfluorocarbon nanoparticles (Lanza et al. 2003). It
should, however, be noticed that specific binding of low molecular-weight CAs to
cell membrane receptors could by itself increase the relaxation rate by slowing down
the rotational motion of the magnetic reporter, which results in the enhancement of
MRI signal.
The success of molecular imaging with MRI CAs furthermore depends on is-

sues like a long half-life of elimination (to allow an optimal contact with binding
sites), low toxicity, a significant enhancement of the signal/noise ratio and an opti-
mal and economic industrial and clinical implementation. Nevertheless, the neces-
sity to deliver magnetic payloads in sufficient quantity at binding sites and the long
elimination half-lives could result in a high background noise and the consequent
diminution of the signal/noise ratio. In addition, the saturation of cell receptors is
possible. This last biochemical limitation was tentatively solved by targeting recep-
tors involved in cellular transport (e.g., receptor mediated endocytosis) or readily
accessible to the vascular system.
Despite various drawbacks, the current developments in MR molecular imag-

ing have a wide diversity of potential applications, which range from the diagno-
sis of a particular pathology (Figs. 8, 9) (Barber et al. 2004; Sibson et al. 2004;
Boutry et al. 2005, 2006; Burtea et al. 2008) to the monitoring of gene therapy or
chemotherapy (Bremer andWeissleder 2001; Zhao et al. 2001; Ichikawa et al. 2002;
Schellenberger et al. 2002). Cellular imaging is another growing field of interest for
medical research and clinical applications which uses superparamagnetic CAs to
image cell migration and trafficking after transplantation (Bulte and Kraitchman
2004; Corot et al. 2006; George et al. 2006).
Finally, in-vitro MR techniques were proposed for diagnostic applications

(Burtea et al. 2005) in which CAs are exploited as magnetic relaxation switches
capable of sensing biochemical interactions (De León-Rodriguez et al. 2002;
Högemann et al. 2002; Perez et al. 2002; Meade et al. 2003). In fact, the mole-
cular interactions result in a 30–40% change in the relaxation rate, which can be
evaluated by MR relaxometry or MRI.
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Högemann D, Ntziachristos V, Josephson L, Weissleder R (2002) High throughput magnetic reso-
nance imaging for evaluating targeted nanoparticle probes. Bioconjugate Chem 13:116–121

Hovland R, Aasen AJ, Klaveness J (2003) Preparation and in vitro evaluation of GdDOTA-
(BOM)4; a novel angiographic MRI contrast agent. Org Biomol Chem 1:1707–1710

Hudgins PA, Anzai Y, Morris MR, Lucas MA (2002) Ferumoxtran-10, a superparamagnetic iron
oxide as a magnetic resonance enhancement agent for imaging lymph nodes: A phase 2 dose
study. Am J Neuroradiol 23:649–656
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Micskei K, Powell DH, Helm L, Brücher E, Merbach AE (1993b) Water exchange
on [Gd(H2O)8]

3+ and [Gd(PDTA)(H2O)2]
− in aqueous solution: a variable-pressure, -

temperature and -magnetic field 17O NMR study. Magn Reson Chem 31:1011–1020
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Abstract It is the purpose of this article to discuss whether and how X-ray contrast
media may contribute to molecular imaging. X-ray contrast media are small mole-
cules containing heavy elements, preferentially iodine. Modern CT allows precise,
fast and reliable quantification of contrast media concentrations in large volumes
with excellent spatial resolution throughout the body. The main disadvantage is the
low contrast sensitivity requiring iodine concentrations of ≥0.5mg/ml. Various ap-
proaches of the past and the present to specific contrast agents reflecting physio-
logical, cellular or molecular processes are presented and options for the future are
discussed.

1 Introduction

The term ‘molecular imaging’ reflects the desire for earlier detection of abnormali-
ties developing into diseases, earlier detection of responses to therapy and more pre-
cise and specific information on the quality and site of disease processes. According
to a consensus of a group of experts,molecular imaging shall mean to ‘directly or in-
directly monitor and record the spatiotemporal distribution of molecular or cellular
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20/21, 10098 Berlin-Mitte, Gremany
ulrich.speck@charite.de

W. Semmler and M. Schwaiger (eds.), Molecular Imaging I. 167
Handbook of Experimental Pharmacology 185/I.
c© Springer-Verlag Berlin Heidelberg 2008



168 U. Speck

processes’ (Thakur and Lentle 2005). Although MR spectroscopy detects and quan-
tifies endogenous biomolecules, reflecting molecular and cellular processes, the ba-
sic idea is to achieve the goal via visible pharmaceuticals distributing in the living
organism and either accumulating in specific areas and/or generating or changing a
signal which can be detected by imaging equipment.
It is the purpose of this article to discuss the question if and in which way X-ray

contrast media may contribute to molecular imaging.

2 Basic Properties of X-ray Contrast Agents

X-ray contrast agents absorb X-rays either more or less than the usual body con-
stituents, primarily water. Due to low density, gas does not absorb X-rays to an
extent which is relevant to medical imaging. It is still used to outline body cavities
but in most cases is replaced by dense compounds containing heavy elements. The
most commonly used X-ray contrast agents are water-soluble tri-iodinated deriva-
tives of benzoic acid (Fig. 1). This class of compounds has been developed during a
selection process which began with the discovery of X-rays. For more than 50 years
all new X-ray contrast molecules belonged to this class of compounds. Only after
the introduction of metal chelates (Fig. 2) as contrast agents for MRI have other ele-
ments besides iodine been considered. Up to now, however, none of the chelates has
been approved for X-ray imaging.
Whereas imaging agents devoted to detecting molecular and cellular processes

must in some way directly or indirectly participate in these processes or interact with
components participating in the processes, the development of X-ray contrast agents
led in the opposite direction: molecules displaying the least possible interaction with
body constituents and processes were preferred because of advantages in tolerability
(Dawson et al. 1999).

I

I

I

R1

R3R2

Fig. 1 Basic chemical structure of water-soluble iodinated X-ray contrast agents
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Fig. 2 Gadobutrol, a metal chelate used in magnetic resonance imaging. Metal content: 26% of
weight

X-ray contrast media are usually highly concentrated aqueous solutions. A typi-
cal product contains 300–370mg iodine/ml, which means about 600–800mg of the
iodinated organic molecule per ml. The high concentration of the contrast substance
leaves limited room for water (about 0.7ml per ml of contrast agent) and restricts
the design of the molecules because limitations regarding osmolality and viscosity
of the final preparationmust be observed, in addition to solubility, chemical stability
and cost. One of the important restrictions is the requirement of an extremely high
content of iodine or another heavy element in the molecules. The iodine content of
molecules in currently available X-ray contrast media is in the range of 44–49%. It
is a drawback of metal chelates that their metal content reaches only half this value.
The larger the proportion of the organic constituents contributing very little to X-ray
absorption, the less room remains for water, which results in a further increase in
viscosity and osmolality. Due to the very high content of iodine, the specific weight
of X-ray contrast agents reaches up to 1.4 g/ml, which is much higher than the spe-
cific weight of any tissue.

3 Sensitivity

X-ray imaging is applicable to the whole body. X-rays penetrate all body con-
stituents with modest scattering, which allows precise localisation of objects deep
in the tissue.
X-ray absorption is a well understood process. It provides precise quantification

of, e.g. contrast agent concentration in the tissue or body cavities, and excellent
spatial and temporal resolution. Diagnostic applications do not require advancing
the X-ray source or detector in body cavities by endoscopic methods as used in
optical imaging or as in case of special coils improving the image quality in MRI.
Most disease-specific molecular and cellular processes involve low concen-

trations and display low capacities. Therefore, molecular imaging requires high
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sensitivity of the imaging modalities in the detection and quantification of the imag-
ing probes as it is obtained with short lived radioisotopes. Optical imaging and ul-
trasound are next in sensitivity. MRI requires a contrast agent concentration that is
too high to enable the detection of biomolecules, e.g. by labelled antibodies, or to
trace intracellular metabolism.
The most relevant drawback of X-rays is the low contrast sensitivity. Even in

CT, a minimum concentration of 0.5mg iodine/ml is required to achieve a de-
tectable change of about 10–15 Hounsfield units (HU) and ten times this concen-
tration would be desirable. At 0.5mg iodine/ml, there is a 1–4mM concentration of
a molecule labelled with 1–3 iodine atoms.
Examples of X-ray contrast agents which reach sufficient concentrations by ac-

tive transport mechanisms are compiled in Table 1. The least dose is about 3 g iodine
in case of cholegraphic agents and about 3 g gadolinium in case of liver parenchyma
enhancing Gd-EOB-DTPA (Fig. 3a). Targeting smaller volumes of tissue than liver
parenchymamay require less contrast material. Small lesions will, however, receive

Table 1 Examples of X-ray contrast agents monitoring molecular and cellular processes

Target Contrast material Commercial product
or experimental

Biological
mechanism

Reference

Liver, spleen,
lymph nodes

Thorium oxide Thorotrast Uptake by
macrophages,
RES

Urich 1995

Liver, spleen Liposomes, lipiodol
emulsions,
iodipamide particles

Experimental, phase
I, II clinical trials

Uptake by
macrophages,
RES

Weichert et al.
2000; Leander
et al. 1998;
Violante et al.
1981

Gall bladder Various oral
cystographic agents,
e.g. iopanoic acid

Telepaque, etc. Anion transport Urich and Speck
1991

Bile ducts Various intravenous
cholegraphic agents,
e.g. iodipamide

Biligrafin Anion transport Lin et al. 1977

Urinary tract Early ionic urographic
agents including
iodamide

Uromiro Tubular
secretion

Difazio et al.
1978

Pancreas Oral
cholecystographic
agent iopanoat (?)

Experimental Unknown;
excretion into
pancreatic duct

Schmiedl et al.
1994

Liver Gadolinium EOB
DTPA

Primovist; MRI
product, not
approved for CT;
phase I, II clinical
trials

Uptake into
hepatocytes

Schmitz et al.
1997

Liver Selected hepatobiliary
agents

Experimental, phase
I clinical trial

Uptake into
hepatocytes

Mützel et al.
1982; Leander
et al. 1998
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Fig. 3 a, b Examples of X-ray contrast agents which display contrast due to intracellular uptake.
a Liver enhancement following intravenous administration of a lanthanide chelate. b Visualisation
of e.g., lymph nodes following intravenous injection of colloidal thorium oxide. Although severely
toxic, it indicates that specific uptake of radio-opaque compounds can be sufficient to opacify small
structures in conventional radiographs (Börner et al. 1960)

only a small proportion of cardiac output. If perfusion is in the same range as in
best perfused normal tissue, i.e. 1ml/g/min, it will take almost 10 h until the blood
volume of 5 l passes a 10-ml lesion. Meanwhile, competing processes will have di-
minished blood concentration. If the extraction is 100% during one passage of the
blood and a contrast enhancement of 50 HU in the 10ml of tissue is desired, this
would mean a dose of 100mg iodine or 500mg contrast agent under optimistic as-
sumptions (Table 2).
Improvements in contrast sensitivity require higher radiation doses or the appli-

cation of lower energy X-rays; both are not acceptable in most patients and indica-
tions. The use of monoenergetic X-rays or X-rays with narrow energy distribution
allows better use to be made of the sudden rise in absorption occurring at the k-edge
of iodine and other heavy elements, but none of these measures would result in dra-
matic improvements regarding sensitivity. Consequently, molecular imaging apply-
ing X-ray imaging is restricted to the detection of high capacity molecular or cellular
processes, the detection of molecules which occur in high concentration, or those
processes which result in physicochemical states leading to the accumulation of
contrast agent molecules independently of an active transport or specific binding.
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Table 2 Estimation of minimum dose necessary to achieve a 50-HU contrast enhancement by a
specifically binding or transported iodinated contrast agent

• 50 HU means 2mg iodine/ml tissue
• 10 g tissue requires 20mg iodine
• 20mg iodine is contained in 5 l blood if a dose of 100mg iodine is injected and the mean
blood level for the next 10 h is 20% of the theoretical initial concentration (80% loss due to
biodegradation, diffusion into tissues, excretion; most likely losses will be higher)

• 100% extraction of the contrast agent during first pass, 10-h perfusion
• If the specific contrast agent molecule contains 20% (weight) iodine the total dose required
is 500mg

4 Specificity of Extracellular X-ray Contrast Agents

Although frequently called ‘non-specific’ the currently dominating extracellular
X-ray and MR contrast agents display very useful specificities for a large variety of
diseases. The contrast media are distributed throughout the body by the blood flow
and diffusion according to the permeability of capillaries and the size of the intersti-
tial space (Krause and Schuhmann-Gampieri 1998). Perfusion, capillary permeabil-
ity and the proportion of extracellular space differ in ischemic state, inflammation
and tumours (Vaupel et al. 1989). The faster the imaging becomes and the larger
the volumes simultaneously scanned are, the better the early distribution phase of
rapidly injected contrast media can be displayed. This early distribution allows the
best differentiation between perfusion and diffusion, depending on differences in
contrast. As scanners were much slower in the past, the potential benefits of the
extracellular contrast media were not fully recognised.
Limitations are obvious if the diseased tissue does not differ from normal tis-

sue in respect of the above-mentioned criteria, or if treatment, although efficacious,
does not change these parameters, or if the contrast enhancement changes dramati-
cally after treatment even though treatment is not effective. Another drawback is the
short-lasting contrast, which requires repeated injections if the diagnosis is missed
during the first scan or if persistent visualisation of a lesion is required during an
interventional procedure.

5 Monitoring of Molecular and Cellular Processes
by X-ray Contrast Agents

Molecular and cellular processes have been visualised by X-ray contrast agents long
before the term ‘molecular imaging’ became popular and even before the advent of
early CT (Table 1). Because of the above-mentioned limitations in the sensitivity
of contrast detection by X-ray radiography, this applies to high capacity transport
mechanisms and the non-specific uptake of particles by cells specialised in this
process.



Contrast Agents: X-ray Contrast Agents and Molecular Imaging – A Contradiction? 173

None of the products or experimental preparations is currently in clinical use or
under development. Thorium oxide was not excreted at all; furthermore, it proved
to be toxic because of long-lived α-radiation (Martling et al. 1999). Also, other
agents displayed various types of toxicity, or at least did not reach the same level of
tolerance as the extracellular contrast agents. With the exception of thorium dioxide
(Fig. 3b), none of them resulted in a reliable and satisfactory degree of contrast, nor
did they provide important diagnostic informationwhich could not been obtained by
more recently established imaging methods with at least a similar quality. In spite of
an everlasting interest in specific contrast agents, one after the other of these specific
contrast agents has disappeared from the market.
Admittedly, previous ‘specific’ X-ray contrast agents did not address currently

important diagnostic problems such as early tumour detection, non-obstructive in-
flammatory arterial disease or degenerative cerebral disease.

6 Directions of Future Research

The application of X-ray contrast agents to molecular imaging is not very likely.
The minimal concentration required is probably far too high to be reached by spe-
cific binding, even if small molecules are used to direct iodine or other radio-opaque
elements to diseased tissue. Nevertheless, some metabolic or transport processes
operate with high capacity. If the metabolized or transferred contrast agents accu-
mulate in the cells, tissues or cavities where the process takes place, the required
concentration may be reached. Such accumulation may happen if the contrast agent
is caught in the cells or cavity because of unidirectional transport, the biotrans-
formation towards charged or more hydrophilic, non-diffusible metabolites, or the
concentration exceeds solubility resulting in precipitation.
Other mechanisms more indirectly depending on molecular or cellular processes

indicating abnormalities may be used to achieve sufficient accumulation of X-ray
contrast agents: several disease processes result in changes of, for example, the ex-
tracellular pH, the accumulation of calcium, extracellular matrix materials (Orford
et al. 2000; Vaupel et al. 1989). It is conceivable that specifically designed contrast
agent molecules accumulate at acidic pH by precipitation or formation of large ag-
gregates, bind to calcium deposits, thus enhancing the weak X-ray absorption of
calcium, or bind to matrix molecules. The process may be enhanced if the contrast
agent molecules tend to bind to each other either in aqueous solution or after they
change their shape or ionicity following any kind of reaction or binding at the target
location.
Although a variety of concepts seem to offer opportunities for the development

of X-ray contrast media with specificities which differ from the currently used inert
small molecules with extracellular distribution, one has to consider the following
obstacles:
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• In the past 100 years many approaches have been tried, intentionally or unin-
tentionally, which failed. They may be repeated because these experiments have
never been reported or the knowledge has been lost.

• Most likely mechanisms resulting in sufficient specificity and contrast medium
concentration will be complicated multi-step reactions.

• The toxicity of accumulating X-ray contrast agents requires specific attention.
• Cost caused by expensive development and production must be balanced against
the medical benefit.

Nevertheless, increasing spatial and to some extent also contrast resolution of X-ray
equipment, advances in the understanding of disease processes and chemistry are
in favour of improved X-ray contrast agents which provide important additional
information.

7 Conclusions

Molecular imaging and X-ray contrast agents sound like an unresolvable contra-
diction. Extracellular, well tolerated and cheap non-ionic contrast media displaying
perfusion, permeability and the proportion of interstitial space set a standard which
is very hard to overcome. Yet, X-ray contrast media meeting a broad definition of
molecular imaging have been used in the past. They failed because the processes
displayed were of too little medical significance and/or tolerance was not satisfac-
tory. An X-ray contrast agent indicating a universal process such as pH lowering
or extracellular matrix accumulation may find a place within the broad range of
diagnostic imaging methods.
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Abstract We describe the use of molecules labeled with short-lived emitting
radionuclides for molecular imaging in combination with the positron emission
tomography technique. How to use molecular probes to visualize and quantitatively
determine rates of specific biochemical events such as synaptic transmission, enzy-
matic processes and binding to specific receptor proteins is highlighted. The sen-
sitivity of the PET technique and the ability to measure and validate relationships
between molecular events and biological functions is a key factor for the successful
application of PET in biomedical research. In specific applications, the opportunity
of using molecules labeled in specific positions may be critical. Molecular imaging
using PET is also gaining increasing interest as a tool in drug development, espe-
cially when applied to early proof of concept studies in man.
In this chapter, the concept of molecular imaging is exemplified and the use

of position-specific labeling of tracer molecules as a tool to gain understanding of
complex biological processes will be discussed.
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1 Introduction

The era of diagnostic imaging using radiation started with the discovery of X-rays
by Roentgen in 1895. Other milestones in utilizing radiation for diagnostic pur-
pose were when Lawrence and Livingstone used a particle accelerator to produce
radioactivity followed by the discovery of nuclear fission. Since then nuclear medi-
cine has developed into a medical specialty all over the world. At the end of
the 1970s, positron emission tomography (PET) was developed, but not until the
1990s was the full potential of the technique acknowledged outside the scientific
community.
Modern high-resolution computerized tomography (CT) and nuclear magnetic

resonance imaging (MRI) equipment give exquisite detailed anatomical informa-
tion, including soft tissue, and a variation of the latter, nuclear magnetic resonance
spectroscopy (MRS), can be used to obtain information related to specific molecules
and may be classified as a molecular imaging tool (Sonnewald et al. 1994). In this
context, the sensitivity is important and PET using tracers with high specific radioac-
tivity allows detection of radioactivity that corresponds to picomolar concentrations.
This is significantly lower than the detection limit using MRS, which is in the mil-
limolar range. Molecular imaging is thus mainly performed using PET and single
photon emission computed tomography (SPECT) (Jazczak and Tsui 1995), which
are based on tracers designed to interact with a certain molecular target or measure
a physiological process. All these modalities, except for MRI and MRS, involve the
use of ionizing radiation, and PET and SPECT also involve the administration of a
radioactive substance, a radiopharmaceutical or a tracer.
PET and SPECT not only provide time-resolved three-dimensional images but

also dynamic information. The main difference between these two is the opportu-
nity with PET to obtain highly accurate and quantitative measurements of radioac-
tivity (Hoffman et al. 1986). With knowledge of the specific radioactivity of the
administered tracer, the regional uptake of radioactivity can be used to assess the
concentration of a certain compound, assuming that all radioactivity is associated
with the administered tracer molecule or in other ways validated.
Radiopharmaceuticals can be divided into two distinctly different groups: ther-

apeutic and diagnostic. The former rely on deposition of as much as possible of
the energy of emitted particles from decaying atoms in the tissue and the latter on
the reverse, i.e., as high penetration and low interaction with tissue as possible. The
photons from PET and SPECT radionuclides penetrate the tissue and are detected
by external detectors. In this chapter, the diagnostic applications will be discussed.
It is likely that diagnostic imaging will play a key role in locating and diagnos-

ing diseases earlier, as well as provide us with more information about both nor-
mal and pathophysiological states. The PET technology, using radionuclides with
high specific radioactivity and the opportunity to specifically label a compound
in different positions by substituting a stable atom with its radioactive counter-
part, combined with quantitative measurements of radioactivity, is thus the pre-
ferred modality for molecular imaging. These are key features where PET has an
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advantage over SPECT, where the latter is mainly dependent on analogues of en-
dogenous compounds or pharmaceuticals whereas the PET chemist to a great extent
can provide the structurally identical compound as a tracer.
Another aspect of PET is the short half-lives of the radionuclides, e.g., 15O (t1/2=

2 min), 11C (t1/2 = 20 min), 18F (t1/2 = 109 min) and 68Ga (68 min). This allows
repeated investigations in the same subject with short time intervals. The patient or
healthy volunteer can thus be used as its own reference following a pharmacological
or other perturbation that affects a measurable in-vivo process.
This chapter will only address PET and molecular imaging will be the main key

point discussed. The aim is not to cover all aspects of PET but to illustrate the
strength of molecular imaging. The references are accordingly limited to the most
relevant for the topics and examples discussed.

2 Molecular Imaging with PET

2.1 Background

Molecular imaging using PET may probe specific biochemical pathways and mole-
cular targets through measurement of externally detected radiation in the form of
photons. The detectors only measure the number of photons in a certain tissue vol-
ume without any information about the molecular structure the radiation emanated
from. In this context is it worth mentioning the importance of labeling chemistry as
a tool for elucidation of in-vivo biochemistry. By labeling a molecule in different
positions and studying the dynamics of the different uptake patterns as a conse-
quence of the labeled atom appearing in different metabolites of the administered
tracer, it is possible to get insight into molecular events. Another important aspect
is the possibility of obtaining quantitative data and thus relating the number of mea-
sured photons to the concentration of a specific molecule in the tissue of interest.
The measured radioactivity can be related to biology by using sophisticated tracer
molecules, and by combining the time-course of the tracer uptake with models for
the interpretation of the data further functional information can be obtained. The
understanding of PET data relies on several factors and we have to develop mod-
els simplifying the complex processes occurring in a living subject. Sensitivity and
specificity are key words when developing molecular probes aimed at following a
certain biochemical event in-vivo. Understanding the complex in-vivo chemistry in
terms of biological functions is thus a difficult and challenging task. A multitude of
processes affected bymany factors and interpreted bymeasuring a radioactive signal
makes the task difficult, but by approaching this challenge using multi-tracer proto-
cols and repeated experiments, following perturbations, we may be able to collect
the information.
PET and the concept of molecular imaging have also been shown to be useful

in drug development. To achieve a better method for relating plasma pharmacoki-
netics to drug effect on target, PET can contribute by adding information on target
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pharmacokinetics (Bergström and Långström 2005) as well as pharmacodynamic
measures such as drug receptor occupancy and enzyme inhibition. PET is also use-
ful for assessment of the relation of the drug interaction with primary target and
the therapeutic effect. Suitable labeled biomarkers for energy metabolism or other
measures of downstream effects, such as FDG, can be used to monitor drug effects.
Pharmacokinetic PET studies are not limited to intravenous administration of the
labeled compound and deposition, and disposition studies following inhalation or
via intranasal administration routes have also been performed.

2.2 Specific Radioactivity and Sensitivity Perspectives

The β+-emitting PET radionuclides incorporated in molecules are our tools and
the selection of the proper radionuclide with regard to the physical properties and
production routes are important. An important aspect is the option of using radionu-
clides with half-lives ranging from a few minutes to several hours, which give us the
opportunity to choose a radionuclide with a half-life that matches the time-frame of
the biological process to be studied.
The choice of radionuclide is also important considering the achievable specific

radioactivity. Specific radioactivity is a function of the physical half-life, and the
neutron deficient PET radionuclides have short half-lives and thus theoretically very
highly specific radioactivities can be obtained. However, isotopic dilution with sta-
ble isotopes occurs, in most cases to a significant extent, and the obtained specific
radioactivity is far from theoretical level but still very high in comparison with,
e.g., 14C and 3H. Table 1 shows a selection of suitable radionuclides, including the
nuclear reaction and some physical characteristics.
The practical specific radioactivities of the tracers labeled with any of the above

listed radionuclides differ from the theoretical due to isotopic dilution, either in
the radionuclide production step or in the subsequent synthesis of a suitable reactive
secondary precursor. For example, 11C is susceptible to isotopic dilution due to pres-
ence of carbon in most materials and the use of reagents sensitive to atmospheric
carbon dioxide. Typical specific radioactivity of 11C at the end of radionuclide pro-
duction is 2–3TBq/µmol and generally results in tracers with specific radioactivities
ranging 50–500GBq/µmol at the end of synthesis. Although the isotopic dilution is

Table 1 Some examples of PET radionuclides

Radio-nuclide T1/2 [min] Nuclear
reaction

Decay Specific
radioactivity
[GBq/µmol]

15O 2.05 14N(d,n)15O β+ > 99% 3.4×106
11C 20.4 14N(p,α)11C β+ > 99% 3.4×105
68Ga 68 68Ge/68Ga β+90% 1.0×105
18F 109 18O(p,n)18F β+97% 6.3×104
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extensive, on average for 11C the ratio of 11C/12C in the radiopharmaceutical to be
administered is about 1/7,000, it is still sufficiently high to make the tracers very sen-
sitive probes for biochemical and physiological processes. For example, 400MBq of
a compound with a specific radioactivity of 100GBq/µmol corresponds to 4 nmol,
which is equivalent to 2µg for a molecular weight of 500.
The sensitivity of PET is also related to the high efficiency of measuring the pho-

tons produced from the annihilation reaction between the positron emitted by the
decaying nuclide and an electron in the surrounding tissue. The relation of radioac-
tivity to concentration of a specific compound can easily be quantified by combining
the decay correction of the radioactivity and initial specific radioactivity of the ad-
ministered labeled compound. Another feature of a useful tracer is the specificity,
which is dependent on the molecular structure and labeling position, and the impor-
tance of labeling synthesis needs to be acknowledged.

2.3 Interactions with Molecular Targets

The molecular interactions studied with the PET technique are between the tracer
molecule and a biological target, e.g., a protein. The protein can be, for example,
a cell surface receptor, a transporter moving compounds through membranes or an
enzyme catalyzing a biochemical reaction.
In general, biochemical reactions are facilitated and catalyzed by enzymes and

this opens up a wide variety of important processes to be studied in vivo. Enzymes
can be found either distributed systemically or specifically in some cell types or
organelles. It is, thus, possible to characterize cells and tissue depending on ex-
pression of specific enzymes and up or down regulation may be related to a certain
pathophysiological disturbance. Tumor cells may over-express specific enzymes and
examples of tracer sensing increased turnover by being a substrate have been devel-
oped. In neurological disorders, similar specific changes in enzymatic processes can
also be traced and used for diagnosis and prognosis. Also in drug development tar-
geting enzymes, PET may be an important modality due to the capability of measur-
ing the inhibition of an enzyme in a dose-dependent way, following administration
of a drug.
Today there are about a hundred neurotransmitters identified as acting on dif-

ferent receptor proteins. Many neurological disorders are associated with changes
in the receptor expression or the neurotransmitter concentration. The development
of specific tracers that can be used to measure regional receptor density and quan-
tify occupancy by a drug or endogenous ligands has been a major interest in PET
research in the last two decades.
The advantages of PET over SPECT are the diversity of available tracer mole-

cules, with labeling synthesis one of the key influencers of utility. Developments in
labeling chemistry, especially in the field of 11C, are thus major drivers for PET.
Although the majority of PET tracers are of exogenous origin, the use of endoge-
nous compounds (e.g., amino acids, carbohydrates and fatty acids) is of interest.
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The tracer concept is based on the labeled compounds used not to any measurable
extent disturbing the system under study. Another criterion is the specificity of the
signal in relation to the studied biochemical event. In order to fulfill these prerequi-
sites for a successful tracer, a molecule with well-defined biological characteristics,
such as specificity for the target molecule in the body and sufficient sensitivity, is
required. The latter is a function of the radionuclide used and the achievable spe-
cific radioactivity, which together with the in-vivo concentration of the biological
target determine the inherent sensitivity of the chosen molecular probe. As a rule of
thumb, for example Bmax/KD, [the ratio of available receptor proteins (Bmax) and
dissociation equilibrium constant (KD)] should preferably be higher than 2 to en-
sure that a sufficiently large signal is obtained, in order to detect changes in receptor
occupancy following dosing with the study drug.
It is, however, of importance to realize that the affinity of a tracer for a target is

only one of several important parameters. A very high affinity in combination with
a high Bmax may present a problem if the rate-limiting step in the process is shifted
from interaction between target and tracer to transport to tissue by blood. This has
been encountered, for example, in studies of enzyme-substrate interactions and can
be exemplified by measurement of the inhibition of brain monoamino oxidase type
B enzyme (MAO-B) following dosing with an enzyme antagonist, using the in-
hibitor L-[11C]deprenyl as tracer. L-Deprenyl binds irreversibly to MAO-B by form-
ing a covalent bond to the enzyme. It was found that the PET images represented
mainly blood flow, and the reason was a combination of high MAO-B expression
and high reaction rate between substrate and enzyme. This could be circumvented
by fine-tuning the tracer characteristics, by substituting two hydrogens in L-deprenyl
with deuterium in a position involved in the rate-limiting step in the formation of the
covalent bond to the enzyme. The rate of reaction was lowered due to the induced
kinetic isotope effect (Fowler et al. 1995) and the rate limiting step was shifted to
MAO-B interacting with the 11C-labeled L-(2H)deprenyl.
In the following sections, some examples are discussed where the interaction be-

tween tracers and their molecular target can be turned into valuable biochemical
information related to both normal and pathological states. The concept of molecu-
lar imaging is exemplified and the importance of labeling a compound in different
positions emphasized.

2.3.1 Aromatic Amino Acid Decarboxylase

It is well established that dopamine is the neurotransmitter involved in Parkinson’s
disease and schizophrenia, for example, as discovered by Arvid Carlsson (Carlsson
et al. 1957). The search for new selective drugs demanded tools for the measurement
of drug and target interaction, resulting in a paradigm shift in drug development
and leading to a more science-driven process, the learning-confirming concept. This
approach can be exemplified with the investigation of the functional aspects of the
dopaminergic neuron, schema tically outlined in Fig. 1, where PET tracers have



Radiopharmaceuticals: Molecular Imaging using Positron Emission Tomography 183

Dopamine
Reuptake site

Dopamine D2Dopamine D1

vesicles

COMT

MAO

L-AADC

HO

HO

CH2CH

COOH

NH2

HO

HO

CH2CH

COOH

NH2

HO

HO

CH2CH2NH2

Fig. 1 Dopaminergic neuron and synapse

been developed that interact on several different receptors or enzymatic steps, as
reviewed recently (Elsinga et al. 2006).
The processes in the dopaminergic neurotransmission can be investigated either

on the presynaptic or postsynaptic level. The effect of dopamine is, for example,
mediated by action on the postsynaptic dopamine D1 and D2 receptors and 11C-
labeled SCH23390 (Halldin et al. 1986) and N-methylspiperone (Wagner 1983)
raclopride have been used successfully to measure receptor occupancy of drugs act-
ing on these postsynaptic receptors. It is also possible to measure the endogenous
level of dopamine by the dopamine D2 antagonist raclopride (Farde et al. 1985) or
agonist (+)[11C]PHNO and study the effect of drugs changing dopamine levels in
the brain (Hartvig et al. 1997; Ginovart et al. 2006). Challenge with amphetamine
resulting in dopamine release reduces raclopride and PHNO binding to dopamine
D2 receptors due to competition with the endogenous receptor agonist.
The presynaptic dopaminergic system has also been studied by measuring the

dopamine transporter, the re-uptake mechanism in striatum. Several tracers have
been developed for that purpose, such as [11C]nomifensine (Aquilonius et al. 1987;
Tedroff et al. 1991), and the cocaine derivatives such as [11C]β-CIT-FE (Halldin
et al. 1996), [18F]CFT (Rinne et al. 2001) and [18F]β-CIT-FP (Lundkvist et al. 1997)
have been applied in the study of drug binding to the dopamine transporter and the
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quantification of that may be used to determine the number of viable dopamine neu-
rons. The quantitative use of PET can be exemplified by the use of [11C]β-CIT-FE
as a tool for the study of interaction of a drug with the dopamine transporter protein,
as shown in Fig. 2 (Learned-Coughlin et al. 2003).
The dynamic information from the PET scanning can be translated by a suitable

tracer kinetic modeling (Carson et al. 2003) to give information about the degree of
drug-transporter protein binding in a quantitative fashion, as shown in Fig. 3. In this
case, the cerebellum is used as a reference region assumed to be devoid of dopamine
transporter proteins and thus not showing any specific binding of the tracer. In Fig. 3,
the degree of blocking of the transporter, expressed as a percentage, is shown.
The enzyme aromatic amino acid decarboxylase (AADC) is predominantly

found in catecholaminergic and serotonergic neurons, where it is responsible for
converting 3,4-dihydroxy-L-phenylalanine(DOPA) and 5-hydroxytryptophan(HTP)
to dopamine and serotonin, respectively. There are different opinions regarding
the usefulness of diagnostic imaging using L-[11C]DOPA and the fluoroanalogue

Fig. 2 PET images representing the uptake of [11C]β-CIT-FE in striatum at baseline and after
dosing with a drug. Upper row: baseline scans; Lower row: after dosing with different amounts of
the drug
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Fig. 3 Five different doses of drug showing increasing occupancy of the transporter as measured
with the tracer L[11C]β-CIT-FE



Radiopharmaceuticals: Molecular Imaging using Positron Emission Tomography 185

6-fluoro-[18F]-L-DOPA to quantify AADC activity and storage capacity of dopamine
(Garnett et al. 1983; Hartvig et al. 1991; Korf et al. 1978; Lindner 1995; Tedroff
et al. 1992a) as a tool in clinical practice or as a surrogate endpoint in clinical trials
(Ravina et al. 2005). However, some examples of functional imaging applied to the
study of the dopaminergic system, including the use of position-specific labeling,
will be presented.
Labeling a molecule in different positions can be used to provide evidence that a

selective biochemical transformation such as decarboxylation occurs. L-[11C]DOPA
labeled either in the carboxylic or β-positions (Bjurling et al. 1990a, 1990b) under-
going in-vivo decarboxylationwould producedifferent labeled products, [11C]carbon
dioxide and [11C]dopamine, respectively, as shown in Scheme 1.
The use of PET to elucidate in-vivo biochemistry can be illustrated by use of

L-[β-11C]DOPA to compare striatal in-vivo dopamine synthesis in mild and ad-
vanced Parkinson’s disease. The study was triggered by the well-known treatment-
induced on-off side effect encountered in advanced Parkinson cases. Patients with
either mild or advanced Parkinson’s disease were examined before and after treat-
ment with the mixed dopamine D1/D2 receptor agonist apomorphine. All patients
showed clinical response to the treatment. The PET data was analyzed by refer-
ence Patlak plot (Patlak et al. 1985), where the slope of uptake in striatum Ki,
denoted influx rate constant representing the rate for transport and conversion
of L-[β-11C]DOPA to [11C]dopamine (Tedroff et al. 1992b). Patients with mild
Parkinson’s disease had decreased L-[β-11C]DOPA influx in striatum in contrast
to patients in advanced stages where the influx was independent of apomorphine
treatment. The conclusion drawn was that the autoreceptor function providing feed-
back regulation of dopamine synthesis is subsensitive in the advanced stages of
Parkinson’s disease (Torstenson et al. 1997, 1998).
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Fig. 4 Compartmental model
for DOPA decarboxylation in
the dopaminergic neuron
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The influence of molecular structure on the biological characteristics of a com-
pound can be well illustrated by comparing L-DOPA and 6-fluoro-L-DOPA. The
endogenous L-[β-11C]DOPA and the analogue 6-[18F]fluoro-L-DOPA are both de-
carboxylated by AADC in vivo in the dopaminergic neuron, forming dopamine
and 6-fluorodopamine, respectively (Scheme1). The process studied in the neu-
ron can be schematically outlined by the compartmental model shown in Fig. 4,
where CP, CR, CF and CB denote L-DOPA or 6-fluoro-L-DOPA concentration in
plasma, reference tissue, free fraction in target tissue and bound fraction (dopamine
or 6-fluorodopamine) in target tissue, respectively.
The study was performed in rhesus monkeys with β-11C-labeled L-DOPA and

6-fluoroDOPA as tracers. From PET data using a reference Patlak model, the striatal
influx rate constant Ki could be determined, which at low tracer doses reflects the
catalytic action of AADC and is thus a measure of the dopamine synthesis rate (k3).
A significant difference in Ki between L-DOPA and 6-fluoro-L-DOPA was found,
with 6-fluoro-L-DOPA Ki values being 11% lower than for L-DOPA (Torstenson
et al. 1999). One plausible explanation for the difference in Ki values could be
the more prominent formation of the 3-O-methyl metabolite of 6-fluoro-L-DOPA,
confirmed by metabolite analysis, which readily enters the brain and increases
the background radioactivity level. The contribution of the radioactivity from the
metabolite in the target tissue gives in the model a lower calculated Ki value. Affin-
ity differences of the two compounds for the AADC enzyme may also contribute
to the difference in Ki values (Cummings et al. 1988). These findings suggest that
it may be difficult to detect changes in decarboxylation rate using 6-[18F]fluoro-L-
DOPA, whereas 11C-labeling the endogenous compound L-DOPA may give a more
accurate determination of enzyme activity. In a drug challenge study using 6-R-L-
erythro-5,6,7,8-tetrahydrobiopterin, a cofactor for the enzyme tyrosin hydroxylase,
an increase in the dopamine synthesis rate as measured by a higher Ki value was ob-
tained for L-[β-11C]DOPA but not for 6-[18F]fluoro-L-DOPA (Tortenson et al. 1999).

2.4 Clinical Examples

In order to exemplify the molecular imaging concept and also point to the use of
multi-tracer protocols in clinical routine applications as well as research, a few il-
lustrative cases have been selected.
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2.4.1 Neuroendocrine Tumors

L-[11C]DOPA labeled in the carboxylic and β-positions was used to classify and
visualize tumors over-expressing AADC. A patient with a pancreatic tumor, a gas-
trinoma, was examined with the two L-DOPA tracers differently labeled as shown
in Fig. 5.
Significant decarboxylation (see Scheme1) occurred in the tumor; and with

L-[β-11C]DOPA, high uptake of radioactivity — probably in the form of [11C]
dopamine — was found in the tumor, in contrast to L-[carboxy-11C]DOPA where
the radioactivity was rapidly eliminated, which would be the case for [11C]carbon
dioxide (Bergström et al. 1996). The kinetics of the uptake of L-[β-11C]DOPA in
the tumor also indicated trapping of the radioactivity during the time-frame of the
investigation, which is consistent with dopamine being synthesized and stored in
vesicles within the neuron (Eriksson et al. 1993). The same principle as discussed for
DOPA applies to the use of 5-hydroxy-L-[11C]tryptophan (HTP) as a tracer for en-
docrine tumors. PET using HTP, the endogenous precursor for serotonin, has shown
to be of clinical relevance and 5-HTP has proved to be an excellent tracer for the de-
tection and treatment follow-up of endocrine tumors such as carcinoid metastases.
These serotonin-producing metastases are often found in the liver. Figure 6 shows
PET images representing HTP uptake in a liver metastasis before and after medical
treatment (Eriksson et al. 1993; Örlefors et al. 1998).
Carcinoid metastases can be visualized by CT, but with PET and HTP smaller

tumors can be detected due to the very high contrast between tumor and surrounding
tissue. It was concluded that PET resulted in better visualization compared with CT,
and in one patient PET could also detect skeletal and pleural metastases not seen
by CT.

Fig. 5 Uptake of carboxy- or β-11C- labeled DOPA in an endocrine tumor
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HTP uptake after 3 month’s treatmentUptake of HTP before treatment

Fig. 6 Uptake of 5-hydroxy-L-[β-11C]tryptophan in a carcinoid metastasis in the liver. Ventral part
of the right liver lobe is shown

2.4.2 Acetylcarnitine and Chronic Fatigue Syndrome

Position-specific labeling and labeling the same compound in different positions has
already been discussed in relation to dopamine synthesis. Another example of where
this approach bas been applied is in the field of fatigue science, with the aim of inves-
tigating the biochemical mechanism involved in chronic fatigue syndrome (CFS).
The characteristic symptoms in CFS are diverse and have been defined as prolonged
generalized fatigue, muscle weakness; myalgia and lymph node pain (Cho et al.
2006). The etiology for this disease is not known but a majority of CFS patients
have a low serum level of acylcarnitines (Kuratsune et al. 1994) and symptomatic
improvement correlates with recovered acylcarnitine levels. These observations led
to an investigation of the coupling between CFS and acylcarnitines. There may be
a connection between energy metabolism and carnitine. Carnitine is a transporter
for long-chain fatty acids into the mitochondria and low levels of carnitine may re-
sult in decreased efficiency of energy metabolism. The main acylcarnitine found in
plasma is acetylcarnitine, which serves not only as a precursor for acetyl-CoA that
enters into the TCA cycle but also as an acetyl donor for in-vivo synthesis of acetyl-
choline and glutamate. A PET study was designed to investigate the biochemistry
of acetylcarnitine in-vivo in a primate model (Kuratsune et al. 1997). Acetylcar-
nite was labeled by a multi-enzymatic synthesis in either of three different positions
(Jacobsson et al. (1997)) and the uptake in rhesus monkey brain of the three labeled
compounds studied using PET, as shown in Scheme 2 and Fig. 7, respectively.
The resulting PET images are shown in Fig. 7.
In summary, the results showed the uptake values of labeled acetylcarnitine into

the brain were different depending on the labeling positions of 11C. Brain levels
of acetyl-L-[methyl-11C]carnitine were low, while the uptake of [1-11C]acetyl-L-
carnitine was slightly higher and [2-11C]acetyl-L-carnitine showed the highest up-
take. The different uptake kinetics of three differently labeled acetyl-L-carnitinemay
to some extent be explained by exploring the biochemistry. With the label in the
methyl carnitine there is no accumulation in the brain, where as when the 11C-label
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Fig. 7 Uptake of acetylcarnitine, labeled in different positions, in a rhesus monkey brain From
the left: acetylcarnitine labeled in the [N-11C-methyl], [1-11C]acetyl and [2-11C]acetyl group,
respectively

is placed in either of the 2 positions in the acetyl group there is an uptake of radio-
activity in the brain. The uptake suggest a process involving the TCA-cycle. The
brain uptake [2-11C]acetyl-L-carnitine could be suppressed by an intravenous admin-
istration of glucose. These results suggest that endogenous serum acetyl-L-carnitine
may be involved in the regulation of energy metabolism during an energy crisis by
conveying an acetyl moiety into the brain. Further studies (Yamaguti 1996; Jacob-
son 1997) have revealed the presence of 11C-labeled aspartate and glutamate in the
rat brain following administration of [2-11C]acetyl-L-carnitine. It is thus likely that
the acetyl moiety of acetylcarnitine taken up into the brain is used for the biosynthe-
sis of neurotransmitters such as glutamate, aspartate and GABA. The preliminary
results of a human PET study showed a distinct difference in global brain uptake
of [2-11C]acetyl-L-carnitine between CFS patients and age-matched healthy volun-
teers. Altogether this might indicate abnormalities in neurotransmitter synthesis as
one potential explanation for the chronic fatigue sensation.

2.4.3 Incidentalomas

Incidentalomas are lesions, seen as a mass at the site of the adrenal gland, typically
discovered during a CT scan over the abdominal area. The frequency of enlargement
of the adrenal gland is high. Around 2–5% of routine abdominal CT scans performed
for other diagnostic reasons end up with the diagnosis of incidentaloma. This radio-
logical finding requires an investigation to differentiate between a harmless, benign,
hormonally inactive, adrenocortical adenoma and a cancer. In the latter case it can
either be a primary tumor, such as pheochromocytoma originating from the chro-
maffin cells, or a metastasis of nonadrenal origin. About 70–80% of the lesions are
hormonally inactive adenomas, 15% metastases from tumors of nonadrenal origin
and the rest adrenocortical cancer, e.g., pheochromocytoma. A multi-tracer PET
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PET image CT image

Fig. 8 Adrenocortical adenoma PET and CT images

protocol has been developed that provides a decision tree (Fig. 8) for how to use di-
agnostic imaging with the gathered information and more accurately select patients
for surgical treatment.
The first tracer to be applied to this protocol is [11C]metomidate (MTO)

(Bergström et al. 2000; Eriksson et al. 2005), a potent inhibitor of β-11-hydroxylase,
the key enzyme in the adrenocortical synthesis of cortisol. MTO is the methyl es-
ter analogue of etomidate, an anesthetic. From an imaging point of view etomidate
may be preferred, but MTO synthesis is simpler and results in higher radiochemical
yield and specific radioactivity. Figure 8 shows an example of MTO uptake in the
adrenal gland.
Alternatively, [11C]etomidate or the fluoroanalogue [18F]fluoroethyletomidate

can be used as tracers to study the functional aspects of the lesion (Bergström
et al. 1998; Mitterhauser et al. 2006); followed by [11C]hydroxyephedrine (HED)
and FDG (Shulkin et al. 1992, 1999; Trampal et al. 2004). Uptake of HED is related
to presynaptic sympathetic innervations. The diagnostic decision tree is presented
in Fig. 9.
The tracer [11C]MTO was found to be excellent for the visualization of adreno-

cortical tumors and to differentiate them from noncortical lesions. A positive MTO-
PET manifested as elevated uptake in the adrenal cortex was used to determine the
treatment (surgery or not) of that subgroup of patients; a negative MTO-PET was
followed-up by a HED-PET to discriminate between a potential pheochromocytoma
and other cancers of noncortical origin. A positive HED-PET was diagnosed with
nearly 100% certainty as a pheochromocytoma and the patients accordingly sub-
jected to surgical treatment. A negative HED-PET was followed-up with an FDG-
PET, which if positive was diagnosed as a metastasis and if negativewas categorized
as other cancers. The clinical value of this functional imaging approach to inciden-
talomas has thus been verified (Hennings 2006) and resulted in improved patient
handling.
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Fig. 9 Decision tree for investigation of incidentalomas

2.4.4 Pituitary Tumors

Tumors emanating from the pituitary gland can be diagnosed by CT and MRI in-
vestigations, and the progress or effect of treatment monitored. The tumors are sur-
gically removed or, if possible, a dopamine agonist chemotherapy used. A simple
method for selecting patients for chemotherapy is needed, since it is important to
distinguish between responding and non-responding tumors and avoid unnecessary
surgery. A wrong decision may lead to tumor growth negatively affecting the oph-
thalmic nerve, with the potential risk of damage to the visual pathway, leading to
visual-field defects and blindness. A PET differential diagnosis (Bergström 1991;
Muhr et al. 1991) has been developed, based on two characteristic features of the
tumor. Increased metabolism, manifested as protein synthesis/amino acid transport,
can be visualized by [11C]methionine (MET) and be used both as a primary diagnos-
tic tool and to study the effect of bromocriptine treatment. The differential diagnosis
determining which tumors will respond to chemotherapy is performed by measur-
ing the pituitary expression of dopamine D2 receptors with the receptor antagonist
[11C]raclopride (RAC). As a negative control, to test the specificity of the raclopride
binding, the inactive R-enantiomer of raclopride (RAR) was used. In Fig. 10, the
resulting PET images are shown.
The inactive enantiomer R-raclopride does not accumulate in the tumor in con-

trast to the specific dopamine D2 antagonist S-[11C]raclopride (RAC). High uptake
of RAC and the metabolismmarker MET in the pituitary can thus be used as criteria
for successful bromocriptine treatment. Response to treatment is very profound and
within 3 h from start a significant reduction of protein synthesis is seen, as measured
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Fig. 10 Diagnosis and treatment follow up in pituitary tumors. The upper row shows [11C]methio-
nine, S-[11C]raclopride and R-[11C]raclopride uptake in the tumor and the lower row bromocriptine
treatment follow-up using [11C]methionine

with PET and MET. The functional imaging gives apparently an immediate measure
of the in-vivo biochemistry, whereas the macroscopic changes as visualized by CT
need several months to manifest the changes. It was concluded that PET with MET,
as shown in over 400 patients with pituitary adenoma, can give valuable comple-
mentary information in the diagnosis of this tumor by adequately depicting viable
tumor tissue in contrast to fibrosis, cysts and necrosis, and is a very useful and sen-
sitive probe in the evaluation of the treatment. The use of RAC to characterize the
degree of receptor binding can be used for selection of patients for dopamine agonist
treatment.

3 PET in Drug Development

3.1 Pharmacodynamic Study Example

Plasma Pharmacokinetics is the traditional way of determining frequency of drug
administration to achieve a steady state and relate that to clinical efficacy. Plasma
pharmacokinetics are easily achieved experimentally, but there is a gap in knowl-
edge as to how to relate that to mechanisms of action, such as interaction with target
proteins. For a proper assignment of treatment regimen, dosage and dose interval,
it is necessary to evaluate not only the plasma pharmacokinetics of the drug but
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also the duration of action on the target system. This can be achieved if a vali-
dated tracer is available which is binding to the same site as the drug on a receptor
or enzyme protein. This concept is exemplified by the PET study of the antidepres-
sant drug eusoprone acting by inhibiting the enzyme monoamino oxidase subtype A
(MAO-A), as measured with [11C]harmine. Since no validated tracer for measuring
the inhibition of MAO-A in the brain was available, a tracer development project
was initiated. Thus, [11C]harmine and four other potential tracer candidates were
evaluated in preclinical assays, followed by PET studies in rhesus monkeys. The
kinetics of the uptake of [11C]harmine in rhesus monkey brain with and without
MAO-A inhibition was found to be compatible with a significant fraction of the
tracer bound to MAO-A. Thus, [11C]harmine was found to be a useful probe for
the quantitative determination of brain MAO-A inhibition in a dose-dependent way
(Bergström et al. 1997a). In the drug development PET study in healthy volunteers,
interaction of the new antidepressant drug euseprone with MAO-A, as measured
with [11C]harmine, was investigated. The plasma kinetics indicated a drug half-life
of about 3.5 h, whereas the brain kinetics measured an inhibiting effect of 14.5 h
(Bergström et al. 1997b), as shown in Fig. 11.
The dosing frequency determined as MAO-A inhibition by the use of PET and

[11C]harmine gavemore accurate information for establishing a dosing regimen than
if the dose interval relied on plasma drug concentration. This may potentially lead
to a dosing regimen with improved clinical efficacy and less side effects. This shows
the potential of PET to determine dosing intervals and monitor drug effects directly
on target proteins in the brain.
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Fig. 11 Time-course of MAO-A inhibition and plasma kinetics
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3.2 Pharmacokinetic Studies

Understanding the pharmacokinetics of a drug is a necessary component in the
drug development process. Information on bio-distribution, particularly for a CNS
drug for which knowledge of blood brain barrier (BBB) penetration is of immense
importance, should preferably be available early in the drug development process.
Whether or not a potential drug candidate reaches the target organ in sufficient
amounts to achieve therapeutic effect is valuable information in the selection be-
tween different candidates. This type of information is usually obtained in animal
experiments and the results extrapolated to human applications with the risk of in-
terspecies differences, which might lead to wrong decisions. There is a complicated
mechanism in drug-target interaction involving drug exchange between plasma and
tissue and the next level where drug target protein kinetics mediates the first step in
the therapeutic effect of the drug.
The discrepancy between the time-course of plasma and target protein kinetics

discussed above is a general trend and typical curves for plasma and target kinetics
are shown in Fig. 12.
A special case is drug deposition and disposition following oral, intranasal or

inhalation administration routes. In these cases, PET is the only realistic molecu-
lar imaging alternative due to the opportunity of labeling the drug candidate with
a suitable radionuclide and the quantitative determination of amount of radioactiv-
ity. One major limitation with local administration of radioactivity compared with
intravenous is the low amount of radioactivity that can be given due to high local
radiation dose. In studies where the labeled drug is administered by intranasal or
inhalation routes, typically 10–50MBq is given, and this usually precludes detailed
information about brain or other organ kinetics.

Fig. 12 Difference between plasma and target pharmacokinetics
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3.2.1 [11C]Nicotine Inhalation Study

An illustrative example of the use of PET to study deposition and disposition of
drugs is the investigation of the smoking cessation device Nicorette�. This device
consists of an inhalator with a porous plug impregnated with nicotine, and by suck-
ing on it a suitable dose of nicotine, in the form of an aerosol, should be administered
and relieve the withdrawal symptoms. In this study, the deposition and disposition
was compared between the Nicorette� device and an ordinary cigarette, both la-
beled with [11C]nicotine. The levels of radioactivity in arterial blood, assumed to
represent [11C]nicotine was also measured. In Fig. 13, distribution of the radioactive
nicotine is visualized.
As shown in Fig. 13, the nicotine from the inhaler was not distributed to the

lungs and at early time-points was mainly found in the large bronchi, and later in
the esophagus and stomach. This was in contrast to nicotine from the cigarette,
which was found to be in the lungs. A plausible explanation for the differences could
be that the nicotine from the cigarette is particle-bound, whereas from the inhaler
an aerosol is formed, which deposits nicotine on surfaces in the upper respiratory
tract (Bergström et al. 1995; Lunell et al. 1996) and apparently does not reach the
lungs. The time-course of labeled-nicotine appearing in arterial blood also differed
significantly, as shown in Fig. 14.
From the cigarette, a very fast appearance of nicotine in blood — with a dis-

tinct peak at around 2–3min from the start of smoking — was obtained, whereas
the inhaler showed much slower kinetics, with a constant increase over time. The
differences in nicotine blood kinetics are explained by a fast transfer from lung to
blood when smoking a cigarette and a slow passage from esophagus and stomach
using the inhaler. The peak seen in the blood kinetics from the cigarette may rep-
resent what the smoker is seeking, rapid increase of the nicotine level in the brain
leading to the “kick” after uptake of nicotine.

3.2.2 Intranasal Administration of [11C]zolmitriptan

Another educational example of a deposition-disposition study is the intranasal ad-
ministration of the antimigraine drug zolmitriptan. Zolmitriptan is a 5-HT1B/1D

Fig. 13 Deposition of [11C]nicotine
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Fig. 14 Deposition of zolmitriptan in the nasal cavity following intranasal administration of
[methyl-11C]zolmitriptan

agonist taken orally. The antimigraine action of zolmitriptan is due to activation of
vascular 5-HT receptors as well as the trigeminal nucleus, and higher pain centers in
the brain may also be involved. Thus, the therapeutic activity may be mediated by
both central and peripheral mechanisms. The intranasal formulation administered
via a spray device was designed with the expectation of faster relief of symptoms
by quick transport from the nasal mucosa to blood. Also, the nausea and vomiting
found in connection with a migraine attack, which makes it difficult to swallow a
tablet, could be circumvented by an intranasal administration route. Zolmitriptan
was labeled in different positions, as shown in Scheme3 (Antoni et al. 2006). The
methyl labeling was used in the first study and [carbonyl-11C]zolmitriptan in the
follow-up study.
In the first part of the study, [methyl-11C]zolmitriptan was mixed with the thera-

peutic amount of zolmitriptan and administered by an intranasal route using a spray
device (Yates et al. 2005). In Fig. 15, the deposition of zolmitriptan in the nasal
cavity is shown.
In this study, deposition and disposition data for intranasally administered zolmi-

triptan was obtained. Due to the low amount of radioactivity given (around 25MBq),
the counting statistics from brain tissue was too low to give significant data.
The following study was designed partly based on the results from the blood

pharmacokinetics data obtained from intranasal administration. In the follow-up
study, a therapeutic dose of zolmitriptan was given by the intranasal route, followed
by intravenous administration of 300–400MBq of [carbonyl-11C]zolmitriptan. By
the latter protocol it was possible to achieve sufficient brain radioactivity levels to
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quantitatively determine the concentration of zolmitriptan in brain (Bergström et al.
2006; Wall et al. 2006). The relationship between arterial and venous tracer con-
centrations, respectively between the brain and arterial tracer concentrations were
calculated. This was followed by recalculating plasma PK data using the impulse
response functions derived from the PET studies to estimate the brain zolmitrip-
tan concentration after a nasal administration of a therapeutic dose. By the use of a
dynamic PET investigation and PK modeling, it was possible to quantify the brain
concentration of the drug after nasal administration of a therapeutic dose and to
extend the time window beyond the typical 4–5 half-lives of the radionuclide (ap-
proximately 90min for 11C). It was concluded that zolmitriptan entered the brain
in sufficient amount to suggest a central action and the data support rapid brain
availability after intranasal administration.
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4 Conclusions

The examples presented show that we can interpret a radioactive signal, measured
with a PET camera, in terms of specific biochemical reactions. The understanding of
the complex interactions between a tracer molecule and a molecular target in a liv-
ing organism is a challenging task. The toolbox and methodology consists of choice
of radionuclide, labeling position and development of tracer kinetic models. The
use of position-specific labeling is a powerful tool to elucidate in-vivo biochem-
istry. A multi-tracer protocol is an alternative way to evaluate complex biological
processes and has proved useful in both biomedical research and in clinical appli-
cations. PET and molecular imaging is increasingly applied to acquire knowledge
of how the human body is regulated at the molecular level, giving insight into both
pathophysiological and normal conditions. The use of molecular imaging in drug
development is a field of research where PET will contribute, potentially leading
to the development and use of improved drugs in a cost-effective way. The devel-
opment of methods and techniques for the labeling of molecules either as tracers
for drugs or as potential tracer tools in the last years is significant and especially
the use of 11C-carbon monoxide as a building block in labeling synthesis is worth
mentioning (Långström et al. 2007). In the light of this, we advocate that PET has a
role in the implementation of the personalized medicine concept into the healthcare
system, for the benefit of the individual as well as society.
We have barely scratched the surface of knowledge in the field of in-vivo molec-

ular interactions and the future holds almost unlimited, challenging research oppor-
tunities in the field of molecular imaging.
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Eriksson B (1998) PET with 5-hydroxytryptophan in endocrine tumours. J Clin Oncol 7:
2534–2542

Patlak CS, Blasberg RG (1985) graphical evaluation of blood-to-brain transfer constants from
multiple-time uptake data. Generalizations. J Cereb Blood Flow Metab 5:584–590

Ravina B, Eidelberg D, Ahlskog JE, Albin RL, Brooks DJ, Carbon M, Dhawan V, Feigin A,
Fahn S, Guttman M, Gwinn-Hardy K, McFarland H, Innis R, Katz RG, Kieburtz K, Kish SJ,
Lange N, Langston JW,Marek K,Morin L,Moy C,Murphy D, OertelWH, Oliver G, Palesch Y,



Radiopharmaceuticals: Molecular Imaging using Positron Emission Tomography 201

Powers W, Seibyl J, Sethi KD, Shults CW, Sheehy P, Stoessl AJ, Holloway R (2005) The role
of radiotracer imaging in Parkinson disease. Neurology 25:208–215

Rinne OJ, Nurmi E, Ruottinen HM, Bergman J, Eskola O, Solin O (2001) [18F]FDOPA and
[18F]CFT are both sensitive markers to detect presynaptic hypofunction in early Parkinson’s
disease. Synapse 40:193–200

Shulkin BL, Wieland DM, Schwaiger M, Thompsson NW, Francis IR, Haka MS, Rosenspire B,
Sisson JC, Kuhl DE (1992) An approach to the localization of pheochromocytoma. J Nuc Med
33:1125–1131

Shulkin BL, Thompson NW, Shapiro B, Francis IR, Sisson JC (1999) Pheochromocytoma: imaging
with 2-[fluorine-18]fluoro-2-deoxy-D-glucose PET. Radiology 212:35–41

Sonnewald U, Gribbestad IS, Westergaard N, Nielsen G, Unsgard G, Schousboe A, Petersen SB
(1994) Nuclear magnetic resonance spectroscopy: biochemical evaluation of brain function in
vivo and in vitro. Neurotoxicology 15:579–590

Tedroff J, Aquilonius SM, Laihinen A, Rinne U, HArtvig P, Andersson J, Lundquist H,
Haaparanta M, Solin O, Antoni G, Ulin J, Lånsgtröm B (1990) Striatal kinetics of
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Abstract Optical imaging is an emerging modality in the growing field of bio-
medical diagnostics. The past decade has witnessed the development of a variety
of promising strategies for optical imaging techniques. Fundamental to these tech-
niques is the design and application of novel fluorescent markers to allow molecular
level in-vivo studies of disease in animal models in the laboratory and eventually in
human clinical studies.
This review surveys the range of fluorophores employed in these probes and the

alternative probe systems in which they are used: non-specific, targeted and activat-
able; recent developments in the area of fluorescent nanoprobes and multimodality
constructs are also reviewed.

1 Introduction

The field of optical imaging is experiencing a period of rapid expansion and in-
creased attention. The reasons for this growing interest include the growth of the
clinical diagnosis market and the rise of molecular imaging, which offers insights
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into the workings of biological processes at a molecular level and is of particular
interest for drug development. The goal of observing molecular processes drives the
development of specific probes to report on particular molecular interactions.
Optical imaging distinguishes itself from other diagnostic modalities by several

key characteristics. It provides high instrumental sensitivity for detection, it is a
non-radiative method and only low dosages are required, allowing repeated dosing.
Imaging instrumentation is relatively inexpensive and generally easy to apply. Also
useful is the direct correlation between results obtained in bioanalytical research,
e.g. by fluorescence microscopy, with those from macroscopic and in-vivo imaging.
The key properties sought for imaging probes are that they are biocompatible, in-
jectable and detectable at a sensitivity level which is determined by the molecular
mechanism to be studied.
The most evident challenge is the limitation given by the penetration and scat-

tering of light in the tissue, deteriorating the ability to localise the spatial origin of
fluorescence with increasing distance from tissue surfaces. On surfaces, however,
fluorescence can be visualised with high accuracy, as apparent in microscopy. Ac-
cordingly, the location and type of tissue abnormality in the body requires dedicated
instrumental approaches adapted to the specific imaging problem. This is reflected in
the broad range of fluorphore types applied to design molecular probes, either based
on organic fluorophores or on anorganic nanoparticles, covering a broad range of
photophysical and chemical characteristics.
This chapter reviews the range of optical agents published and summarises the

different targeting principles incorporated into the design of these probes.

2 Optical Probes Based on Organic Dyes

2.1 Properties of Different Fluorophore Classes

The photophysical properties of fluorescent imaging probes lie at the heart of op-
tical imaging and provide a fitting starting point for this review. These key proper-
ties include: typical absorptionwavelengths and fluorescence emission, fluorescence
quantum yields and lifetimes, and potential photodynamic characteristics. For diag-
nostic applications, the most common fluorophores of an organic nature have been
polymethine dyes (carbocyanine dyes), tetrapyrroles (porphyrins, chlorins, bac-
teriochlorins), rare earth metal chelates (terbium and europium complexes) and
xanthene dyes, including fluorescein- and rhodamine-type fluorophores. In order
to select a probe suitable for a specific research or clinical application, the ba-
sic features of these fluorophores have to taken into account. In Fig. 1, typical
spectra of these fluorophores are illustrated. Cyanine dyes are perhaps the most
widespread and versatile fluorophores in the area of biological imaging. They are
available at practically each desired absorption wavelength from the visible (VIS) to
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Fig. 1 Typical absorption and fluorescence emission spectra of cyanine, tetrapyrrol, xanthene
and lanthanide chelate fluorophores. The graphs include structure sketches of the basic chro-
mophore types

near-infrared spectral range making them useful for both superficial and deep tissue
imaging (Licha 2002); they have short fluorescence lifetimes (∼1ns), high mo-
lar extinction coefficients and moderate fluorescence quantum yields. Drawbacks
such as chemical instability and photobleaching have been addressed with novel
stabilised derivatives (Ballou et al. 2005). Tetrapyrrol chromophores, such as por-
phyrins, chlorins, benzochlorins, bacteriochlorins and phthalocyanines, are well es-
tablished for photodynamic therapy, as these structures have the ability to generate
singlet oxygen and radicals from their long-lived triplet excited states, leading to
cell-toxic events (Nyman and Hynninen 2004). To review the therapeutic aspects is
beyond the scope of this chapter, but many tetrapyrroles have red-shifted absorption
and reasonable fluorescence emission (lifetime∼10ns), making them applicable for
diagnostic purposes (see also Sect. 2.4.2).
Lanthanide chelates, particularly with terbium and europium, are interesting be-

cause of their long fluorescence lifetimes up to the millisecond range. The fluores-
cence derives from the metal ion, which intramolecularly receives excitation energy
from an aromatic system in close proximity. As a result, these complexes exhibit
large Stokes’ shifts but also very short excitation wavelengths determined by the
aromatic moiety (UV to VIS), thus making them primarily useful for superficial
examinations.
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Xanthene dyes encompass derivatives of fluorescein and rhodamine, which are
essential tools in bioanalytics. They are particularly advantageous for microscopy
and other equipment for cell analysis, since they exhibit very high fluorescence
quantum yields (near 100%). It is difficult to tune these structures to absorb in the
near-infrared region, so that for in-vivo imaging preference has been given to cya-
nine dyes.
Many of these dyes have undergone synthetic modifications to meet chemical

and pharmacological requirements or are part of conjugates with biological target-
ing units, e.g. antibodies, proteins, peptides, small molecules, or enzyme-activatable
constructs. The following chapters group the dyes according to their mode of action:
non-specific dyes (passive targeting), target-specific probes (reporters of protein
structure and expression) and activatable systems (reporters of protein function).

2.2 Non-specific Dyes (Passive Targeting)

The application of non-specific contrast agents that achieve contrast enhancement
based on morphological and physiological properties of tumor tissue is daily med-
ical routine in X-ray, CT and MR imaging. In principle, the knowledge that exists
here can be exploited for optical contrast agents and has led to the development of
several probes mainly studied as fluorescent contrast agents for tumours.
The carbocyanine dye indocyanine green (ICG, absorption∼780–800nm) is the

only clinically applicable near-infrared dye; it was approved in the 1960s as a di-
agnostic drug for the assessment of hepatic function and cardiac output (rapid liver
uptake with blood half life of ∼10min), and re-discovered later in the 1990s as an
imaging agent. ICG has been studied as a potential near-infrared contrast agent for
the detection of tumours both in animals and patients (Licha et al. 2000; Gurfinkel
et al. 2000; Ntziachristos et al. 2000), and is meanwhile a frequently applied dye
for fluorescence angiography of vascular disorders in ophthalmology (Richards
et al. 1998). Novel indotricarbocyanines have been synthesised with substantially
increased hydrophilicity and reduced plasma protein binding, thus increasing the
circulation and tissue retention times, which is particularly important for optical
imaging procedures of longer duration (e.g. optical breast scans or intraoperative
procedures). Examples are the dye SIDAG (Licha et al. 2000; Ebert et al. 2001),
a bis-glucamine derivatized carbocyanine, and TSC, a tetrasulfonated alternative
(Perlitz et al. 2005), both of which having demonstrated potential for the detec-
tion of tumours (absorption at ∼750nm/emission >780nm). Similar approaches
were followed by decorating near-infrared carbocyanines with sugars such as galac-
tose (Zhang and Achilefu 2004) or even multivalent dendritic glucosamine arrays
(glucosamine cypates; Ye et al. 2005). The near-infrared cyanine dye IRDye78-CA,
employing sulfonate and carboxylic acid moieties, has been applied for the intra-
operative visualisation of myocardial blood flow and perfusion (Nakayama et al.
2002). A pyclen-based macrocyclic complex with terbium has been studied as a
diagnostic imaging probe for the detection of animal tumours on tissue surfaces
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Fig. 2 a–g Chemical structures of non-targeted fluorescence imaging agents. a Indocyanine green,
b tris-glucosamine cypate, c SIDAG, d TSC, e IRDye78-CA, f fluorescein, and g Tb-PCTMB

with simple UV illumination (Tb-PCTMB; Bornhop et al. 2003). The xanthene-
type dye fluorescein is one of the few that is clinically approved and today it is the
most widespread fluorophore in medical imaging, routinely applied as a probe drug
for fluorescence angiography in ophthalmology (Hogan and Zimmerman 1997). The
chemical structures of probes discussed in this chapter are depicted in Fig. 2.
By attaching fluorescent dyes like cyanines and fluoresceins to methoxy(poly-

ethylene)glycols (MPEGs) of different molecular weights (Riefke et al. 1998) or
to biological macromolecules such as transferrin or human serum albumin (Becker
et al. 2000; Kremer et al. 2000), increased blood circulation times and pronounced
tumour uptake were observed. These probes enable the creation of in-vivo con-
trast by the enhanced permeability of tumour vasculature or inflammatory processes
compared with normal tissues.
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2.3 Target-specific Conjugates

2.3.1 Conjugates with Peptide Ligands

Following the approaches of radiodiagnostic imaging, target-specific optical agents
have been designed by utilising low molecular weight peptide ligands as vehicles
for the delivery of fluorophores. Many tumours are known to overexpress recep-
tors [mostly studied are G-protein coupled receptors (GPCRs)] for specific pep-
tide ligands with diverse regulatory function, e.g. somatostatin (SST), vasoactive
intestinal peptide (VIP) or bombesin. For example, the pharmacologically opti-
mised SST analogue octreotate internalizes receptor-mediated into cells with vir-
tually every payload, ranging from radiochelates to fluorophores. Imaging agents
such as ITCC-octreotate (Becker et al. 2001), cypate-octreotate (Bugaj et al. 2001),
and sulforhodamin B-octreotate analogue (Mier et al. 2002) demonstrate the utility
of this approach and provide a broad spectrum of in-vitro and in-vivo biochemical
data. Similarly, the conjugate Cybesin, targeting the bombesin receptor (Pu et al.
2005), and a cyanine-labelled, stabilised derivative of vasoactive intestinal peptide
(Bhargava et al. 2002) have been studied. Some cell adhesion molecules, in partic-
ular the integrins αvß3 and αvß5, have been proposed as markers for angiogenesis
in tumours. The well-known peptide ligand containing the RGD-motif was used
as targeting vehicle for fluorescence imaging (Aina et al. 2005; Wang et al. 2004).
Cy5.5-RGD peptide uptake could be inhibited in vivo by free peptide, suggesting
specific interaction with integrins (Achilefu et al. 2005; Chen et al. 2004).
In Fig. 3, selected structures of fluorescent peptide probes are depicted, and they

are summarised by Table 1. General advantages of peptide conjugates are that they
can be readily synthesised as defined and robust structures, are not immunogenic as
antibodies might be (see Sect. 2.3.2) and have favourable pharmacokinetics in terms
of reasonably rapid blood clearance and decreasing background fluorescence.

2.3.2 Conjugates with Antibodies and Protein Ligands

Advances in biotechnology created powerful targeting systems based on antibodies
and their bioengineered analogues, such as antibody fragments, diabodies or mini-
bodies. The strategy of coupling cyanine dye labels to antibodies for in-vivo imag-
ing was first followed by Folli et al. (1994) and Ballou et al. (1995), and was later
reinforced by Neri and co-workers, who described affinity-maturated single-chain
antibody fragments directed against an angiogenesis-specific oncofetal isoform of
fibronectin (ED-B fibronectin). After injection of Cy7 or Cy5.5-labeled antibody
fragments, the expression of ED-B-fibronectin was visualised in tumour-bearing
mice (Birchler et al. 1999a), in a mouse atherosclerosis model (Matter et al. 2004),
and in angiogenesis induced in the cornea of rabbits (Birchler et al. 1999b), impres-
sively demonstrating the relevance of ED-B-fibronectin as a marker of angiogenetic
processes.
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Fig. 3 a–d Chemical structures of receptor-targeted peptide conjugates. a ITCC-octreotate,
b Cy5.5-RGD peptide, c cypate bombesin analogue Cybesin, and d sulphorhodamine B-ALALA-
octreotate

The utilisation of the apoptosis marker annexin V conjugated to a near-infrared
fluorophore to assess cell death in vivo was first demonstrated by Petrovsky et al.
(2003) and furthermore studied to assess pharmacological responses of cancer
chemotherapy in animals (Schellenberger et al. 2003). Labelling of annexin V
highlighted a typical pitfall of antibody and protein conjugation chemistry: above
labelling ratios of 2, protein functionality was drastically hampered due to cova-
lent attachment of fluorophores in the active binding region of the protein
(Schellenberger et al. 2004).
Other examples for antibody- and protein-based ligands are cyanine conjugates

with epidermal growth factor EGF (Ke et al. 2003), endostatin (Citrin et al. 2004),
and an IgM antibody targeting the endothelial expression of glycoproteins for the
optical imaging of inflammation and lymph nodes (Licha et al. 2005). A summary
of the content of this chapter is included in Table 1.

2.3.3 Conjugates with Small Molecule Ligands

Small molecule ligands can mediate specific target interaction and uptake into
tumour cells, even when the diagnostic molecule is considerably larger than the
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Fig. 4 a–f Chemical structures of fluorophore conjugates with small molecule ligands. a Cy5.5-
folate conjugate, b bone-targeted IRDye78 pamidronate Pam78, c IRDye78 conjugate with PSMA-
ligand GPI, d europium chelate conjugate with PBR-ligand (Eu-PK11195), e pyropheophorbide a
glucosamine conjugate Pyro-2DG, and f progesterone receptor antagonist mifepristone labeled
with fluorescein isothiocyanate

carrier. As illustrated by Table 1, a large variety of such agents have been synthesised
and successfully validated as targeted probes. A selected panel of agents is depicted
in Fig. 4 and discussed in the following paragraph.
The vitamin folic acid has been utilised as carrier molecule to target the abundant

folate receptor on proliferating cells and activated macrophages. After derivatiza-
tion of folic acid with the cyanine dye Cy5.5 or NIR2, uptake studies demonstrated
convincing imaging properties in cancer models (Tung et al. 2002; Moon et al.
2003) similar to peptide-based ligands and showed utility for the early detection
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of inflammatory disease in a rheumatoid arthritis model (Chen et al. 2005). Vitamin
B12 linked to Cy5 (CobalaFluor) was elucidated as a surgical tool for lymphatic
mapping (McGreevy et al. 2003).
Glucose transporters (GLUTs) facilitate the internalization of the carbohy-

drate into proliferating cells more pronounced than into normal cells. Thus,
18F-radiolabelled 2-fluorodeoxyglucose (FDG) is used to detect cancers in humans.
Chen et al. (2003) and Ye et al. (2005) conjugated glucosamine to a near-infrared
carbocyanine dye similar to already published derivatives (Licha et al. 2000). Fur-
thermore, a glucosamine derivative of pyropheophorbid a, an often employed PDT
chromophore, was synthesised (Pyro-2DG; Zhang et al. 2003). The uptake of these
conjugates could be inhibited by the addition of glucose. These results suggest near-
infrared versions of 18F-FDG, which function via GLUTs (Zhang et al. 2004).
The feasibility to specifically target microcalcification has been shown in a

suitable breast cancer model with a cyanine dye-pamidronate derivative, Pam78
(Lenkinski et al. 2003). Bisphosphonates such as pamidronate or alendronate are
ligands to hydroxyapatite, an indicative component of microcalc formation. The
functionality after covalent linkage to cyanine dyes or fluoresceins was proven in
animal models of osteoblastic activity (Zaheer et al. 2001; Wang et al. 2003).
Targeting of the receptor for low-density lipoprotein (LDLr) was achieved by

coupling a cyanine dye to a cholesteryl laurate which is known to incorporate into
the lipid region of the receptor ligand LDL. Similarly, the PDT agent pyropheophor-
bide linked to a respective oleate was internalized into tumour cells by way of LDL
formulation (Zheng et al. 2002a, 2002b).
The successful localisation of the fluorescein-labelled progesterone receptor an-

tagonist mifepristone into cell nuclei demonstrated for the first time the capability
to image progesterone receptor-positive cells in vitro, suggesting near-infrared ana-
logues for in-vivo applications (Hödl et al. 2004).
A ligand to the peripheral benzodiazepine receptor (PBR) was employed for flu-

orescence imaging by means of fluorescent lanthanide chelates. The PBR-ligand
conjugate with a europium macrocycle (Eu-PK11195) was evaluated for early can-
cer lesion detection (Manning et al. 2004).
Finally, it was shown that an oxazine-type fluorophore is capable of acting by

itself as a specific ligand for a binding site in ß-amyloid plaques (Hintersteiner et al.
2005), demonstrating the potential for fluorescence detection of Alzheimer plaques,
with the proviso that longer wavelengths will certainly be crucial for studies in or-
ganisms larger than laboratory animals.

2.4 Activatable and Biosynthetic Probes

2.4.1 Enzyme-activatable Conjugates

Fluorescence activation involves the conversion of a fluorophore from a quenched,
non-emitting state into a free state where it is capable of emitting fluorescence light
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upon excitation. The ability to control the fluorescence output of dyes by changing
their local chemical environment is unique for optical techniques. The idea of a so-
phisticated poly(L-lysine)/poly(ethylene gylcol) graft polymer labelled with a high
number of cyanine dyes (in most cases Cy5.5 with an excitation/emission maxi-
mum at ∼680nm/710nm) allowed Weissleder and co-workers to establish a ver-
satile molecular imaging platform. Attachment of the fluorophores either directly
or via cleavable peptide sequences in close proximity to each other causes strong
fluorescence quenching. As illustrated in Fig. 5, enzymatic cleavage converts the
probe from a quenched, non-detectable to a fluorescent state by liberating single
dye-loaded fragments either through backbone cleavage of the lysine-lysine amide
bonds (Weissleder et al. 1999) or cleavage at the peptide sequences by proteolytic
enzymes (various peptides as substrates possible, see Fig. 5). Broad utility has been
demonstrated for many disease models, including cancers, atherosclerosis, rheuma-
toid arthritis, and thrombosis (see Fig. 5 for references) and by elucidating en-
zyme activity as indicator for therapeutic efficacy. A more simple design employed
dimeric constructs consisting of an enzyme-cleavable peptide flanked by either two
different self-quenching cyanine dyes (MMP-7 cleavable; Pham et al. 2004) or a
quencher/dye pair (Caspase-3 cleavable; Pham et al. 2002). In both cases, an ap-
proximately fourfold increase in fluorescence was reached, whereas the polymeric
carrier system described above leads to factors greater than 100.

Fig. 5 Illustration of the active structural elements of activatable probes. Backbone-cleavable
polylysine-poly(ethylene glycol) graft polymer (left) and peptide substrate-derivatized graft poly-
mer (right). The bulbs represent fluorophores (e.g. Cy5.5) which become fluoroescent upon cleav-
age from the polymer. Arrows indicate cleavage sites. Cleavage occurs between amino acids typed
italic
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2.4.2 Biosynthetic Precursor 5-ALA

5-Aminolevulinic acid (ALA) has been thoroughly studied as an imaging agent.
ALA is not fluorescent per se, but as a biosynthetic precursor in the heme synthetic
pathway stimulates the intracellular synthesis of the fluorescent heme intermediate
protoporphyrin IX (PpIX) with a certain selectivity for tumours. Accordingly, PpIX
fluorescence allows the visualisation of tumours and other tissue abnormalities in a
large variety of clinical applications after administration of ALA— intraveneously,
topically or orally. A recent insight into ALA applications was, for example, pub-
lished by Fukuda et al. (2005). Beyond ALA, several derivatives have been de-
signed with the primary objective of improving bioavailability, uptake kinetics and
phototherapeutic efficacy. Some alkyl esters of different alkyl chain length (Lange
et al. 1997; Uehlinger et al. 2000), ethylene glycol esters and amino acid conjugates
(Berger et al. 2000) which are converted into free ALA through ester cleavage by es-
terases, have shown superior properties. Approximately 30- to 150-fold lower drug
concentrations were required to create comparable amounts of PpIX. Depending on
the alkyl chain length used, the highest benefit was obtained with the n-hexyl ester,
which recently underwent clinical approval (HexVix from PhotoCure, Norway) for
the photodiagnosis of bladder cancer (Witjes et al. 2005).

3 Optical Probes Based on Inorganic Nanoparticles

3.1 Semiconductor Nanocrystals or Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals consisting of atoms such as
Cd, Se, Te, S and Zn. These materials have been extensively studied as fluorescent
probes and are primarily gaining interest as fluorescent tags for biological mole-
cules due to their large quantum yield and photostability (Chan et al. 2002;Michalet
et al. 2005). They can be prepared with high monodispersity at 2–10 nm in diame-
ter carrying different organic shells, e.g. phospholipids (Dubertret et al. 2002), and
are already commercially available (e.g. Quantum Dot Corporation). The size of
the QDs can be synthetically controlled such that fluorescence emission bands of
narrow bandwith (∼30nm) covering the VIS to near-infrared spectral range can be
obtained (Lim et al. 2003). Figure 6 illustrates the typical broad-band absorption and
narrow fluorescence profile of four different QD sizes. Increase in size and modi-
fications to the metal content by incorporating In, As and P into the alloy has lead
to a remarkable red-shift of fluorescence beyond 750 nm (Kim et al. 2004, 2005;
Zimmer 2006).
QDs have an outstanding potential for cellular high-resolution imaging, single-

molecule detection studies on ligand-protein interactions, cell trafficking and mole-
cular diagnostics. In recent publications, different ways to alter the solubility and
biocompatibility of QDs and improve their in-vivo properties were addressed, on
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Fig. 6 Illustration of a typical absorption and fluorescence emission pattern of quantum dots.
Sketch of the composition of a quantum dot, including the option to attach a reactive linker and
conjugate the particle with an antibody

the one hand by surface modifications, such as hydrophilic groups, PEGs, and
block polymers (Ballou et al. 2004; Kim and Bawendi 2003; Gao et al. 2004) and
on the other hand by adding reactive moieties for bioconjugation with targeting
vectors, such as antibodies (Michalet et al. 2005; Wu et al. 2003) and peptides
(Akerman et al. 2002). An extensively explored research field has been the use of
QDs for the highly sensitive fluorescence guidance to sentinel lymph nodes, pio-
neered by Frangioni and co-workers, who showed not only a proof of principle but
also furthered the instrumental understanding (e.g. aspects of colour coding and im-
age fusion) (Kim et al. 2004; Parungo et al. 2005; Soltesz et al. 2005).
While in-vivo imaging of QDs has shown to be highly efficacious at the animal

level, their future as drugs approved for human use is questionable as major issues
have still to be addressed, particularly due to the potential long-term toxic effects
generated by traces of heavy metals. Therefore, metal-free systems would be bene-
ficial, provided that they exhibit comparable photo-optical properties.

3.2 Other Nanomaterials

Fluorescent nanoparticles based on materials which are either metal-free or have
matrices that allow doping with metal atoms are interesting materials (Santra et al.
2004), e.g. ruthenium-doped silica nanoparticles (Santra et al. 2001). Fluorescent
dye-loaded nanospheres based on polystyrene have been explored for sentinel node
detection (Nakajima et al. 2005) similarly to the application of QDs described above
in Sect. 3.1. Targeted gold nanoparticles that are heated up by laser pulses, leading to
cell damage, provide a potential extension into therapeutic applications (Pitsillides
et al. 2003). Other novel nanoarchitectures are gold nanorods that produced a strong
two-photon luminescence, which has shown utility for the imaging of superficial
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vessels in an animal model (Wang et al. 2005), or surface-modified nanodiamonds,
which are extremely photostable and have been used in cellular imaging (Yu et al.
2005).

4 Multi-modality Probes

This section of the review deals with chemical probes which, in addition to being
used for optical imaging, have another function, either as an imaging agent in a
second diagnostic technique or as a photosensitizer for photodynamic therapy.
A small body of literature exists at the present time to represent this new growing

field. It seems natural, with the present optimistic outlook and the expected rapid
growth in the field of diagnostic contrast agents, that cross-fertilization between
techniques will increase, giving rise to new multimodality probes, which, in con-
trast to monofunctional probes, potentially offer higher diagnostic value and added
product differentiation in the marketplace as competition increases.
These first multimodality probes with relevance to optical imaging have com-

bined fluorescent dyes with imaging ability for MRI based on iron oxide nanopar-
ticle techniques (Koch et al. 2003; Huh et al. 2005; Veiseh et al. 2005). Based on
this technology, target-specific delivery via molecular vehicles attached to the coat-
ing of the multimodal particle has been extensively elucidated, taking advantage

Fig. 7 a–c Chemical structures of multimodality probes. a In111-DOTA radiolabeled cyanine
dye probe, b photosensitizer cyanine dye conjugate and c Gd-DTPA cyanine dye for dual
MRI/fluorescence
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of the dual character, e.g. by correlating cellular fluorescence microscopy with in-
vivo MRI and optical imaging (Funovics et al. 2005; Weissleder et al. 2005; Quinti
et al. 2006). Other systems comprise radioisotope/PET entities (Pandey et al. 2005;
Achilefu et al. 2005; Zhang et al. 2005), and structures for photodynamic therapy
(Pandey et al. 2005). Other work by Pandey and co-workers instead combines pho-
todynamic therapy with MRI imaging (Li et al. 2005).
Selected examples of these probes are illustrated in Fig. 7, including work on the

imaging of low-density lipoprotein receptors using a probe with a GdDTPA moiety
for MRI and a cyanine dye for fluorescent confocal microscopy (Li et al. 2004), a
monomolecular agent consisting of a heptamethine carbocyanine and a 111In-DOTA
chelate which acts as an antenna for optical and radioisotope imaging (Achilefu et al.
2005; Zhang et al. 2005), and a derivitized pheophorbide photosensitizer that was
conjugated with a cyanine dye which showed both efficient tumour imaging and
photosensitization (Chen Y et al. 2005).

5 Summary and Conclusion

This review summarises the current state of research in the area of fluorescent probes
for optical imaging. It is targeted at readers with a wide range of backgrounds in this
subject and, as such, a closer consideration of the probes described should be possi-
ble based on any of the following properties of the imaging agent: the photophysical
nature (absorption and fluorescence properties), the chemical origin (e.g. biomole-
cules, small molecules, nanoparticles and combinations thereof), the mode of action
(non-targeted, targeted, activatable) of the imaging agent or the disease mechanism
(angiogenesis, inflammation, apoptosis, etc.).
As apparent in this and many other articles, there is a large and growing range

of optical agents available for biomedical imaging at the research level; this growth
being driven in part by the ongoing discovery of new molecular disease targets.
In the field of optical imaging, rapid development is predicted for the future,

bringing with it an even greater variety of probes and the foreseeable entry of some
of these moieties into the clinical scenario, in the face of increasing challenges to
pharmaceutical development. This review documents the proof of utility of the con-
cepts of optical imaging, which provides a solid foundation for its application and
future impact on the medical landscape.
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Abstract The successful use of targeted ultrasound contrast agents (USCAs) for
qualitative US-based imaging has been shown by several academic and industrial
research groups in different animal models. Furthermore, techniques have been de-
veloped that enable the in-vivo quantification of targeted microbubbles (MBs). US-
CAs for quantitative functional and molecular imaging in small animals can be used
for a more detailed characterization of new and established disease models and pro-
vide quantitative biological insights into the interaction between drug and target or
target and disease in living animals.
The advantages of such contrast agents in research and development are seen to be
as follows:

• new functional or molecular findings in the complex biology of disease
development

• these findings can lead to new therapeutic strategies or drug candidates
• a better understanding of the treatment effects of new and existing drug
candidates
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• a more sensitive and specific characterization of early treatment effects in living
animals

• identification of in-vivo biomarkers for translational medicine

Further outcomes are seen in speeding up the evaluation of new drug compounds
and in a reduction of the number of animals used for biomedical research.

1 Introduction

The term “molecular imaging” describes a relatively new and fascinating technology
that opens the possibility for the noninvasive examination of molecular mechanisms.
The in-vivo imaging of processes at the cellular and molecular level is an important
part in better understanding physiological and pathophysiological procedures at the
molecular level and offers new opportunities for diagnosing and treating oncolog-
ical, cardiovascular and other illnesses (Weissleder and Mahmood 2001). Molecu-
lar imaging shifts the focus of diagnostics from macrophysiological processes and
structural changes at the organ level toward initial changes at the molecular and
cellular level. This form of imaging does, however, have two rudimentary require-
ments: on the one hand, specific probes (“molecular probes”) are needed, which
interact with molecular target structures (“molecular targets”) and thereby labeling
them. On the other hand, these probes have to possess the ability of being visual-
ized by appropriate imaging procedures. Apart from these requirements, there are
further specifications to be met by the molecular imaging, such as high sensitivity,
high specificity of the probes for the molecular target, the highest possible spatial
resolution and the possibility of quantifying the signals of target-bound probes. PET
and SPECT are already well established molecular imaging technologies in clinical
diagnostics by the detection of radioactively labeled probes. However, these proce-
dures still have a low spatial resolution. Nonetheless, using image fusion techniques
in combination with high-resolution imaging procedures, such as CT or MRT with
PET or SPECT images, presently improves the anatomical assignment of molecular
information. The suitability of molecular imaging has already been established at
the preclinical level for other procedures, such as optical, magnetic and ultrasound
imaging technologies.

2 Ultrasound Contrast Agents (USCAs)

Even the word combination “ultrasound contrast agent” indicates that it is a medium
which results in contrast when used with ultrasonic waves. Contrast actually defines
the intensity ratio of two neighboring pixels, shown in the image replication.
This also means, in the broader sense of ultrasonic imaging, the echogenicity
ratio of two neighboring anatomical structures. If neighboring structures in the
B-mode possess the same echogenicity, then we talk about isodense contrast and
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discrimination between these structures being impossible in such situations. On the
other hand, neighboring structures can be differentiated sonographically very well
in the B-mode if they exhibit different echogenicities. The structure with the higher
echogenicity is also called hyperdense and that with the lesser echogenicity is re-
ferred to as hypodense. Unfortunately, many pathologies cannot be discriminated
from the surrounding tissue due to their isodensity. However, such a lesion would
become visible if either the signal of the tumor itself or the signal intensity (SI) of
the surrounding tissue could be changed in any direction. This becomes possible
with USCA in many cases, because the kinetics of USCA is sometimes different for
a pathology compared with the surrounding tissue. Thus, the concentration of the
USCA is then quite different for the adjacent tissues.

2.1 Overview

Gas bubbles have proven to be particularly advantageous as a USCA, since gases
possess low acoustic impedance (low density and thus a low acoustic wave prop-
agation speed) when compared with the surrounding tissue. The large differences
in acoustic impedance between gases and tissue lead to an intensified reflection of
acoustic waves, the impedance jump, at their interface. This phenomenon was first
described by Gramiak and Shah in 1968, when they observed intensified reflec-
tions in the ultrasonic image following the intraaortal administration of physiologi-
cal saline solution to a patient. They discovered that minuscule, highly reflexive air
bubbles in the injected liquid were responsible for this observation. As a result of
this observation, various solutions (saline solutions, plasma expanders, X-ray con-
trast agents or albumin solutions), which had to be shaken or treated mechanically
in order to form gas bubbles, were tested and/or clinically used in order to improve
sonography, mainly in cardiology (Chiang et al. 1986; Berwing and Schleppe 1988;
Keller 1988) but also in other indications such as the liver (Mattrey 1983) and brain
(Simon et al. 1990). The gas bubbles that resulted from these aforementioned man-
ual methods, however, had poorly defined sizes and were hardly characterized in
their acoustic behavior with respect to various ultrasonic parameters. Since these
procedures were not standardized, there were also problems with reproducibility
of the ultrasound contrast effects (Lange 1986). The above-mentioned preparations
also lacked toxicological safety testing; adverse reactions were also reported in
individual cases (Lee and Ginzton 1983). Due to the high potential benefit of such
gas bubbles for an improved clinical sonography, the pharmaceutical industry de-
cided on the focused development of a USCA as a diagnostic product. Accordingly,
it was in 1991 when Echovist (Schering), the first standardized USCA, was made
commercially available for use in right-heart diagnosis (Schlief 1997), after which
further indications were to follow. The rapid research and development in this area
led to new USCA formulations and the identification of many possible uses in the
areas of anatomical, functional and molecular diagnostics. Apart from the diagnos-
tic use of USCAs, their use in therapeutic approaches was and is being additionally
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examined (Hauff et al. 2005). According to the current point of view, the various
USCA formulations can be divided into six categories based on their morphology,
how they function and their indication (cf. Table 1).
In principle, USCAs are minuscule gas microbubbles with a size in the vicinity

of 1–5µm, which are stabilized with a thin shell (cf. Fig. 1). Various shell-forming
materials and gases provide these USCAs with varying acoustic characteristics and
ranges of application.
Due to their size, the USCA bubbles cannot leave the intravascular space and,

therefore, remain in the blood pool for several minutes following intravenous injec-
tion. There, they are destroyed either by ultrasonic effect or metabolic processes,
whereby the gas set free dissolves and/or the gases are exhaled through the lungs
when slightly soluble gases have been used. The shell material is metabolized. Since

Table 1 Organization of the USCA formulation into categories on the basis of their research and
development as related to time

Category Formulation Characteristics

1 Free gas bubble Dissolves rapidly in blood and does not
pass the capillary bed of the lung (right-
heart CA)

2 Encapsulated gas bubble with a soft
elastic lipid or protein shell (soft shell)

Stabilized gas bubble, which can pass the
capillary bed of the lung
(CA for the entire cardiovascular system)

3 Encapsulated soft-shell gas bubble, for
which slightly soluble gases are used
(e.g., perfluoro gases)

Gases with longer acoustic life span in the
cardiovascular-system

4 Encapsulated gas bubble with a stable
shell consisting of biodegradable poly-
mers such as polylactide or cyanoacry-
late (hard shell)

Gas bubbles with longer half-live and spe-
cific acoustic characteristics, such as stim-
ulated acoustic emission (SAE)

5 Encapsulated gas bubble with target-
specific ligands on the shell surface

USCA for molecular imaging

6 Gas bubbles as carriers of therapeutic
substances

Gas bubbles as drug delivery system
(DDS)

Fig. 1 Schematic diagram demonstrating the possible compositions of USCA bubbles
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the gas microbubbles (MBs) have a smaller diameter than do erythrocytes, there is
no danger of capillary embolization.

2.2 USCA for Molecular Imaging – Mode of Action

The molecular imaging with ultrasound requires the use of specially modified MBs,
which can label molecular targets as probes. There are two described methods for
MB targeting of appropriate targets: (1) passive targeting and (2) active targeting.
Passive targeting is a rather nonspecific target enhancement by MBs without the use
of antibodies. In contrast to this, active targeting attaches special ligands, such as
antibodies, peptides, polysaccharides or aptamers to the surface of the MBs, which
make it possible to selectively bind these MBs to the desired cellular epitopes or
receptors (Lanza and Wickline 2001; Dayton and Ferrara 2002).

2.2.1 Passive Targeting

Passive targeting is a nonspecific accumulation of MBs at the target site after their
administration which does not require a shell-labeling with specific ligands. The
desired mechanism of passive targeting can be specified by a targeted modulation
of the MBs’ morphology, such as size, chemical properties and electrical charge of
the shell, as well as the type of encapsulated gas, but also via the route of injection
and by physiological processes of the immune system (cf. Fig. 2).
Thus far, there have been three principal mechanisms described for passive

targeting:

• Phagocytosis
• Interaction with cell membranes and
• Lymph flow transport

Fig. 2 Principle of passively targeted MBs
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2.2.2 Active Targeting

With active targeting, as opposed to passive targeting, special molecular structures
are targeted by specific binding partners. On the one hand, this requires knowl-
edge of the molecular targets within the living organism in certain physiological
and pathophysiological situations, and on the other hand, the possibility of produc-
ing specific signal emitters that are capable of recognizing appropriate molecular
structures and bind strongly with them. The revolutionary progress made in biotech-
nology, such as in the finalization of the Human Genome Project and the associated
intensive research in the area of proteomics, as well as in bioinformatics, has led to
an improved understanding of the molecular processes at the core of disease. Build-
ing thereupon, modern medicinal products already selectively intervene in certain
key molecular processes. Aside from their use in treatment, these new findings are
also suited for the further development of diagnostic imaging.With molecular imag-
ing, new paths are opening for the diagnosis of disease years before the occurrence
of anatomical and physiological changes. In relation to this, treatment can be better
targeted and therapeutic effect better monitored. Also, the use of molecular imaging
in biomedical research for discovering pathophysiological mechanisms in the emer-
gence and development of disease processes in appropriate animal models, and the
possibility of thereby developing new therapeutic approaches, is not to be underes-
timated.
The manufacture of specific USCAs for active targeting has only become suc-

cessful in the past decade and their diagnostic potential is presently being intensively
examined, exclusively in the area of preclinical application. Specific USCAs gener-
ally consist of a signal-emitting element, a stabilized gas bubble (signaling moiety)
and ligands, which target molecular structures (targeting moiety) that are fastened to
the surface of the MBs’ encasement (MB shell). Depending on the molecular target,
these ligands can be antibodies, peptides, polysaccharides or aptamers (cf. Fig. 3).
Apart from the possible differences in the morphology of the signal emitters, such

as the use of various gases or shell materials, there are also different strategies for

Fig. 3 Principle of actively targeted MBs. The conjunction of a targeting moiety with the signaling
moiety results in target-specific MBs
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Fig. 4 Strategies for active targeted MBs. Actively targeted MBs can be produced by different
coupling strategies depending on the targeting moiety (e.g., antibodies, peptides, polysaccharides,
or aptamers)

producing a connection of ligands to the MBs’ shell. Usually, this strategy depends
on the physicochemical characteristics of the shell material (cf. Fig. 4). In principle,
there are two coupling strategies: (1) the direct and (2) the indirect connection of the
ligands to the covering material. In the case of the indirect connection, a so-called
linker is connected between the MB shell and the ligands. This is necessary in such
cases, where there is no direct coupling between MB shell and ligands possible or
when the ligand does not extend far enough from the encasement into the outside
environment after direct coupling and thus is not in a position to connect to the
molecular targets structures. In this case, the linker works as a spacer to the MB’s
surface. In both the coupling strategies, the linker or ligand can either be integrated
during the production process of a stabilized MB into the shell or after manufac-
ture of the MBs, it can be attached through covalent or noncovalent procedures
(Klibanov 1999, 2005).
The biotin-streptavidin system is also used in the majority of preclinical trials

with specific USCAs. The particular advantages are in the high flexibility in using
various biotinylated ligands, which bind firmly to streptavidin-carryingMBs due to
the high affinity between biotin and streptavidin. Even if this type of formulation
is not suitable for clinical use, due to the allergic risk that streptavidin presents to
humans, above all in the case of repeated use, this modular system does, however,
offer a broad field of application for various indications in biomedical research.
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3 Applications for Molecular Ultrasound Imaging

3.1 Passively Targeted

3.1.1 Phagocytosis

Macrophages and microphages of the cellular immune system have, among other
things, the task of freeing the human and animal organism by means of phagocytosis
of corpuscle components, such as foreign matter, microorganisms or the body’s own
cells, which have died. By using this physiological process, a selective enhancement
of MBs in organs of the reticuloendothelial system (RES) can be attained follow-
ing intravascular administration. In order to be able to maintain the acoustic activity
of phagocyted MBs for as long a time as possible, they should have a relatively
stable encapsulation, preferably made of a biodegradable polymer, to avoid rapid
lysis in the phagolysosomes. One such USCA is particularly well suited for use in
the sonographic detection of isodense, neoplastic change in the liver, since it con-
tains hardly any phagocyting cells (Hauff et al. 1997; Bauer et al. 1999). Addition-
ally, Lindner et al. (2000) were able to show that activated neutrophil granulocytes
engulf and absorb MBs, which are surrounded with an albumin or a lipid shell,
particularly well during inflammatory processes. As an explanation for this, they
were able to detect adhesion caused by ß2-integrin Mac-1 (in MBs with an albu-
min encasement) or a C3 complement (in MBs with a lipid encasement). In more
extensive in-vivo experiments with inflammation models in mice (using TNF-α), in
rats (ischemia-reperfusion of the kidneys) or in dogs (ischemia-reperfusion of the
myocardium) it could also be shown that the MBs containing leukocytes deposit on
activated endothelial cells and are sonographically detectable (Lindner et al. 2000;
Christiansen et al. 2002). Moreover, the process of the leukocyte adhesion of lipid-
encasedMBs was able to be clearly strengthened by the addition of the phospholipid
phosphatidylserine, a constituent of cell membranes during the production of MBs.
In the end, this caused an increased phagocytosis of MBs, therefore resulting in a
stronger signal yield and/or imaging of inflammatory processes.
The examples mentioned here impressively demonstrate the potential of USCA

for the diagnostics of neoplasias in organs of the reticuloendothelial system and of
inflammatory processes.

3.1.2 Interaction with Cell Membranes

Aside from the adhesion of lipid or albumin-encapsulated MBs to activated leuko-
cytes caused by ß2-integrin, Mac 1 and C3 complement as described above, tests
were also conducted with reference to the MBs’ surface charge and the interac-
tion with cell membranes. For this purpose, Fischer et al. (2002) manufactured lipid
encapsulated MBs with negative and neutral surface charges and, in a preliminary
study using intravital microscopy, examined the intravascular behavior of MBs in
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the cremaster muscle of wild-type and C3-deficient mice. Here, negatively charged
MBs showed significant retention in the blood vessels of the cremaster muscle,
which was not observed with the neutral MBs. This retention was clearly less in
C3-deficient mice, so that the C3-mediated complement reaction was postulated as
an essential mechanism of the retention and could be confirmed in vitro. In a sub-
sequent ultrasonic investigation in the myocardium of dogs, a myocardial contrast
could only be achievedwith the negatively chargedMBs 10min after intravenous in-
jection. The neutral MBs did not show any contrast enhancement in this case. These
data support the results of the intravital microscopy and underline the meaning of
the MBs’ surface charge on the pharmacokinetic behavior.

3.1.3 Lymph Flow Transport

A further possibility for passive targeting is to alter the route of administration for
USCAs. Injecting MBs subcutaneously or intracutaneously allows them access to
initial lymphatic vessels (= lymphatic capillaries and precollectors) and via interen-
dothelial openings (open junctions or flutter valves) or by transcellular endocytosis
or exocytosis and are transported with the lymph flow into the nearest lymph nodes.
The size of the MB seems to be of crucial importance. Oussoren et al. (1997) exam-
ined the influence of the size of liposomes with respect to their transport from the
injection site into the lymphatic vessels and their enhancement in regional lymph
nodes (popliteal lymph nodes and iliac lymph nodes) in rats during the period of
52 h after subcutaneous injection above the foot of the right hind leg. Accordingly,
they found, for example, that after 52 h only 26% of the liposomes with a size
of 40 nm were present; however, there were still 95% of the liposomes with a size of
400 nm in the area of the injection site. In contrast to this, the difference in enhance-
ment was not as clear in the regional lymph nodes, which indicates that larger lipo-
somes become more enhanced in the lymph node than do smaller ones. Hauff et al.
(1994) conducted early pilot studies on the possible use of a USCA as an indirect
lymphographic agent. These were air bubbles of about 1µm in the size, which had
been stabilized with a biodegradable polymer encasement (polybutyl-cyanoacrylic
acid) (Sonavist). Undertaking to clarify this question, dogs were injected with this
USCA intracutaneously in several small depots in the distal area of the rear ex-
tremities. The sonographic examination took place after 2 h of the animals moving
about freely, in order to promote lymph flow and consequently the transport of the
MBs. The sonographic examination took place in the color Doppler mode at high
mechanical index (MI) while utilizing highly sensitive SAE effect (see Sect. 2.3, in
the Chapter “Ultrasound Basics” by us in this volume). As proof of MB enhance-
ment, a homogeneous color-coded imaging of all popliteal lymph nodes could be
shown. This procedure also made it possible to find popliteal lymph nodes, which
could not previously be found using sonography, due to their isodense signals. Ad-
ditionally, a displacement process was simulated in the lymph nodes of a dog by the
intranodal administration of a small volume of an echo-poor substance (ultrasound
gel). After USCA administration, this region did not exhibit any MB-induced SAE
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effects and was, therefore, able to be clearly defined in a size of 2mm within the
lymph node that was contrasted. The signals caused by MBs in the lymph nodes
could be shown repeatedly several times by refreshing the MBs from the lymphatic
vessel system. In other examinations, Mattrey et al. (2002) as well as Choi et al.
(2004) tested an USCA for the indirect lymphography in a VX-2 tumor-bearing
(thigh) rabbit. In this case, they were perfluorohexane bubbles in size of between
1 and 3µm, which had been stabilized with a phospholipid encasement (Imagent).
After subcutaneous injection in different regions of the leg with the VX-2 tumor,
they were able to depict sonographically in the harmonic B-mode both the MBs
during their transport in lymphatic vessels and after their accumulation in the re-
gional lymph node (popliteal node and iliac node). Additionally, they were able to
define metastases of the VX-2 tumor in lymph nodes by their lack of contrast.
Although the MBs of both USCAs clearly exceeded the size of the liposomes de-

scribed by Oussoren et al. (1997), their subcutaneous and/or intracutaneous injection
did lead to their enhancement in the regional lymph nodes. Even if a quantity of the
MBs transported there remained unidentified, this was sufficient, however, to obtain
complete imaging of the lymph nodes, as well as the discrimination of space-filling
processes in these lymph nodes.
As a result, USCAs represent an additional alternative for the indirect lymphog-

raphy as regards the detection and characterization of regional lymph nodes or for
finding sentinel lymph nodes in the area of neoplastic change.

3.2 Actively Targeted

The areas of use of actively targeted USCAs are limited to the intravascular region
by the size of the MBs (1–5µm), since they possibly cannot exit the vascular system
without assistance following phagocytosis by macrophages. Whether phagocytized
MBs actually can gain access to the surrounding tissue by macrophage migration
through the vascular endothelia has not yet been sufficiently examined. On the other
hand, the endothelial cells of the blood vessels do offer a broad range of indications
for molecular ultrasound diagnostics (Hauff et al. 2003), which, among other things,
exchange various biological information (e.g., inflammation→ immune response)
between local tissues and organs and the entire organism . Although the endothelial
cells only line the luminal side of vessels as a single cell layer, their estimated total
quantity amounts in an adult human to a considerable 6× 1013 with an estimated
total mass of 1 kg and, as such, approximately corresponds to the size of a liver
(Simionescu 2000).
Depending on the MBs’ morphology and the dose administered, stabilized MBs

are completely eliminated from the circulatory system via the reticuloendothelial
system within 10–20min following intravascular injection. In the case of specific
MBs, this has the large advantage that the unbound portion is filtered relatively
quickly out of the cardiovascular system and that the MB signals then received at
the target do come exclusively from specifically bound MBs. This physiological
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detail results in a high signal-to-noise ratio of target-bound MBs, from just a few
minutes after their injection (Hauff et al. 2004).
Active targeting of various molecules was able to be represented in preclini-

cal trials for indications such as tumor angiogenesis, inflammation, thrombosis and
lymphography.

3.2.1 Neoangiogenesis

The process of tumor neoangiogenesis has meanwhile been sufficiently described
and there is detailed information on molecular interactions of stimulating and in-
hibiting tissue factors (Schirner et al. 2004). There is also a set of well-known
indicative label molecules that are postembryonically expressed specifically on the
endothelium of the tumor vessel or the surrounding stromal tissue and that can be
regarded as a potential target for the molecular tumor diagnostics with USCA. Ac-
cordingly, Korpanty et al. (2005) were able to show in cell cultures that antibody-
carrying MBs which are targeting the tumor endothelial cell marker, endoglin
(CD105), specifically deposit on the polyoma virus middle-t transfomed endothe-
lial cells of the mouse brain. Thereby, a mouse fibroblast cell line (3T3) served
as an endoglin-negative control. In another study, Leong-Poi et al. (2003) could
confirm, using a Matrigel model, which contained an active substance (FGF-2 =
fibroblast growth factor and heparin) to stimulate vessel growth and which was im-
planted subcutaneously in mice, that it resulted in a specific enhancement of anti-
body (= echistatin)-carrying MBs, which are targeted at the αvβ3-integrin of the
new vessels, formed in Matrigel. Moreover, they were able to prove a close corre-
lation between the MBs’ signal strength and the extent of the formation of the new
vessel. The results from theMatrigel trial were able to be verified in the same labora-
tory in a subsequent in-vivo trial in tumor-carrying mice (intracerebrally implanted
human glioblastoma). Here, the examinations took place 14 and 28 days after im-
planting the tumors. During this period, there was a significant increase in the size
of the tumors, as well as to a distinct rise in the tumor blood volume. Equally, a sig-
nificant rise in the measured sonographic signal strength pointed to the administra-
tion of echistatin-carryingMBs (Ellegala et al. 2003). Weller et al. (2005) examined
the possibility of using small peptides directed against the endothelial cells of tumor
vessels for the molecular imaging of tumor neoangiogenesis. In order to do this, they
used the tripeptide arginine-arginine-leucine, which was coupled on the surface of
phospholipid-encased MBs containing perfluoro gas. Cells of a human pancreatic
carcinoma (PC3) and stable transfected FGF-secreting mouse fibroblasts (NIH3T3)
were implanted subcutaneously in athymic nude mice. In both tumor models, there
was a significant signal enhancement seen after administration of the specific MBs
when compared with various controls (control MBs and the myocardium as control
organ), indicating that small peptides directed against tumor-vessel endothelia are
suitable as ligands for molecular imaging with ultrasound.
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3.2.2 Inflammation

In inflammatory processes, various selectins and adhesion molecules are up-
regulated onto the surface of endothelial cells to induce and accomplish immuno-
logical defense (attracting and activating leukocytes). This process can be used
very well for molecular imaging by coupling appropriate antibodies on the surface
of the MBs. In an in-vitro experiment on human coronary endothelial cells acti-
vated with interleukin-1, there was an unambiguous accumulation of MBs loaded
with anti-ICAM-1 antibodies on up-regulated ICAM-1 when compared with con-
trol MBs or nonactivated endothelial cells (Villanueva et al. 1998). In a later in-vivo
study conducted with cardiac-transplanted rats, where donor and receiver animals
were used from the same inbred species (isotransplant) or from different inbred
species (allotransplant), the ultrasound-signal intensity was clearly higher in the al-
lotransplanted hearts when compared with the isotransplanted hearts following the
intravenous injection of MBs loaded with anti-ICAM-1 antibodies. The following
histomorphological evaluation of the hearts after euthanizing the animals showed
among the allotransplants a Group III to IV rejection reaction, evaluated according
to the criteria of the International Society for Heart and Lung Transplantation, as
well as a strong ICAM-1 immune coloring. In the case of the isotransplants, none
or only a marginal sign of any rejection reaction was observed (without any infor-
mation as to the grade). The ICAM-1 immunohistology was also negative (Weller
et al. 2003). These results confirm the specificity of the anti-ICAM-1MBs and show
that ultrasound procedures, even when evaluating transplant rejection reactions, can
possess a potential in future clinical application, which should not be underesti-
mated. Tests on the sonographic representation of inflammatory changes in the brain
were conducted in an animal model for multiple sclerosis (MS), the EAE (experi-
mental autoimmune encephalomyelitis) rat model (Mäurer et al. 2003, 2005). In
humanMS, as is the case in experimental autoimmune encephalomyelitis of the rat,
the immigration of inflammatory cells depends to a large extent on the expression
of adhesion molecules on the endothelial cells of the blood-brain barrier (Fox and
Ransohoff 2004). In various experiments, Reinhardt et al. (2005a) as well as Linker
et al. (2005) were able to specifically represent sonographically the expression of the
adhesion molecules ICAM-1 (intercellular adhesion molecule) and VCAM-1 (vas-
cular cell adhesion molecule) in the rat brain, first ex vivo and later in vivo by using
MBs that carry anti-ICAM-1 antibodies and anti-VCAM-1 antibodies. The controls
that were used (healthy rats, controlMBs and unloaded or IgG-isotype-loadedMBs)
were negative in all cases or showed significantly smaller echo signal enhancement,
which could be proven to have been caused by MBs still freely circulating in the
bloodstream.
In another experiment in postischemic kidneys (ischemia reperfusion model)

of wild-type and P-selectin-deficient mice, the administration of anti-P-selectin
MBs led to an unambiguous ultrasonic signal in kidneys changed by postischemic
inflammation in wild-type mice. Likewise, the immunohistology of the kidneys
showed an unambiguous color reaction when testing for P-selectin in these animals.
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As opposed to this, the signal in the P-selectin-deficient mice was relatively weak, as
was the ultrasonic signal obtained when using the nonspecific control MBs (Lindner
et al. 2001).

3.2.3 Thrombosis

Vascular endothelial injuries cause an immediate accumulation and activation of
thrombocytes, which finally lead to the formation of a thrombus. Thrombocyte
activation results in the exposition of a receptor complex from the thrombocyte
membrane, glycoprotein (GP) IIb/IIIa, which is necessary for subsequent bind-
ing to fibrinogen and thrombospondin. Wright et al. (1998) as well as Wu et al.
(1998) coupled the peptide sequence of fibrinogen, arginine-lysine-aspartat, which
is responsible for binding to the GP IIb/IIIa of the thrombocytic membrane, on
the surface of the MBs, in order to conduct sonographic thrombus detection using
specific MBs. Compared with unloaded control MBs (no specific signal enhance-
ment) they were able to measure in vitro a clear specific ultrasonic signal enhance-
ment in a thrombus-containing flowmodel after administration of thrombus-specific
MBs. This formulation, which is designated as MRX 408, was tested for specificity
subsequently in vivo in dogs with an artificially induced thrombus in the iliac artery.
When comparedwith a parallel nonspecific controlMB formulation, the administra-
tion of MRX 408 led to a significant echo enhancement of the thrombus and made it
additionally possible to achieve a substantially better discrimination and determina-
tion of the size of the thrombus within the artery. Takeuchi et al. (1999) attained the
same test results in another study on artificially induced thrombi in dogs, which were
set in the area of the inferior vena cava in the one group and in another group in the
area of the left atrium (left atrial appendage thrombus), following the administration
of MRX 408 and nonspecific control MBs. Schumann et al. (2002) used the same
peptide sequence for the production of their own thrombus-specificMB formulation
and tested it for specificity in vitro (1) microscopically on activated thrombocytes
and (2) sonographically on thrombi in a flow model, as well as in vivo by means
of intravital microscopy on artificially induced thrombi in venoles and arterioles in
the cremaster muscle of mice. The microscopic examination of specific MB and
nonspecific control MBs showed a clear binding of specific MB to activated throm-
bocytes, which increased linearly with the addition of greater amounts of MBs. No
enhancement or only isolated MBs could be determined after the addition of non-
specific MBs. These results were able to be verified in the flow model, where there
was a clear echo signal enhancement in the thrombi, which was also substantially
better defined and the size of which better measured, following administration of
the specific MBs. In the ensuing in-vivo study, a substantially stronger thrombus
enrichment of specific MBs could be observed compared with that of nonspecific
ones. It was proven that the cause of the low enhancement of the nonspecific MBs
was their adhesion to activated leukocytes that accompanied the thrombus.
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3.2.4 Lymphography

Hauff et al. (2004) described in a feasibility study the active targeting of specific
MBs in normal, not pathologically changed peripheral lymph nodes. To do this,
they chose the ligands for L-selectin. The postcapillary network of the lymph nodes
is lined with special endothelial cells [so-called HEV (high endothelial venules)],
which, on the surface, continuously carry ligands for L-selectin, a glycoprotein,
which is found on virtually all white blood cells (leukocytes). Certain leukocytes
(lymphocytes) immigrate via these ligands from the bloodstream to the interior of
the lymph nodes. This continuously running physiologically process is also called
homing (Streeter et al. 1988). L-Selectin ligands are presented on all other endothe-
lial cells only during an inflammatory reaction. The antibody, MECA-79, was used
as the anti-L-selectin ligand for the manufacture of the specific MBs. This antibody
is cross-reactive for several animal species (including mouse and dog) and avail-
able on the open market. In the study on mice, three awake animals each received
intravenously administered either MECA-79MBs, unloaded control MBs or IgMκ-
loadedMBs as isotype control. All animals were euthanized 30min after the MB in-
jection and the cervical, inguinal, axillaries, popliteal and mesenterial lymph nodes
removed, as well as the spleen as positive control and the kidney as blood-pool
negative control and examined ex vivo in a water bath for MB-specific signals. This
examination had to be conducted ex vivo due to the small size of mice and the neces-
sity of using a clinical ultrasound device. To confirm that each mouse was injected
with MBs, the spleen was examined as positive control. Since the spleen contains
phagocyting cells of the reticuloendothelial system, there has to be inevitably an
enhancement of MBs in the spleens of all groups of mice (see also passive target-
ing), independently of whether they are specific or nonspecific. The kidneys do not
belong to the organs of the reticuloendothelial system and serve as negative controls
in order to verify that at the time of the organ removals there were no more MBs in
the bloodstream and that MB signals from the lymph nodes could only have come
from specifically bound MBs. The highly sensitive SAE effect was used for MB
detection, in which the destruction of the MBs in the color Doppler leads to char-
acteristic color pixels on the monitor of the ultrasound device. The results of the ex
vivo ultrasonic investigation show unambiguous SAE effects in all the spleens of the
three groups of mice as proof of the fact that all animals were injected with MBs. On
the other hand, there were no MB-induced SAE effects found in the kidneys of any
of the animals, which led to the conclusion that at the time of the organ removals
there were no MBs circulating in the bloodstream. The results of the lymph node
examination showed unambiguous SAE effects in all of the lymph nodes of all of
the mice that were injected with specific (MECA-79) MBs, compared with all of the
lymph nodes of the mice in both control groups (unloaded and IgMκ-loaded con-
trol MBs) that were SAE negative. In a subsequent in-vivo study in dogs, where the
same MB formulations were used and also the positive and negative organ controls
ran parallel, these results could be verified using popliteal lymph nodes. The distrib-
ution of the SAE signals corresponded thereby with the immunohistological pattern
of the L-selectin-ligand expression. These results open interesting perspectives for
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the development and use of an indirect target-specific lymphographic contrast agent
to the evaluation of macroscopically changed lymph nodes or four the detection of
sentinel lymph nodes in tumor diagnostics.
The examples of active targeting show that the endovascular visualization of

molecules with specific USCAs is possible and offer various practice-relevant ap-
plications in branches of medicine. However, only qualitative statements about their
expression can be made with these USCA bubbles that can be used for various vas-
cular molecules. Their quantitative representation is desirable, however, beside the
purely qualitative detection of certain molecular structures. This would, for exam-
ple, make possible the identification of completely new disease-associated molecu-
lar markers. Moreover, it would be possible to initiate a temporally guided mapping
of known and newly identified disease-associated molecular markers in the en-
tire organism during pathogenesis in vivo and, from this gained knowledge, new
therapeutic medicinal products and/or treatment strategies could be derived. Addi-
tionally, a highly sensitive monitoring of treatment effects would be possible at the
molecular level.

4 Quantitative Molecular Imaging with Ultrasound

4.1 High-resolution Imaging: Microultrasound

High-resolution molecular imaging with microultrasound is performed using the in-
strumentation described by us in Chapter “Ultrasound Basics” of this volume (see
Sect. 3.1). Cine loops of approximately 800 frames are acquired for each experiment
at a frame rate of 15Hz post contrast injection.Mice are placed prone on the imaging
stage (see Fig. 6 in Chapter “Ultrasound Basics” of , this volume) and the area to be
imaged stabilized to minimize respiration motion. The scanhead is held fixed with
the integrated small animal rail system (VisualSonics, Toronto). MBs (VisualSon-
ics MicroMarker, Toronto) bearing a target ligand, such as anti-VEGFR-2 antibody
or an isotype control antibody, are administered via a jugular cannula consisting of
PE-20 tubing or by tail vein injection. MBs are typically administered as a bolus of
5× 107 particles in ∼100ul, followed by a 20- to 50-µl saline flush. MB wash-in
within the target tissue is verified by imaging at low power (10%) immediately fol-
lowing administration. Imaging at low power is important to minimize destruction
of the agent by the imaging beam. Subsequently, imaging is paused for 4min to
allow circulating MBs to attach to the molecular target. Following the 4-min accu-
mulation period, imaging recommences at a power of 50%. After approximately 200
frames, a high-power destructive pulse sequence with a center frequency of 10MHz
is applied to destroy MBs within the beam elevation. Immediately after the destruc-
tion sequence, imaging at a power of 50% continues for 600 frames to observe any
residual circulating MBs.
The “molecular” signal is visualized by a destruction-subtraction imaging

scheme, as described below. It is assumed that the pixel amplitude within the tar-
get immediately before the destruction sequence is due to the acoustic response
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of tissue, adherent MBs, and circulating (nonstationary) MBs. The destruction se-
quence eliminates MBs in the beam elevation, and within several seconds post de-
struction the pixel amplitude is assumed to be due to tissue and any circulating MBs
that have replenished the beam. The postdestruction frames therefore represent a ref-
erence that can subsequently be subtracted from the predestruction frames to yield
the “molecular” signal. The effects of tissue motion are minimized by searching the
data sets for optimally correlated reference frames before subtraction. The molecu-
lar signal is then encoded as a colored mask that can be overlaid (usually in green)
on the B-mode imaging data. Scanner software allows the molecular signal to be
tracked in a region of interest to quantify relative levels of molecular expression.
Examples of high frequency molecular studies are given in Figs. 5 and 6.

Fig. 5 a–c TNFα model of inflammation. a Predestruction molecular images of isotype control
antibody labeled MicroMarker contrast MBs and b P-selectin antibody labeled MicroMarker con-
trast MBs. The molecular signal is plotted in c through the destruction sequence. Approximately
5×107MBs in 100µl of saline were injected
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Figure 5 shows P-selectin expression in the hind limb 24 h after the induction
of inflammation via TNFα injection. Binding of control antibody-labeled MBs (cf.
Fig. 5a) is considerably lower than the targeted P-selectin labeled antibodyMBs (cf.
Fig. 5b) before MB destruction. Post destruction, similar levels of residual signal
are achieved for both MB populations, indicating the disruption of stationary bound
MBs. A more quantitative view of the P-selectin molecular signal is given in Fig. 5c.
Similar findings are evident in a melanoma xenograft (Mewo) that is expressing
VEGFR-2 in its periphery (cf. Fig. 6).

Fig. 6 a–c Melanoma xenograft model of cancer. a Predestruction molecular images of iso-
type control and b VEGFR-2 labeled MBs demonstrating peripheral binding and expression of
VEGFR-2. The molecular signal is plotted in c through the destruction sequence. Approximately
5×107MBs in 100µl of saline were injected
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Detailed results for VEGFR-2 imaging are reported in (Rychak 2007). The
unique ability of microultrasound to provide resolution of <100µm in molecular
imaging studies of the mouse offers many exciting opportunities for preclinical
imaging.

4.2 Sensitive Particle Acoustic Quantification (SPAQ)

Technical details of the 3D-SPAQ principle are described by these authors earlier in
this volume (see Part I Instrumentation, Sect. 3.2). In this chapter, we describe the
in-vitro, ex-vivo and in-vivo evaluation of this new technology.
First, the SPAQ method was tested in an agar phantom with 30,000 bubbles/ml

with different SPAQ resolution (10–100µm) (many times higher than the MB
concentration that can be quantified with conventional ultrasonic methods). In the
results, a linear correlation (r = 0.9918) could be demonstrated between the thick-
ness of the ultrasonic (cross-)sectional views and the SAE signals measured therein,
and the number of MBs could be determined with a virtually exact accuracy at
28,720±3,412MBs (cf. Fig. 7).
These results were verified in a rat-liver experiment. In this examination, two

groups of rats received different doses (1× 107 and 1× 108MB/kg bodyweight)
of nonspecific MBs. Following uptake of the MBs in their livers (30min after
intravenous injection), the animals were euthanized, their livers removed and ex-
amined ex vivo with both the conventional technique and SPAQ. With the conven-
tional technique, the livers of all animals showed up completely color-saturated,
not permitting any difference between both dose groups. In comparison, by using
the SPAQ method, the livers could be accurately assigned to the respective dose
groups through the quantification of the MBs, as illustrated in Fig. 8 (Reinhardt
et al. 2005b).

Fig. 7 Agar phantom containing 30,000MBs/ml. SPAQ shows a linear relationship between SAE-
slice-thickness (SPAQ-resolution) and the number of particles
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Fig. 8 a–d Rat-livers ex vivo. a, b Without SPAQ, there is no difference visible between both rats
regardless of the tenfold different particle dose they received. c, d With the higher resolution of
SPAQ, a clear difference in the number of particles is visible, reflecting the dose difference between
the animals

Subsequently, there was a series of ex-vivo and in-vivo examinations conducted
in the EAE rat model, in which the disease process is associated with an up-
regulation of ICAM-1 to the endothelia of the blood-brain barrier. With the aid of
SPAQ in these examinations, the sensitivity and specificity of the molecular imaging
with ultrasound could be confirmed using anti-ICAM-1-specific USCA bubbles.
Specificity could be demonstrated by pretreating the diseased animals with anti-

ICAM-1, where, after subsequent administration of anti-ICAM-1-MBs, there were
significantly less specifically enhanced MBs measured (p < 0.05) in the brain and
spinal cord of the pretreated animals, compared with the diseased animals that were
not pretreated (cf. Fig. 9). The sensitivity of this method was confirmed by premed-
icating the animals with cortisone (2 days after the induction of EAE). None of the
rats treated with cortisone presented any clinical symptoms of EAE and the SPAQ
measurements resulted in a significantly smaller enhancement of anti-ICAM-1-MBs
(p < 0.008) in the brain of the treated animals when compared with the untreated
EAE control rats (Reinhardt et al. 2005a; Linker et al. 2005).
In summary, it can be stated that substantial preconditions for molecular imaging

with ultrasound have been created based on the specific MBs and the SPAQ method,
such as:

• high sensitivity and specificity
• quantifiability
• high spatial resolution.
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Fig. 9 a–g SPAQ for the measurement of ICAM-1 in the AT-EAE model in rats in vivo. a A
rat is scanned on the SPAQ device. b, c, d The density of targeted MBs in the periventricular
area of the rat-brains is clearly different between all investigated groups. e The 3D data were
analysed by defining a region of interest (ROI) within all brains. f For the quantification of solely
the targeted bubbles, all other bubbles that still remain within the blood pool were substracted
from the first peak. g The graph shows, that ICAM-1 was clearly up-regulated in the untreated
EAE-rats compared with the control group, whereas the cortisone treatment in the other group
led to a strong down-regulation of ICAM-1. (It should be noted here, that the measurement was
conducted through the intact scull, which leads to a marked absorption of the transmitted signal.
However, the remaining signal was still sufficient to gain SAE signals)
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Both as regards the attainable spatial resolution and the slice thickness of the indi-
vidual ultrasonic images (layer thickness of up to 10µm), as well as with reference
to the fact that, with this procedure, various binding molecules can be specifically
detected, one could also characterize this procedure as “sono-immuno-histology.”
When compared with immunohistochemistry, however, this procedure does have
crucial advantages, such as:

• the specifically targeted MBs can be quantified very exactly in the living animal
(“in-vivo sono-immuno-histology”)

• the vascular expression molecules can be investigated and quantified in the same
animal over a long period of time

• with one ultrasound scan, serial sonographic (cross-)sectional views of organs,
tumors or other tissue regions are recorded and evaluated within a few seconds

• in contrast to immunohistochemistry, where only a few representative (more or
less) slices are evaluated, SPAQ allows the assessment of the complete tissue of
interest

• aside from that quantitative determination of expression molecules, even these
anatomical regions can be categorized, since the sonographic image is automati-
cally provided with its relatively high detail resolution.

Additionally, the specific MBs and SPAQ provide a contribution to animal protec-
tion which should not be underestimated. Since this procedure can be used in vivo
several times on the same animal, one can significantly minimize the number of
study groups in the case of particular vascular questions, which, up to the present
time, can only be answered by using many study groups (euthanizing a certain num-
ber of animals at different points in time during the course of pathogenesis, histo-
logical processing and microscopic evaluation of the samples). A further advantage
consists of the fact that there is not the large expenditure of time and manpower
related to histology. The quantitative in-vivo data are available on the same day.
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1 Introduction

Magnetic resonance imaging (MRI) has gained a primary role in diagnostic clinical
medicine and biomedical research, because it allows the obtainment of anatomic
images of the body in its various parts and functional information (flow, perfusion,
etc). It is based (as NMR) on the interaction of atomic nuclei possessing a non-
zero spin quantum number with an external magnetic field, and may therefore in
principle make use of any of these nuclei [for example, 1H, 13C, 31P (endogenous)
or 129Xe, 3He (exogenous)]. Nevertheless, up to present the clinical use of MRI has
been restricted to 1H due to sensitivity problems. In fact, the NMR signal intensity
depends upon the concentration of the active nucleus and its polarization, which is
defined according to (1):

P =
|N+ −N−|
N+ + N−

= tanh
(

γ h̄B0
2kBT

)
(1)

where N+ and N− represent the number of spins having up and down orientations
with respect to the magnetic field, respectively, γ is the gyromagnetic ratio of the
observed nucleus, B0 is the magnetic field strength, kB is the Boltzmann constant
and T is the temperature. Under thermal equilibrium conditions, the population dif-
ference, and P, as a consequence, is very low and therefore low intensity signals are
detected.
The diagnostic quality of MR images strongly depends upon the signal-to-noise

ratio (SNR), since it is a measure of what resolution is needed to separate the signal
deriving from a region of interest from the background noise in the image.

1H gives raise to quite intense signals with respect to other nuclei due to its higher
gyromagnetic ratio and its high concentration in tissues, and is therefore the most
used for MRI purposes. The various tissues are differentiated in proton imaging on
the basis of relaxation times (T1 and T2) or proton density. 1H contrast agents are
based on the same principle: they are usually paramagnetic or superparamagnetic
substances, which increase the relaxation rates of adjacent protons thus enhancing
their signal in the image.
Among the magnetically active endogenous nuclei, 31P has also been considered

mainly for localized spectroscopic investigations, thanks to its relative high concen-
tration (mM range) and its relevance to describe basic metabolic pathways (Ortidge
et al. 2000; Brown 2000; Lamerichs and Luyten 2000).
For other nuclei, it is necessary to increase the polarization in order to use them

for MRI. This can be done by creating a non-equilibrium state in which the popu-
lation difference between the up and down states is increased: this state is the “hy-
perpolarized” state and various techniques aimed to achieving the goal have been
developed in recent years. As the hyperpolarization process is carried out before
the administration of the agent to the patient/animal, a general rule is to deal with
species characterized by very long relaxation times. The heteronuclei-based images
are generated simply by the heteronucleus signal corresponding to the distribution of
the agent in the tissue: a higher concentration or higher polarization yields a higher
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signal, which will be observed upon the background noise. This allows the use of
low-magnetic-field MR tomographs to generate images with similar SNRs as those
obtained on higher-field MRI scanners.

1.1 Hyperpolarized Gases

The use of nuclei other than 1H has extended the range of feasible diagnostic stud-
ies; for example, hyperpolarized noble gases (129Xe and 3He) are being employed
for monitoring the lungs and to carry out brain perfusion studies (Kauczor et al.
1998; Moller et al. 2002; Altes and Salerno 2004; Oros and Shah 2004; Albert et al.
1994; Middleton et al. 1995). In this case hyperpolarization is achieved by optical
pumping: the noble gas is mixed with an alkali-metal vapor (spin-exchange optical
pumping) or with a vapour of metastable atoms (metastability optical exchange),
and circularly polarized light from lasers at suitable resonance frequencies passes
through the cell containing the mixture. The electrons of alkali or metastable atoms
adsorb the angular momentum of the laser light and are polarized. Then, polarization
is transferred to the noble gas atoms via “spin exchange” when they come into con-
tact with the alkali or metastable atoms (Van derWaals molecules). In spin-exchange
optical pumping, Rb is usually used; its vapour is condensed at the end of the process
and the noble gas can be cryogenically extracted (Fig. 1). In metastability, optical

Fig. 1 The process of optical pumping to produce hyperpolarized Xenon
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pumping a plasma of 3He atoms is used; in this case the polarization transfer is
faster but the technique is limited to hyperpolarized 3He. The hyperpolarized 129Xe
and 3He are then packaged into internally coated, iron-free glass cells in order to
prevent relaxation and hence to maintain the polarization for as long as possible.
Both 129Xe and 3He have been used in MRI of the lungs, since the lung is a

particularly challenging area to study (Cutillo 1996). In fact, even at end expira-
tion, the overall 1H density is only 0.30g/cm3; hence, the water content is low and
1H-MRI is not suitable for lung studies. Biomedical hyperpolarized gas MRI has
been recently reviewed in many articles (Kauczor et al. 1998; Moller et al. 2002;
Altes and Salerno 2004; Oros and Shah 2004; Albert et al. 1994; Middleton et al.
1995). To date, the main clinical application of hyperpolarized noble gases has been
the exploitation of ventilation studies with 3He, but other possibilities have been
pursued. Utilizing diffusion has already demonstrated applicability in diagnosing
emphysema; changes in pO2 and, hence, abnormal T1/T∗2-weighted MRI may pro-
vide information about changes in the tissue composition related to the occurrence
of a pathological state. Functional MRI may take advantage of the solubility and
lipophilic properties of Xe (Mugler et al 1997; Swanson et al. 1997; Wagshul et al.
1996), its binding to haemoglobin has already been utilized to measure blood oxy-
genation (Wolber et al. 2000). Xe can also be dissolved in some biocompatible carri-
ers to be delivered through intravenous injection (Duhamel et al. 2001; Moller et al.
1999; Wolber et al. 1999; Bifone et al. 1996).
The enormous sensitivity of 129Xe chemical shift to specific interactions may

allow to design probemolecules for structural studies of proteins and for the detection
of specific biomolecules (Spence et al. 2001). In fact, it has been shown that Xenon
biosensors which trap Xe atoms in molecular cages (such as cryptophane-A cage)
(Bartik et al. 1998) can be functionalized with suitable vectors in order to target
specific analytes. The cage-encapsulated Xe nucleus yields a resonance that is well
shifted from that of freeXe and the two chemically differentXe nuclei showexchange
on the NMR time scale. Actually, a very interesting development has been recently
proposed, aimed at detecting low concentrations of the Xenon biosensor through its
effect on the main signal of the free Xe which may eventually be provided by the
blood stream in vivo after injection or inhalation (Schroder et al. 2006). The method
consists of saturating the adsorption frequency of the Xe resonance in the targeted
cage in order to decrease the signal of free Xe which is exchanging with it (Fig. 2).
This procedure has been dubbed HYPER-CEST as it recalls the CEST (chemical
exchange saturation transfer) protocol, in which a pool of exchangeable protons
is selectively irradiated in order to transfer saturated magnetization on the “bulk”
water signal (Aime et al. 2005) that, in turn, results in a darkening effect in the
correspondingMR images. Analogously to CEST agents, also this Xenon biosensor
can allow the detection of multiple targeted epitopes in the same region, provided
that the Xe resonances display different chemical shifts for the different targets.
Interestingly, 3He confined in carriers (microbubbles) and targeted to specific iso-

topes has also been reported. For instance, Tournier and co-workers have been able
to visualize endothelial tumor cells by targeting 3He-loaded microbubbles suitably
functionalized with a peptide that recognizes over expressed receptors (Callot et al.
2001a, 2001b).
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Fig. 2 129Xe-biosensor for the detection of diluted epitopes on cell membranes. The sensitivity
enhancement is obtained by depolarizing the δ3 resonance (Xe biosensor) and detecting at δ1
(free Xe)

Table 1 Parameters of interest for the evaluation of the achievable SNR for different nuclei based
on the accessible polarization factors P. The estimated SNRs are normalized to yield 100 for 1H

1H 129Xe 3He 13C

γ [MHz/T] 42.6 11.7 32.5 10.7
P 5×10−6 0.2 0.3 0.15
Conc. [M] 80 0.01 0.002 0.2
Dilution factor 1 60 12 12
Relative SNR 100 2.3 9.5 157

It is of interest to compare the attainable signal to noise ratio for hyperpolarized
13C contrast agents with that from conventional 1H MRI, in order to establish the
potential success of hyperpolarized molecules. In Table 1 parameters of interest for
the evaluation of the achievable SNR for different nuclei is reported on the basis of
accessible polarization factors. The estimated SNRs are normalized to yield 100 for
1H (Svensson 2003).
It is evident that for hyperpolarized natural abundance 129Xe dissolved in bio-

carriers and for hyperpolarized 3He encapsulated in microbubbles, the expected
SNR is at least one order of magnitude less than for conventional 1H contrast agents,
mainly because of the low concentration achievable in blood, and in the case of Xe
for a dilution factor due to ventilation of the gas during passage in the pulmonary
system. On the contrary, the higher achievable 13C concentrations in blood allow its
SNR to be comparable with that from 1H contrast agents, even when a relatively
low degree of polarization (15%) is considered. If one takes into account that the
polarization could be further increased (up to 30%) by optimization of the used
techniques, it is clear that the SNR may increase by one order of magnitude.
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1.2 13C Hyperpolarized Molecules

Recently much attention has been devoted to 13C hyperpolarized molecules. There
is a large degree of expectation on this novel class of MRI reporters as they can
distribute all over the body tissues and, with the 13C concentration being low (1.1%
natural abundance), no background signal is detected in the image. Furthermore,
small molecules may have 13C resonances characterized by relatively long relax-
ation times (up to 60 s), thus making possible a wide range of studies, from the
assessment of flow and perfusion to the detection of abnormalities in the cellular
metabolism.
Several methods for achieving 13C hyperpolarization are known, namely the

“brute force” approach, dynamic nuclear polarization (DNP) and para-hydrogen in-
duced polarization (PHIP).

1.3 The “Brute Force” Approach

In principle [as stated by (1)], this method is the most straightforward approach to
attain hyperpolarized molecules (irrespective of the magnetic nucleus of interest!).
The sample must be kept at very low temperatures (mK, Fig. 3) and high magnetic
field strength for a sufficiently long period of time that depends upon the relax-
ation properties of the investigated system. It may be useful to recall that for solid
systems at such low temperatures the longitudinal relaxation times are definitively
(impossibly!) long. Over the years much work has been done in order to find relax-
ation switches that allow to shorten this time without compromising the successive
maintaining of the hyperpolarizationwhen the sample is brought back to higher tem-
perature for signal detection in a given experimental work-up. A relaxation switch
that has received considerable attention is represented by the 3He/4He system: 3He
is magnetically active (I= 1/2) and it is the only substance that can diffuse (quantum
mechanical tunnelling) at temperatures in the mK range. Therefore it may act as a

Fig. 3 Nuclear polarization as a function of temperature and magnetic field strength (ULT)
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relaxation agent, thanks to the dipolar interactions it may have with the substrate
molecules to be hyperpolarized. Once the polarization of the nuclei of interest has
risen to the expected value, the 3He component is replaced by the magnetically in-
herent 4He (I = 0) (Kalechofsky 2002). The “washing” with 4He should allow the
maintaining of the polarization raised thanks to the dipolar interactions with 3He.
Although very fashionable, the difficulties of working at such extreme experimental
conditions have strongly hampered the development of the “brute force” technique
for practical applications.

1.4 DNP

The DNP method takes advantage of the larger polarization of electrons, (due to
their higher g value), in respect to the nuclear polarization at the same magnetic
field strength. In the solid state, this polarization can be transferred to nuclei by
means of the application of a proper radiofrequency, at or near to the electron res-
onance frequency, promoting flip-flop transitions able to align the nuclear spins by
subsequent steps. The slower nuclear relaxation with respect to the electronic one
ensures the maintaining of the nuclear spin’s alignment during the process. It also
makes the entire process possible, even in the presence of a very low concentration
of unpaired electrons in the sample (Abragam and Goldman 1978) (Fig. 4).
In practice, the material to be polarized is doped with a stable radical species

(usually a nitroxide- or triaryl-based radical) and placed into a suitably strong mag-
netic field. The solution is frozen (typically at 1.5K) and the RF irradiation is ap-
plied for about 30min. After the polarization transfer has taken place, the RF is
switched off, the sample is raised upon the liquid helium level and is rapidly warmed
up (usually by dissolution in hot water) still inside the magnetic field; then it is
quickly transferred for observation in the NMR scanner. It has been demonstrated
that by using an efficient dissolution method a good level of polarization is main-
tained (Ardenkjaer-Larsen et al. 2003).
Enhancement of the heteronucleus can be achieved both directly (by direct po-

larization transfer from electrons to the heteronucleus – single pulse DNP) and indi-
rectly (by 1H DNP and subsequent cross polarization to heteronucleus – DNP-CP).
The method yields 13C polarization of about 10–20% and it has been applied for

polarizing also 15N nuclei.

Fig. 4 Schematic representation of the DNP process; me and mp represent, respectively, the spin
states of the electron and of the nucleus involved in the dipolar interaction
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Selected examples include: 15N single pulse DNP of carbazole, doped with the
free stable radical 1,3-bisdiphenylene-2-phenyallyl (BDPA) 1%, with an irradiation
frequency of 39.13GHz (1.4 T), yielding a 930-fold enhancement in the 15N sig-
nal of carbazole (Hu et al. 2000); 13C and 15N DNP-CP of amino acids in frozen
glycerol-water solutions, doped with 40mM nitroxide free radical 4-amino-TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy), yielding 30- and 50-fold enhancements for
13C and 15N, respectively (Hall et al. 1997; Bajaj et al. 2003; Gerfen et al. 1995);
high frequency pulsed 13C DNP of fluoranthenyl hexafluorophosphate, showing the
usefulness of the application of pulsed rf instead of continuous rf for the polariza-
tion transfer (Un et al. 1992); 15N DNP of benzamide doped with BDPA (Hu et al.
1997), 13C and 15N DNP of urea in frozen glycerol solutions, doped with the trityl
radical, yielding polarization of 37% for 13C and 7.8% for 15N (Ardenkjaer-Larsen
et al. 2003).
Interestingly, a full set-up for the preparation of hyperpolarizedmolecules by the

DNP method is now commercially available (Hyper Sense by Oxford Instruments,
UK). The availability of this facility will certainly widen dramatically the studies in
the field.

1.5 PHIP

Molecular H2 occurs into two isomeric spin forms, namely ortho- and para-H2, cor-
responding to a triplet spin state (parallel proton spins, 75% at equilibrium) and a
singlet state (antiparallel proton spins, 25% at equilibrium), respectively. Enrich-
ment in the para form, which is energetically favoured, is possible by keeping H2 at
low temperature in the presence of a catalyst. A comprehensive study of para-/ortho-
hydrogen conversion catalyzed by several dia- and paramagnetic metal complexes
has been recently published (Matsumoto and Espenson 2005). An excellent cor-
relation has been observed between the rate of conversion and the paramagnetism
of the metal complexes. At liquid N2 temperature, a 50% enrichment is achieved,
while at liquid He temperature, it is possible to obtain a 100% enrichment (Fig. 5).
The increase in the population of the para state leads to the hyperpolarization of
the H2 molecule, which can be maintained for days in the absence of the catalyst.
Proton spin polarization can then be transferred to the reaction products of para-
hydrogen, yielding the characteristic para-H2 effects in NMR spectra, discovered
in 1986 by Weitekamp and Eisenberg (Bowers and Weitekamp 1986; Bowers and
Weitekamp 1987; Bowers et al. 1990; Eisenberg 1991). Since then, a number of
systems have been investigated, mainly in order to better understand hydrogena-
tion mechanisms (Duckett et al 1994; Bargon and Kandels 1993; Aime et al. 1998,
1999). Typically, when a molecule of para-H2 is added to an unsaturated substrate,
e.g. an alkyne R1-C ≡ C-R2 with R1 �= R2 (Fig. 6), an AX system is formed, for
which four transition frequencies are expected. As the two added hydrogens keep
memory of the their spin orientation, only αβ (ALTADENA experiments) or only
αβ and βα states (PASADENA experiments) will be populated and the resulting AX
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Fig. 5 Equilibrium para-H2 distribution as a function of temperature

Fig. 6 a Para-hydrogenation of an alkyne yielding the AX spin system; b the resulting 1H NMR
spectrum under PASADENA conditions

spin system pattern will be strongly affected. In fact, in place of the expected almost
equally intense four adsorptions, the AX spin system of a parahydrogenated prod-
uct yields strong adsorption/emission signals (one adsorption and one emission in
the ALTADENA case, two adsorption and two emissions in the PASADENA case,
Fig. 6), as the result of the dramatic changes in the populations of the four spin states
in respect to the normal Boltzmann distribution. Immediately after the addition (and
even when para-H2 is interacting with the catalytic site), the relaxation process starts
to restore the Boltzmann populations and the corresponding intensities in the two
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doublets of the AX spin-system. The magnetization order transfer from para-H2
to the hydrogenated product yields extraordinary enhancements in the NMR sig-
nal which, in theory, may reach values as high as 105-times the signal intensity of
the corresponding derivatives produced with normal H2 (Eisenberg 1991; Bargon
et al. 1993; Eisenschmid et al. 1987), allowing the detection of species which are
present in solution in very low concentrations. Three conditions need to be satisfied
in order to observe para-H2 enhancements in the NMR spectra; namely, the simulta-
neous transfer of the two H atoms from the para-H2 molecule to the same substrate
molecule (maintaining of the spin correlation during the reaction), the breakdown
of symmetry in the reaction product, and the high hydrogenation rate (necessary to
prevent restoration of the equilibrium states populations due to relaxation processes
occurring in intermediates or in the reaction products). The PHIP phenomenon has
been recently reviewed (Natterer and Bargon 1997; Duckett and Sleigh 1999).
Scalar couplings with heteroatoms or nuclear Overhauser effect (nOe) can cause

the polarization to be transferred from H atoms to neighbouring heteronuclei in
the hydrogenation products. The heteronucleus hyperpolarization is greater when
it is due to scalar couplings; several articles have been published describing the
phenomenon not only from a theoretical point of view but also with many exam-
ples concerning unsaturated organic molecules (Natterer et al. 1998; Eisenschmid
et al. 1989; Stephan et al. 2002; Barkemeyer et al. 1995; Aime et al. 2003). Among
them, onemay recall the polarization transfer to 31P and 13C in Ir(H2)Br(CO)(dppe)
(Eisenschmid et al. 1989; Duckett et al. 1993), to 13C in various alkenes, obtained by
parahydrogenation of alkynes (Stephan et al. 2002), and in particular to the carbonyl
13C atom in para-hydrogenated acetylenedicarboxylate (Barkemeyer et al. 1995),
which successively has been the first para-hydrogenated molecule to be used as an
MRI contrast agent (Golman et al. 2001) (vide infra); to 2D in deuterated ethylene
obtained by para-hydrogenation of deuterated acetylene (Aime et al. 2003); to 13C
in diethylether obtained by para-hydrogenation of ethylvinylether (a substrate that
has narcotic properties when inhalated and has been suggested as an alternative to
hyperpolarized noble gases) (Bargon et al. 2005).
Basically the pattern of the given heteronucleus resonance appears as an en-

semble of strong adsorptions and emissions that, as such, are of limited (if any)
utility for MRI applications. Indeed, the non-equilibrium spin order obtained by
para-hydrogenation of the substrates can be converted to longitudinal magnetiza-
tion in order to allow their use in MRI. This can be achieved in two ways: (1) by
applying a diabatic field cycling, or (2) by applying suitable pulse sequences.
The diabatic field cycling consists of quickly (diabatically) reducing themagnetic

field strength from the earth field value to less than 0.1µT, and then slowly (adia-
batically) raising it up again to the earth field value. When the field is lowered, the
proton-carbon spin system is brought into the strongly coupled regime, enabling in-
timate coupling between the polarized protons and the coupled carbon atoms. When
the field is slowly raised up again, the populations of the spin states are maintained.
The result is a 13C NMR spectrum where the allowed transitions are predominantly
in phase, corresponding to substantial polarization (Fig. 7). The optimization of the
procedure can be achieved by computer simulation of the spin system evolution
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Fig. 7 a 13C NMR spectrum of 2 (carboxylate moiety) after hydrogenation with parahydrogen. b
Same spectrum after hydrogenation with parahydrogen and subsequent low field cycling (Golman
et al. 2001)

and is different for any given molecule. The method was successfully applied (by
using a µ-metal shield to lower the field strength to 0.1µT) for the first time by
Golman and co-workers on the product of the para-hydrogenation of acetylenedi-
carboxylate (Golman et al. 2001) and of hydroxyethylpropionate (Goldman et al.
2005; Johannesson et al. 2004), allowing the attainment of 13C enhancements up to
104 with respect to non-polarized molecules, and the substrates have been used as
contrast agents for angiographies in rats (vide infra). A theoretical treatment of the
polarization transfer process is reported in Goldman et al. (2005).
According to Goldman and Johannesson (2005), the same result can be achieved

by using a suitably tailored pulse sequence (Fig. 8). It uses a constant decoupling
magnetic field and a continuous rf irradiation of the sample during the hydrogena-
tion reaction, which minimizes the loss of spin order during this stage. Then, a 180x
pulse on the proton simply prepares the system for the subsequent series of pulses
(90x and 90y on the carbon nucleus), which is effective in the conversion of the spin
order into net 13C polarization. Many echoes are introduced in the sequence in or-
der to correct defects due to field inhomogeneity (Goldman and Johannesson 2005).
An in-depth description of the pulse method for converting the para spin order into
13C polarization has been reported in Goldman and Johannesson (2005). The final
theoretical polarization is close to unity.
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Fig. 8 Pulse sequence for converting para-H2 spin order to 13C longitudinal magnetization in hy-
droxyethylpropionate (Goldman and Johannesson 2005)

2 Imaging with Hyperpolarized 13C-containing Molecules:
a Survey of the Main Applications

Whereas in conventional MRI the longitudinal magnetization consumed during the
image acquisition step can be restored by relaxation processes, this is not possible
when using hyperpolarized molecules and the pulse sequences to be used need to
take this into account. Two main acquisition protocols have been proposed: (1) to
use trains of low flip-angle pulses [fast low angle shot (FLASH)], or (2) to use a
single shot sequence. The published MRI works with slowly relaxing 13C hyper-
polarized molecules report the use of the RARE (rapid acquisition with relaxation
enhancement), EPI (echo planar imaging) and trueFISP (fast imaging with steady-
state free precession) sequences. EPI in particular is useful since it converts the
initial longitudinal magnetization into transverse magnetization with almost 100%
efficiency, thus allowing several images to be acquired and hence to follow the dis-
tribution of the contrast agent. The most used pulse sequence is trueFISP, which
enables the transverse magnetization from one cycle to be recycled to the next, and
it is particularly well suited for slowly relaxing systems because large flip angles can
be used (between 160◦ and 180◦), balancing field dishomogeneities well (Svensson
2003; Svensson et al. 2002, 2003).
Several applications of 13C imagingwith hyperpolarized (DNP or para-H2) mole-

cules have been reported, ranging from vascular and perfusion imaging to catheter
tracking to highly innovative molecular imaging protocols. Examples of these are
described in the following paragraphs.

2.1 Vascular Imaging

13C hyperpolarized angiography is fascinating because the high contrast enhance-
ment (due to the fact that the hyperpolarized agent acts as the direct source of signal,
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above a very low background) makes it possible to use thick MRI slices to create
angiograms, thus obtaining 2D images as good as or even better than the 3D ones
obtainable by the classic 1H images in a very short time, and reducing the formation
of motion artefacts.
The first example of 13C angiography obtained by using a 13C hyperpolarized

molecule as contrast agent was reported by Golman et al. (2001). They were able
to acquire a complete angiogram of a rat at 2.4 T, using a 150mM acetone solu-
tion of 13C labelled maleic acid dimethylester, obtained by para-hydrogenation of
acetylenedicarboxylic acid dimethyl ester (estimated polarization 0.3%), and the
single-shot RARE sequence having a total scan time of 0.9 s (Fig. 9). The para-
hydrogenation of the substrate was optimized in order to obtain the higher possi-
ble reaction rate. The long 13C relaxation time of the carboxylate group (75 s in

Fig. 9 13C single-shot RARE image of a rat generated in 0.9 s at 2.4 T (Golman et al. 2001)
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acetone-d6 at 7.05T) in the contrast agent molecule allowed the product to be ma-
nipulated and to be injected into the tail vein of the rat without loosing too much
signal. The net polarization of the 13C resonance was obtained by the field cy-
cling procedure described above. The image clearly showed the vena cava and some
branches, the finest visible structures being <0.5mm. The work suffered for rela-
tively low 13C polarization (first of all due to the use of only 50% enriched para-H2),
and for the fact that the whole reaction mixture (including the hydrogenation cata-
lyst and the organic solvent) was injected into the rat. Nevertheless, although these
drawbacks, the first image with a 13C-hyperpolarized molecule showed all its huge
potential!
In two patent applications, the same authors reported a method for a quick re-

moval of both the catalyst and the organic solvent from the mixture before the injec-
tion. They suggested removing the ionic Rh catalyst used for hydrogenation by ion
exchange and the solvent by spray flash distillation after addition of some amounts
of water to the mixture (Morgensteyerne et al. 2000; Golman et al. 1998). Further-
more, they proposed a number of possible alternative structures as 13C-enriched
substrates for para-hydrogenation.
Clearly, hydrogenation and separation of the catalyst and the organic solvent are

key-steps for a successful application of the para-hydrogen procedure. In our lab-
oratory we have pursued different ways to obtain pure para-hydrogenated water-
soluble compounds. In particular, we have explored the possibility of transferring
a lypophilic compound from the organic to the aqueous solvent by a phase transfer
process (S. Aime, R. Gobetto, D. Santelia, F. Reineri, A. Viale, to be published). The
molecule we tested is bis[(2-methoxyethoxy)ethyl] acetylendicarboxylate, which is
easily para-hydrogenated in acetone by using [Rh(COD)(dppb)][BF4] as catalyst.
The product is not water soluble, but upon adding an equimolar quantity of Li+

a phase transfer process takes place, and the Li+ complex passes from acetone
to water (previously added to the mixture), thus allowing its separation (Fig. 10).

Fig. 10 Para-hydrogenation of bis[2-(methoxyethoxy)ethyl]acetylendicarboxylate and formation
of the water-soluble Li+ complex for phase transfer separation
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The 13C polarization detected at the end of the phase transfer process was about 0.1,
and allowed the detection of an in-vitro 13C image, by using the single-shot RARE
sequence on a spectrometer operating at 75MHz.
An alternative route to avoid the use of organic solvents in the para-hydrogenation

step is the use of water-soluble substrates and catalysts, and high para-H2 pressure.
This procedure was used to produce hydroxyethylacrylate by para-hydrogenation
of hydroxyethylpropionate, in water, using a water-soluble Rh catalyst (Fig. 11). In
this case 95% para-H2 was used at a pressure of 10 bar in a properly designed re-
action chamber, which is one part of an automatic apparatus including the magnetic
field cycling device and valves to quickly move the reaction mixture. The 13C po-
larization was estimated to be 21%, more than sufficient to acquire a well-resolved
angiogram of the head of a guinea pig by using the trueFISP sequence (Goldman
et al. 2005; Johannesson et al. 2004). In Goldman et al. (2005), a series of five suc-
cessive images is reported, showing the dynamics of the progression of the injected
solution through the blood vessels (Fig. 12).
When the polarization is achieved by the DNP method, the problem of removing

the hydrogenation catalyst is replaced by the problem of separating the 13C substrate
from the organic radical.
The first in-vivo angiographic 13C image of a rat obtained by using a DNP hy-

perpolarized contrast agent, namely water-soluble bis-1,1-(hydroxymethyl)-1-13C-
cyclopropane-d8 (T1 of the 13C nucleus = 82s at 2.35T), is reported in Goldman
et al. (2005). The DNP procedurewas in this case carried out by using the triaryl rad-
ical tris(8-carboxy-2,2,6,6-tetra-(hydroxyethyl)benzo[1,2-d:4,5-d′]bis(1,3)dithiole-
4-yl)methyl sodium salt, which is soluble in the contrast agent, as the doping radical,

Fig. 11 Para-hydrogenation of hydroxyethylpropionate yielding hyperpolarized hydroxyethyl-
acrylate

Fig. 12 Angiography of a guinea pig head with hyperpolarized hydroxyethylpropionate. Succes-
sive 13C images at 480-ms intervals following the injection of the contrast agent (Goldman et al.
2005)
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Fig. 13 a, b Series of angiograms covering the thoracic and abdominal area, acquired immediately
after intravenous injections of 3ml hyperpolarized bis-1,1-(hydroxymethyl)-1-13C-cyclopropane-
d8. a The first image in the series visualizes several of the main vessels in the area. b The fourth
image from the same image series (Svensson et al. 2003)

and irradiating the frozen sample at 93.9GHz. After dissolution in hot water, a
200mM solution was obtained with a 13C polarization of about 15%. A normal
gradient spoiled, gradient echo pulse sequence was used, thus allowing to record
only one image, which showed the vena cava, the heart ventricle and several minor
vessels with a good SNR. Only blood was visible because the image was obtained
during the first pass of the contrast agent in the vascular system.
One year later, a series of in-vivo angiography experiments on rats with the

same DNP polarized molecule, by using the trueFISP sequence, has been reported
(Svensson et al. 2003). The series of 15 images of the thoracic and abdominal area
of the rats (in Fig. 13 two of these are reported) clearly showed the vena cava, aortic
arc, carotid arteries and renal arteries, while in those of the head and neck area the
carotid arteries, jugular veins and several minor vessels were visible. The loss in
signal intensity from one image to the next was mainly determined by the T2 value
of the 13C nucleus in blood, and was only slightly influenced by the flow/motion
effect.
An angiographic image of a live rabbit was also obtained by using an endogenous

substance as contrast agent, namely 13C enriched DNP - hyperpolarized (see above)
urea (Kolman et al. 2003): immediately after the injection it was possible to visualize
the vena cava, the heart and the pulmonary vascular system; 2 s after completing the
injection, the renal vascular system was also clearly detected (Fig. 14).

2.2 Perfusion Studies

Commonly, perfusion parameters such as cerebral blood flow (CBF), cerebral blood
volume (CBV) and mean transit time (MTT) can be evaluated by dynamic suscep-
tivity contrast MRI, where signal variations following the injection of paramagnetic
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Fig. 14 a, b 13C coronal projection images of a rat. The image acquisitions were started a imme-
diately and b 2 s after completing the injection of the contrast agent. The scan time of each image
was 0.24 s (Morgensteyerne et al. 2000)

Gd chelates are analysed on the basis of the bolus tracking theory to yield the perfu-
sion parameter values. Nevertheless, problems related to the tissue’s vascular com-
position, which affects the signal intensity, and the different relaxation mechanisms
experienced by the protons in intra- and extravascular spaces make the quantifica-
tion of perfusion by this method quite difficult.
These problems are overcome when using hyperpolarized 13C molecules, which

act as direct sources of signal (providing therefore a direct relationship between the
tracer concentration and the signal intensity over all concentrations), as tracers for
flow and perfusion studies. Of course, the depolarization of the tracer must be taken
into account since it would produce an apparently faster decrease of the signal, but
suitable modifications can be introduced in the bolus tracking theory to take it into
account (Johansson et al. 2004a, 2004b), allowing a quite accurate estimation of the
perfusion parameters. This has been done, for example, on a rat model, by using 13C
DNP hyperpolarized bis-1,1-(hydroxymethyl)-1-13C-cyclopropane-d8 as the tracer.
The same hyperpolarized tracer has been used to obtain perfusion maps of the

myocardiumof a pig (Johansson et al. 2005). The tracer was injected both by arterial
catheter and by intravenous injection in the femoral vein. In the second case, lower
SNR and spatial resolution was achieved.
The properties of a non-equilibrium spin population may also be employed to

perform tissue blood flow quantification in a different way. The proposed technique
is called bolus differentiation and is based on the fact that the polarization of the
hyperpolarized tracer can be destroyed by applying a radiofrequency excitation. An
important advantage of this method is that the estimation is independent from the
arterial delay and dispersion, and that it can be applied to any tissue in principle.
A study of rabbits’ kidneys has been performed by this approach, using 13C-

enriched 2-hydroxyethylacrylate polarized by PHIP (20–30% polarization) (Johans-
son et al. 2004b). In the reported perfusion maps the aorta and other arteries were
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apparent, while no blood flow was detected in the inner part of the kidneys maybe
because the polarization was destroyed before the tracer arrived in that region
(Fig. 15).
Finally, it has been possible to obtain images of the pulmonary arterial circu-

lation of a pig by injection of a 13C hyperpolarized molecule (Fig. 16) (Mansson
et al. 2005; Golman et al. 2003). Pulmonary perfusion imaging with hyperpolarized
13C contrast agents may be used in the future to obtain high-resolution perfusion
pulmonary maps. Furthermore, it might be possible to also study ventilation and
perfusion in real time by injecting simultaneously a 13C and a 3He hyperpolarized
contrast agent.

2.3 Catheter Tracking

The absence of 13C background signal when a 13C hyperpolarized contrast agent is
used may find an interesting application in interventional endovascular MRI proce-
dures. In this case, 1H images must be acquired simultaneously to the 13C image by
using a multinuclei MR scanner, in order to have an anatomical map of the region
of interest to be used as an interventional guidance. In addition, 3D maps giving the
exact geometrical correspondence between the catheter position and the anatomical
images can be constructed.
Examples of 3D reconstruction and fusion with a proton map image are reported

by Mansson et al. (2004, 2006) and Golman et al. (2005), where the visualization of
a catheter travelling through the aortic arch of a pig is reported. The work reported
in Mansson et al. (2006) also shows the visualization of a catheter travelling through
the aorta and renal artery of a pig (Fig. 17): in this case, the authors demonstrate the
possibility of visualizing both the catheter and the injection of substances during
therapy. In the latter case it is sufficient to inject some 13C hyperpolarized contrast
agent (2-hydroxyethyl acrylate obtained by PHIP in this particular case) via a sepa-
rate channel of the catheter into the artery and flushing it into the kidney. This may
help in the evaluation of the excretory status of the kidney.

2.4 Molecular Imaging

MR images of live animals injected with a 13C hyperpolarized contrast agents
(namely 2-hydroxyethylacrylate obtained by PHIP, polarization 30%) are reported
in Golman et al. (2003), to show the distribution pattern of the contrast agent in
various rabbits’ organs. In particular, the authors followed the 13C molecule distri-
bution at different time points, by recording one image for each rabbit at different
times after injection, finding that after 2 s the 13C reporter was mainly located at
the heart and the lungs; after 4 s the kidneys and the stomach walls were perfectly
visible, while the signal from the heart was diminished, and after 6 s the intestine



Agents for Polarization Enhancement in MRI 265

Fig. 15 a–l Parametric maps obtained after venous injections of a hyperpolarized 13C-labeled
compound in a rabbit. a,b,d,e Renal cortical blood flow assessed in sagittal orientation; c,f renal
cortical blood flow assessed in transversal orientation. Two in-plane resolutions were used: 2×
2mm2 a–c and 1× 2mm2 d–f. g–i Mean transit time. j–l Dispersion. The slice thickness was
10mm. A TrueFISP sequence with a 90◦ preparation pulse and a 180◦ flip angle was employed
(Johansson et al. 2004b)
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Fig. 16 A series of trueFISP 13C images, showing the lungs of a pig after injection of a hyperpo-
larized 13C imaging agent. The imaging sequence was repeated with 1-s intervals (Golman et al.
2003)

Fig. 17 Catheter tracking of the renal arteries in a pig. A bolus of 2-hydroxyethylacrylate was
injected into the kidney via a separate channel of the catheter. The 13C image series was acquired
using a true fast imaging with steady state free precision (trueFISP) sequence with in-plane reso-
lution 2×2mm2 and acquisition time 329ms/image (Mansson et al. 2006)

also appeared in the images (Fig. 18). Note that the 1H images obtained by usual
gadolinium contrast agents did not show either the stomach or the intestine. The
authors state that it may be possible to obtain distribution maps by injecting and
imaging several hyperpolarized 13C molecules simultaneously, with the possibility
of gaining information about membrane structure and permeability.
The information gained from this study is relevant to demonstrate that the cross-

ing of biological barriers does not cause a dramatic loss of the hyperpolarization
characteristics of the imaging reporter. This insight has been further substantiated
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Fig. 18 a–c Images depicting the distribution of the injected hyperpolarized 13C imaging agent at
different times after the injection. The delay between injection and imaging is indicated at the top
of each image (Golman et al. 2003)

when it has been found that hyperpolarization can be found in the products of a
catalyzed transformation of 13C-labelled hyperpolarized pyruvate (from the DNP
process). In fact, Golman and coworkers at the Malmo laboratories of GE Health
found that the 13C polarization of pyruvate is still found in several products of
its metabolic transformation, i.e. alanine, bicarbonate and lactate (Golman et al.
2006b). Twomajor considerations can be drawn by these findings: (1) the lifetime of
the adduct formed by pyruvate and the enzyme responsible for the undergoing trans-
formation is much shorter than the relaxation time of the 13C carboxylate resonance;
(2) the rate of tranformation of pyruvate is very high, thus allowing the detection of
sufficiently large amounts of polarized product molecules in the short lap of few
seconds. These observations represent a real breakthrough in the field of molecular
imaging for several reasons. First of all, there is the possibility of visualizing the dis-
tribution of molecules that represent key steps of the cellular metabolism (metabolic
imaging), therefore providing direct access to physio/pathological changes at the
cellular level. Then, by exploiting chemical shift imaging (CSI) procedures it be-
comes possible to visualize more than one molecule in the same anatomical region.
This is clearly not possible for nuclear probes as well as for gadolinium- or iron
oxide-based systems in MRI. Possibly, for the latter imaging modality, only the re-
cently introduced class of CEST agents may pursue the same task.
On the basis of the results obtained, the GE Health team has developed a test for

assessing prostate tumours based on the relative amounts of alanine and lactate. In
fact, it is well established that tumor cell metabolism responds to anoxy conditions
by tranforming more pyruvate in lactate rather than in alanine (Fig. 19) (Golman
et al. 2006a; Golman and Petersson 2006).
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Fig. 19 a–d The metabolic pattern in a tumor model. Maps of the metabolites alanine c and lactate
d obtained in a rat tumor model after injection of hyperpolarized 13C-pyruvate b. The first image
a shows the corresponding proton slice. The 13C maps have all been superimposed on the proton
map. In all images, the position of the implanted tumour is indicated by a white arrow (Golman
et al. 2006a)

3 Final Remarks

The currently used contrast agents based on gadolinium or on iron oxide particles
have played an important role in the development of clinical applications of MRI
techniques by adding relevant physiological information to the superb anatomical
resolution attainable with this imaging modality. Nowadays, the major challenges
are in the emerging field of molecular imaging, where the MRI probes are suffering
from their limited sensitivity in respect to the reporters available for other imaging
modalities. Whereas there is a lot of work currently ongoing that tackles this draw-
back by designing efficient amplification protocols with the available MRI contrast
agents, huge expectation relies on the involvement of hyperpolarized molecules.
Hyperpolarization procedures can have a central role in this context because (1)

hyperpolarized imaging reporters allow the sensitivity issue to be overcome and
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support MRI to compete with nuclear and optical imaging modalities, and (2) the
use of hyperpolarized systems make possible the detection of more molecules in the
same anatomical region thanks to the acquisition of chemical shift images. Currently
this is possible only in optical imaging by using fluorescent dyes, but the problems
associated with light penetration and scattering strongly limit this application in the
biomedical field. The possibility of comparing high-resolution images reporting on
the presence of different metabolites represents a powerful tool to directly access
basic information on the function of the cellular machinery and then to assess early
diagnoses and efficient monitoring of therapeutic treatments.
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