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Summary. Positron emission tomography (PET) is a 3-dimensional imag-

ing technique that has undergone tremendous developments during the last

decade. Non-invasive tracing of molecular pathways in vivo is the key

capability of PET. It has become an important tool in the diagnosis of

human diseases as well as in biomedical and pharmaceutical research. In

contrast to other imaging modalities, radiotracer concentrations can be

determined quantitatively. By application of appropriate tracer kinetic

models, the rate constants of numerous different biological processes

can be determined. Rapid progress in PET radiochemistry has significantly

increased the number of biologically important molecules labelled with

PET nuclides to target a broader range of physiologic, metabolic, and

molecular pathways. Progress in PET physics and technology strongly

contributed to better scanners and image processing. In this context,

dedicated high resolution scanners for dynamic PET studies in small

laboratory animals are now available. These developments represent the

driving force for the expansion of PET methodology into new areas of life

sciences including food sciences. Small animal PET has a high potential to

depict physiologic processes like absorption, distribution, metabolism,

elimination and interactions of biologically significant substances, includ-

ing nutrients, ‘nutriceuticals’, functional food ingredients, and foodborne

toxicants. Based on present data, potential applications of small animal

PET in food sciences are discussed.
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1 Introduction

For more than 20 years positron emission tomography

(PET) has been a powerful imaging technique in the di-

agnosis of human diseases as well as in biomedical re-

search. PET methodology is based on the administration

of a tracer compound labelled with positron-emitting nu-

clides such as carbon-11 (t1=2¼ 20.39 min), nitrogen-13

(t1=2¼ 9.97 min), oxygen-15 (t1=2¼ 2.04 min), and fluo-

rine-18 (t1=2¼ 109.77 min). In tissue, annihilation of an

emitted positron with an electron results in the simulta-

neous emission of two 511 keV photons under a relative

angle of 180�. These two annihilation photons are re-

corded by coincidence detection (i.e. simultaneous detec-

tion by two opposing detectors). These two detectors

define the line of response along which the original anni-

hilation took place. As the total path length of both anni-

hilation photons together is also known, accurate correc-

tion of attenuation of the radiation during its passage

through tissue is possible. In this way, after administration

of a radiolabelled substance of interest, the distribution of

the radioactivity in the different organs and tissues is

measured. Using dynamic data acquisition protocols time-

activity curves of radioactivity uptake in several body

compartments can be obtained. Measurements of tracer

concentrations in these compartments can be translated

into quantitative values of the biochemical activity of

cells, tissues, and organs with the help of suitable tracer

kinetic models if plasma concentration of the tracer and

its metabolites are measured simultaneously by taking

blood samples.

PET is used primarily in oncology, neurology, cardi-

ology, and rheumatology. Thus, PET is focused on the

detection and staging of primary tumours and metastases,

the assessment of potential benefits of coronary artery

bypass surgery, the evaluation of a variety of neurodegen-

erative disorders, and the detection of local and systemic

inflammatory processes. Traditional medical diagnostic

imaging modalities, such as X-ray computed tomography

(CT) and magnetic resonance imaging (MRI), produce



images of the body’s anatomy or morphology. In contrast,

PET visualizes the body’s biochemistry that, in the dis-

eased state, may be altered prior to any change in gross

anatomy, thus allowing early diagnosis of processes of

pathophysiologic relevance (Cherry, 2001; Johannsen,

2005). For example, molecular changes in cancer occur

up to 6 years before a mass becomes visible. Detection of

molecular signatures permits diagnosis at a much earlier

stage of the disease, leading to an earlier treatment and

an improved prognosis.

In this context, the PET technique has been optimized

for human applications. However, far reaching progress

in PET technology has also led to the design and devel-

opment of dedicated small animal PET systems that now

are increasingly prevalent in biomedical and pharma-

ceutical research. These small animal PET systems enable

researchers to perform dynamic PET studies with high

spatial and temporal resolution in small laboratory ani-

mals such as mice and rats (Chatziioannou, 2002a, b;

Cherry and Gambhir, 2001; Roselt et al., 2004; Rowland

et al., 2002; Weber and Bauer, 2004). Notably, dynamic

PET studies can be performed in classical design by sin-

gle measurements as well as of longitudinal design that

are characterised by repeated measurements in a single

animal (Moore et al., 2000).

Beside commercial availability of small animal PET

systems, progress in PET radiochemistry has further pro-

moted this field (Wuest, 2005). The most prominent PET

tracer is the 18F-labelled glucose analogue 2-deoxy-2-

[18F]fluoro-D-glucose (FDG). FDG is characterized by its

high accumulation in brain, heart or tumour tissue based

on the higher glucose transport and metabolism rate in

these tissues. The quantification of FDG uptake is based

on Sokoloff’s method, which was developed by using

[14C]deoxyglucose (Sokoloff, 1976; Sokoloff et al., 1977).

The plethora of new PET tracers can be subdivided into

three categories: a) those that trace non-saturable physio-

logical and biochemical processes, e.g., accumulation of

[18F]fluoride in bone, b) intermediately saturable systems,

e.g., accumulation of FDG as a measure of glucose trans-

porter and hexokinase activity, and c) easily saturable,

low-density systems, e.g., 18F-labelled vasoactive intest-

inal peptide (VIP), a radioligand to measure VIP receptor

density in tumours (Jagoda et al., 2002). It could be de-

monstrated that many PET radiopharmaceuticals can be

obtained at high specific radioactivity that application of

a human dose into a mouse or rat has no effect on the

pharmacokinetics for non-saturable or high capacity sites.

For receptor binding radioligands, however, the present

effective specific activity of radiopharmaceuticals, which

depends not only on the specific activity of the radiophar-

maceutical itself but also on the endogenous receptor

ligand concentration, could lead to partial saturation of

the target site. In this case, both, an increase of the spe-

cific activity of the PET tracer and an increase of the

sensitivity of the small animal PET scanners in relation

to the human scanners will be necessary to study the

receptor interactions by using small animal PET (Jagoda

et al., 2004).

The extremely broad spectrum of potential PET tracers

and the nearly unlimited range of physiological, biochem-

ical, and pharmacokinetic parameters that can be mea-

sured stems from the fact that, in principle, virtually all

biological molecules can be labelled with positron emit-

ters carbon-11, nitrogen-13, and oxygen-15 that represent

the elements of life. In addition, fluorine-18 is often used

as a substitute of hydrogen, which itself does not have a

positron emitting isotope. A further assumption behind

the labelling with fluorine-18 is that in various molecules

fluorine atoms can be substituted for hydroxy groups with

acceptable alteration of the behaviour of the molecule in

the living organism.

All these facts provide the technical and scientific basis

for expansion of small animal PET into various fields of

food sciences.

2 Recent developments in small animal

PET methodology

Small laboratory animals such as mice or rats, but also

hamsters, rabbits, minipigs, and primates, are widely used

in biomedical research because of their genetic resem-

blance to humans, and to mimic human subjects for both

healthy and diseased states. Very recently, various small

animal models of disease including genetically-modified

animals have been developed (Bocan, 1998; German and

Eisch, 2004; Lyons, 2005). Studies of these animals with

small animal PET scanners are likely to provide new

insights in molecular processes in vivo with regard, for in-

stance, to food evaluation or nutritional studies (Boisgard

et al., 2003; Herschman, 2003; Knoess et al., 2003; Roselt

et al., 2004; Tawakol et al., 2005; van Kouwen et al.,

2005; Weber and Bauer, 2004; Yang et al., 2004).

Several PET scanners dedicated to animal work have

been developed so far with different technical character-

istics. These PET scanners comprise both a number of

research prototypes and systems of second generation like

SHR-7700 (Hamamatsu, Japan), Sherbrooke Animal PET

(Sherbrooke, Canada), RATPET (MRC Hammersmith,

UK), TierPET (J€uulich, Germany), YAP-PET (Ferrara,
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Italy), MAD-PET (Munich, Germany), ANI-PET (Montreal,

Canada), and ClearPET (Straubenhardt, Germany)

(Auffray et al., 2004; Heinrichs et al., 2004; Knoess et al.,

2003; Lecomte, 1992, 2004; McElroy et al., 2005; Schafers,

2003; Seidel et al., 2003; Surti et al., 2003; Tai et al., 2003,

2005; Vaska et al., 2004; Weber et al., 1997; Weber and

Bauer, 2004; Ziemons et al., 2005). Nowadays the broad

application of animal PET studies was stimulated by the

availability of various commercially available scanners,

including the microPET system series (CTI Concorde

Microsystems, USA) and the quadHIDAC system (Oxford

Positron Systems Ltd, UK) (Chatziioannou et al., 2001;

Chatziioannou, 2002b; Yang et al., 2004). Among these

systems, the microPET Focus system (CTI Concorde

Microsystems, USA) represents the latest generation of

small animal PET scanners. This system incorporates sev-

eral changes in design that significantly improve its per-

formance when compared with previous models (Tai

et al., 2005). As an example, the microPET Focus consists

of 24,129 lutetium oxyorthosilicate (LSO) crystals each

measuring 1.51� 1.51� 10.00 mm3, which are arranged

in 48 contiguous rings, with 504 crystals per ring. The

scanner has an axial field of view (FOV) of 7.6 cm and

a transaxial FOV of 19.0 cm. The scintillation light is

transmitted to position-sensitive photomultiplier tubes

via optical fiber bundles. The energy resolution averages

18.5% for the entire system. Reconstructed image reso-

lution is 1.3-mm full width at half maximum (FWHM)

at the center of the field of view (CFOV). It remains

under 2 mm FWHM within the central 5-cm-diameter

FOV in all 3 dimensions. The absolute sensitivity of

the system is 3.4% at the CFOV for an energy window

of 250–750 keV and a time window of 10 ns. The noise

equivalent counting-rate performance reaches 645 kcps

for a mouse-size phantom using 250 to 750 keV and

6-ns settings. In summary, this system represents the

state-of-the-art scintillator-based animal PET scanner cur-

rently available and is expected to further advance the

potential of small animal PET.

A complete PET procedure includes data acquisi-

tion, conversion of the list mode data into time intervals

(frames), generation of sinograms, reconstruction of image,

and the qualitative and quantitative analysis of temporal

and spatial radioactivity distribution. Many factors in-

fluence the quality and accuracy of the resulting images.

This begins with the experimental setup, like size of the

animal, absolute amount of administrated radioactivity,

radioactivity concentration in tissues or organs of interest,

the contrast between the radioactivity in target tissues and

background radioactivity of the vicinity. Physical effects

like background radioactivity, attenuation, and scattering

are important. The geometry of the scanner detectors in-

fluences the geometric resolution. The image recon-

struction algorithms, like single slice rebinning (SSRB)

methods, Fourier rebinning (FORE) methods, two- (2-D)

or three-dimensional (3-D) ordered-subsets expectation-

maximization (OSEM) algorithms, have their advantages

and disadvantages for each individual experimental situ-

ation (Defrise et al., 1997; Farquhar et al., 1998; Liu et al.,

2001; Weber et al., 1997; Yao et al., 2000).

The qualitative evaluation of biological situations and

the quantitative description of the accompanied cellular

and molecular biochemical processes in health and dis-

eases are, at least, the main aims of PET investigations.

The capabilities of quantitative imaging by PET are de-

pending on the scanner used, on the particular application,

on factors influencing the data acquisition, and on the

further data management and calculation algorithms as

discussed in detail elsewhere in this issue (van den Hoff,

2005). The main factors influencing the quantitative accu-

racy in the imaging process are presented in Table 1.

There are three grades of quantitative evaluation of PET

studies: a) calculation of the radioactivity distribution in

the tissues of interest, expressed as the radioactivity con-

centration, given as percentage of injected dose per cubic

centimetre (%ID=cm3) or as percentage of injected dose

(%ID) alone, b) estimation of regions of interest based

non-compartmental or compartmental derived kinetic pa-

rameters from dynamic studies, and=or c) estimation of

pixel based non-compartmental or compartmental derived

kinetic parameters from dynamic studies and presentation

as parameter images. In small animal PET studies, the

Table 1. Factors influencing the quantitative imaging and parameter

estimation by PET

Quantitative imaging

Dynamic imaging

Radioactive decay correction

Dead-time correction

Attenuation and scatter correction

Activity calibration (in Bq=mL or nCi=mL)

Parameter estimation

Activity calibration (in Bq=mL or nCi=mL)

Recovery correction

Partial-volume correction

Arterial input curve

Activity calibration

Delay correction

Dispersion correction

Metabolite analysis in the arterial plasma samples
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data to be analysed typically were derived from the 3-

dimensional images. To capture the information from

these PET images one needs to mark 3-dimensional

regions of interest (ROIs) or volumes of interest (VOIs)

and to receive the radioactivity concentration and the

volume of each ROI or VOI. To measure the activity

distribution also in complex geometric structures, e.g.,

quantification of PET tracer elimination into the intestine,

it is necessary to use specialized programs, which with

minimal user interaction allow the creation of multiple

ROIs and the segmentation of the activity including back-

ground subtraction (Poetzsch et al., 2003). An automated

method for placement of 3-dimensional rat brain atlas-

derived VOIs onto PET studies has been designed and

evaluated. VOIs representing major structures of the rat

brain were defined on a set of digitized cryosectioned

images of the rat brain. For VOI placement, each PET

study was registered with a synthetic PET target con-

structed from the VOI template. Registration was ac-

complished with an automated algorithm that maximized

the mutual information content of the image volumes. The

accuracy and precision of this method for VOI placement

was determined using datasets from PET studies of the

striatal dopamine and hippocampal serotonin systems.

Each evaluated PET study could be registered to at least

one synthetic PET target without obvious failure. Reg-

istration was critically dependent upon the initial posi-

tion of the PET study relative to the synthetic PET target,

but independent on the amount of synthetic PET target

smoothing. An evaluation algorithm showed that resul-

tant radioactivity concentration measurements of selected

brain structures contained errors that equal 2% due to

misalignment to the corresponding VOI. Further, radioli-

gand binding values calculated from these measurements

were found to be more precise than those calculated from

measurements obtained with manually drawn regions of

interest (ROIs). Overall, evaluation results demonstrated

that this atlas-derived VOI method could be used to ob-

tain unbiased measurements of radioactivity concentra-

tion from PET studies. Its automated features and ap-

plicability to different radioligands and brain regions will

facilitate quantitative rat brain PET assessment proce-

dures (Rubins et al., 2003).

Dependent on the resulting ROI volume it is necessary

to include calculations of the recovery correction when

the ROI volume is roughly lower than three times of the

volume resolution calculated from the efficient FWHM

at the present position and used reconstruction algorithm.

Up to now the problem of partial volume correction,

which means the correction for overspill between the

surrounding and the target structure, for small ROIs is

not solved in a general sense, and is attributed to further

research. Metabolic processes studied by PET are quan-

tified traditionally using compartmental models, which

relate the time course of the tracer concentration in

tissue to that in arterial blood. A prerequisite for the

quantitative calculation of the tracer kinetics and the

biochemical parameters in PET is the availability of

the arterial input function, which is difficult to derive

from small animal studies due to the limited blood

volume in mice and rats. There are several methods

proposed to obtain the arterial input function by using

direct arterial blood sampling, venous blood sam-

pling or reference tissue models (Chen et al., 2004a;

Lammertsma and Hume, 1996; Pain et al., 2004;

Wu et al., 1996). On the other hand, non-invasive,

image-derived input functions are desirable for quanti-

fying biological functions in dynamic PET studies,

but the input functions generated in this way need

to be validated (Iida et al., 1992; Huang et al., 2004).

However, the measurement of the blood or plasma

activity also has to be corrected for possible radioactive

metabolites. The possible practical approaches to deter-

mine the amount of the parent compound in arterial

blood samples has been discussed elsewhere (Pawelke,

2005).

3 PET tracers relevant in food sciences

In general, the production, logistics, and application of

PET radiotracers differ from procedures used for con-

ventional drugs in a number of aspects as described

in detail by Wuest (2005). The main differences are

a) because of the short physical half-lives of PET radio-

isotopes, prolonged preparation time significantly reduces

the useful application of the animal PET drug products,

b) a PET facility usually produces PET drug products

in response to daily demand, and c) PET radiopharmaceu-

ticals must be administered to the animals shortly after

production. Only one or a few lots are produced per day,

with one lot equalling to multiple dose vials, allowing,

however, only a relatively small number of experiments.

An entire lot may be administered in one or in several

animals and used in biochemical experiments in vitro,

depending on the amount and concentration of radioactiv-

ity remaining at the time of administration. Consequently,

administration of the entire quantity of a lot in the experi-

ments should be anticipated for every lot prepared. Since

each multiple-dose vial contains a homogeneous solution

of a PET drug product and equals one lot, results from
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end-product testing of samples drawn from the vial might

be representative not only for the entire lot but for all

doses. The quantities of active ingredients in each lot of

a PET tracer compound generally vary from microgram

to nanogram amounts. PET drug distribution to other

PET centres may be applicable when geographic proxi-

mity allows distribution with respect to the PET tracer’s

half-live.

Biodistribution studies in small animals using PET

tracers with relevance for food sciences like amino acids

have a long history. Only as an example, in studies with

selenium-75 labelled methionine all phases of the dis-

tribution and metabolism of this essential amino acid

in animals have been characterized (Archimbaud et al.,

1993; Bergmann et al., 1995; Chen and Wang, 1969;

Schultze et al., 1960; Spencer and Blau, 1962). Dynamic

PET studies, on the other hand, provide the possibil-

ity to image and to measure the flow of the radiotracer

through several compartments of the living organism. In

this way, many different radiotracers were studied using

small animal PET, comprising classes of chemical com-

pounds that are also of interest in food sciences, such as

amino acids, peptides, polyamines, lipids, proteins and

lipoproteins. The studied PET tracers are either food

components itself or analogues that could be used as a

surrogate. In other experiments food ingredients were

applied as competitive inhibitors of transport or meta-

bolic processes in relation to the PET tracers used. The

following overview of substances used as PET tracers in

animal PET studies shall emphasise the high potential of

the PET methodology.

Amino acids

Radiolabelled amino acids for PET have been widely used

in investigations aiming at differences in both amino acid

transport and protein synthesis rate in tissues studied

(Couturier et al., 2004; Foster and Fagg, 1984; Jager

et al., 2001; Laverman et al., 2002; Vaalburg et al., 1992;

Wang et al., 2005). An important motivation to study

amino acid metabolism in vivo is the identification of

tumours with increased protein synthesis rate and higher

amino acid demand when compared to other tissues. Of

these two mechanisms the former is likely to be the most

important as regards PET imaging of tumours using radio-

labelled amino acids and analogues. The concentration in

tumour is, however, limited by efflux of the tracer or its

labelled metabolites. This phenomenon may be minimised

by choosing non-metabolisable compounds, without any

efflux of labelled metabolites or with an efflux which is

highly restricted. In addition, these tracers appear to be

more specific for tumours than FDG, as protein metabo-

lism in inflammatory cells appears to be less modified

than glucose metabolism. Most studies and applications

were performed using 11C-labelled amino acids or amino

acid derivatives. The most prominent example is 11C-

labelled methionine. However, the short physical half-life

of 11C prevents its use in most nuclear medicine depart-

ments (i.e. those without an on-site cyclotron). Moreover,

the physical half-life of 11C is also very short with regard

to imaging protein synthesis, which is a fairly long bio-

logical process. Radiolabelling of amino acids with 18F,

therefore, has gained great interest (Couturier et al., 2004;

Laverman et al., 2002). Among the numerous 18F labelled

amino acid derivatives that are currently being investi-

gated, tyrosine derivatives have been under particular

scrutiny (Table 2).

Peptides

Peptide transporters on epithelia play an important role in

the absorption of small peptides and peptide-like drugs.

The peptide transporters are in the focus of research for

many years. However, the number of PET studies in this

field is still limited. To investigate the localization and

function of the peptide transporters in vivo, peptides, like

glycylsarcosine and derivatives were predominantly

labelled with 11C (Bolster et al., 1986; Del Rosario

et al., 1993; Henriksen et al., 2004; Nabulsi et al., 2005;

van Nispen et al., 1990). On the other hand, various pep-

tide receptor ligands, such as peptide hormones were

labelled with various longer lived PET radionuclides,

e.g., fluorine-18 and copper-64, and used for imaging of

tissues, in particular, tumours that overexpress the corre-

sponding peptide hormone receptors (Breeman et al.,

2005; Li and Beheshti, 2005; Lundquist and Tolmachev,

2002; Maecke et al., 2005; Reubi, 2003; Reubi et al.,

2005; Riccabona and Decristoforo, 2003; Sundin et al.,

2004; Virgolini et al., 2005). These include a) somatostat-

in receptor ligands (Anderson et al., 1995; Bass et al.,

2000; Bombardieri et al., 2001; Eriksson et al., 1993;

Ginj et al., 2005; Guhlke et al., 1994; Lewis et al.,

1999; Li and Beheshti, 2005; Pauwels et al., 2005;

Robbins, 1996; Schottelius et al., 2004; Sundin et al.,

2004; Ugur et al., 2002; Wester et al., 2003; Wild et al.,

2005), b) gastrin receptor ligands=gastrin-releasing peptide

receptor ligands (bombesin receptor ligands) (Chen et al.,

2004b; Maina et al., 2005; Meyer et al., 2004; Rogers et al.,

2003; Schuhmacher et al., 2005; Zhang et al., 2004), c)

neurotensin (Achilefu et al., 2003; Bergmann et al., 2002;
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Bruehlmeier et al., 2002; Buchegger et al., 2003; Garcia-

Garayoa et al., 2002), d) neurokinin receptor ligands,

like substance P (Hargreaves, 2002; Solin et al., 2004),

e) cholecystokinin (Aloj et al., 2004, 2002; Behe and Behr,

2002; Behr et al., 1999), f) vasoactive intestinal peptide

(VIP) and pituitary adenylate cyclase-activating peptide

(PACAP) (Jagoda et al., 2002; Thakur et al., 2004), and

g) endothelin (Johnstrom et al., 2002).

Table 2. PET studies with amino acids and analogues

Amino acid Radiolabelled compound Reference

Non-essential amino acids and derivatives

Alanine �-[2-11C]aminoisobutyric acid Oberdorfer et al., 1993; Prenant et al., 1995

�-(N-methyl)-[2-11C]aminoisobutyric acid

Glutamate [13N]glutamate Krivokapich et al., 1987; Kubota et al., 1983;

Wu et al., 2000b

Glutamine [11C]glutamate Wu et al., 2000b

Glycine [11C]glycine Bolster et al., 1986

Aspartate [11C]aspartate Wu et al., 2000b

Tyrosine D,L-[1-11C]tyrosine Daemen et al., 1992, 1991; Halldin et al., 1987

No example: Arginine, Asparagine, Cysteine, Serine

Essential amino acids

Leucine L-[1-11C]leucine Barrio et al., 1983b; Hawkins et al., 1989;

Schmidt et al., 2005

Methionine Methyl-[11C]-L-methionine Kubota et al., 1996; Comar et al., 1976;

d’Argy et al., 1988; Weber et al., 2000

Phenylalanine L-[1-11C]phenylalanine Barrio et al., 1983a; Studenov et al., 2003

Tryptophan [11C]-D,L-tryptophan Washburn et al., 1977

Valine D,L-[11C]valine Hubner et al., 1979; Washburn et al., 1982

No example: Histidine, Isoleucine, Lysine, Threonine

Non-natural amino acids and inhibitors of amino acid transport and metabolism

O-2-[18F]fluoroethyl-L-tyrosine (l-[18F]FET) Wang et al., 2005; DeJesus et al., 1992;

Hayase et al., 1995; Ishiwata et al., 2005;

Iwata et al., 2003; Moon et al., 2005;

Tang et al., 2003; Wester et al., 1997, 1999

L-[2-18F]fluorotyrosine Coenen et al., 1989

4-[18F]fluoro-L-m-tyrosine Melega et al., 1989

4-cis-[18F]fluoro-L-proline Borner et al., 2001; Langen et al., 2001

3-[18F]fluoro-�-fluoromethyl-p-tyrosine (3-F-FMPT) DeJesus et al., 1994

4-Borono-2-[18F]fluoro-D,L-phenylalanine Ishiwata et al., 1991

4-Borono-2-[18F]fluoro-l-phenylalanine-fructose

(l-[18F]FBPA-Fr)

Chen et al., 2004b

L-o-[18F]fluorophenylalanine Bodsch et al., 1988

L-p-[18F]fluorophenylalanine

L-[�-11C]-3,4-dihydroxyphenylalanine (L-[�-11C]DOPA) Reiffers et al., 1977; Ikemoto et al., 1999

L-[�-11C]-5-hydroxytryptophan (L-[�-11C]-5-HTP)

3-O-methyl-6-[18F]fluoro-L-DOPA (OMFD) Bergmann et al., 2004; Doudet et al., 1991

6-[18F]fluoro-L-DOPA (6-[18F]FDOPA) Ishiwata et al., 1996

6-[18F]-fluoro-O-pivaloyl-L-DOPA (6-[18F]FPDOPA)

L-[18F]-2-fluoro-DOPA (L-2-18F-DOPA) Leenders et al., 1986; Cumming et al., 1988

L-[18F]-6-fluoro-DOPA (L-6-18F-DOPA)

5-hydroxy-L-[�-11C]tryptophan (HTP) Bergstrom et al., 1996

2-Amino-3-[18F]fluoro-2-methylpropanoic acid (FAMP) McConathy et al., 2002

3-[18F]fluoro-2-methyl-2-(methylamino)propanoic

acid (N-MeFAMP)

McConathy et al., 2002

[18F]-1-amino-3-fluorocyclopentane-1-carboxylic

acid (FACPC)

Shoup et al., 1997

1-aminocyclobutane-[11C]carboxylic acid Hubner et al., 1981

1-aminocyclopentane-[11C]carboxylic acid

Syn- and anti-1-amino-3-[18F]fluoromethyl-cyclobutane-

1-carboxylic acid (FMACBC)

Martarello et al., 2002
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Proteins and antibodies

Radiolabelled proteins used in PET investigations comprise

a heterogeneous group of compounds that is characterised

by a relative high molecular weigth (10–550 kDa). In con-

trast to most low molecular weight tracers, the biodistribu-

tion of protein tracers is governed by the biological char-

acteristics of the protein itself. The presented examples

cover some major applications of radiolabelled proteins

in PET studies, majority radiolabelled by using 18F-con-

taining prosthetic groups (Wuest, 2005). In this way several

proteins have been used as PET tracers, including a) human

serum albumin that, considering its high biological half life

in plasma, was used for imaging of plasma pool, cerebral

blood flow, cerebral plasma volume and myocardial per-

fusion (Okazawa et al., 1995), b) Annexin V, a 36-kDa

protein that binds with high affinity to phosphatidylserine

lipids in the cell membrane and has proven for early imag-

ing (detection) of apoptosis (Grierson et al., 2004; Keen

et al., 2005; Murakami et al., 2004; Toretsky et al., 2004;

Yagle et al., 2005; Zijlstra et al., 2003), and c) antibodies,

antibody fragments, antibody minibodies, diabodies, multi-

ple antibody fragment constructs and derivatives that are

recognized as promising vehicles for delivery of imaging

and therapeutic radionuclides to a wide range of target

structures, including tumours in vivo (Anderson et al., 1992;

Bakir et al., 1992; Collingridge et al., 2002; Griffiths et al.,

2004; Keen et al., 2005; Kenanova et al., 2005; Larson

et al., 1992; Lovqvist et al., 1997; Olafsen et al., 2004;

Otsuka et al., 1991; Pentlow et al., 1991; Robinson et al.,

2005; Sundaresan et al., 2003; Verel et al., 2003; Yang

et al., 2005; Wu et al., 2000a).

Lipoproteins

Lipoproteins are particles that contribute to overall

metabolic homeostasis by transporting hydrophobic

lipids and other hydrophobic substances like vitamins

and polyphenols in the blood plasma to and from differ-

ent tissues in the body. Disturbances in lipoprotein metab-

olism are closely related to various pathophysiologic

processes, particularly, in atherogenesis. PET studies

using radiolabelled lipoprotein particles aimed at non-

invasive delineation of accumulation and tissue metab-

olism of native lipoproteins under normal and patho-

physiologic conditions (Daugherty et al., 1992; Moerlein

et al., 1991). More recently, small animal PET has been

used to characterize and to discriminate the kinetics and

the metabolic fate of native and oxidatively modified

lipoproteins (Pietzsch et al., 2004, 2005a, b). These

investigations should also provide information about lo-

calization, transport, and metabolism as well as about

pathways of detoxification of lipid-soluble food ingredi-

ents in vivo.

Fatty acids and lipids

Lipids comprise a complex family of biomolecules that

play prominent roles in critical metabolic and biochem-

ical processes such as energy production and storage,

structure and function of cellular membranes, signal

transduction, and steroidogenesis. However, lipids and

lipid analogues labelled with PET nuclides were mainly

used to monitor fatty acid kinetics and tissue uptake as

well as lipid metabolism in various tissues. Various 11C-

and 18F-labelled fatty acids were applied to animal PET

studies (Brown et al., 1987; Buckman et al., 1994;

DeGrado et al., 1991, 2000; Geltman, 1994; Geltman

et al., 1980; Shoup et al., 2005; Takahashi et al., 1996;

Takala et al., 2002).

Fatty acids are the primary metabolic fuel for the myo-

cardium, and, therefore, fatty acid tracers like 11C-acetate,

which can be considered as the shortest fatty acid, and
11C-palmitate are very useful in assessing the metabolic

status of the heart. This includes measurement of heart per-

fusion and oxidative metabolism, respectively (Armbrecht

et al., 1990; Bentourkia et al., 2002; Brown et al., 1987;

Buxton et al., 1989; Go et al., 1990; Higashi et al., 2004;

Liu et al., 2001; Ng et al., 1994; Oyama et al., 2002, 2003;

Prenen et al., 1989; Rasmussen et al., 2004; Schelbert,

2000; Schoder and Larson, 2004; Shoup et al., 2005; Sun

et al., 1997; Visser, 2001; Yoshimoto et al., 2001). Other

intravenously injected fatty acids like 11C-arachidonic

acid were used to quantify uptake of polyunsaturated fatty

acids into brain tissue, to quantitatively localize brain

phospholipase A2-mediated signal transduction, and to

examine neuroplastic remodeling of brain lipid mem-

branes in vivo (Rapoport, 2001).

Oligonucleotides and related molecules

On the basis of oligonucleotides or related molecules, such

as antisense DNA or iRNA molecules, aptamers, spiegel-

mers or ribozymes as well as peptide nucleic acids, several

PET tracer compounds became available as imaging agents

for the detection of specific target molecules (Berger and

Gambhir, 2001; Boisgard et al., 2005; de Vries et al., 2004;

Duatti, 2004; Eschgfaller et al., 1998; Kobori et al., 1999;

Kuhnast et al., 2005; Lange et al., 2002; Lendvai et al.,

2005; Pan et al., 1998; Pestourie et al., 2005; Roivainen
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et al., 2004; Sun et al., 2005; Tavitian et al., 2002; Tavitian,

2003; Wu et al., 2000c; Younes et al., 2002).

Nucleotides and nucleotide analogues

Nucleotides, nucleotide analogues and structure related

compounds were developed for the investigation of nucle-

otide incorporation into nucleic acids. When the agents

undergo phosphorylation in the cells the resulting tissue

accumulation of radioactivity may provide specific infor-

mation on tissue proliferation in diagnostic imaging and

therapy monitoring. Prominent examples are 30-deoxy-30-

[18F]fluorothymidine and, 5-[18F]-20-deoxyuridine and

(Barthel et al., 2005; Seitz et al., 2001). Another group

of nucleotides and nucleotide analogues like 20-deoxy-

20-18F-fluoro-5-fluoro-1-beta-D-arabinofuranosyluracil, 9-

(4-18F-fluoro-3-hydroxymethylbutyl)guanine, 8-[18F]fluor-

openciclovir, and 8-[18F]fluoroganciclovir has been syn-

thesized and tested for monitoring the expression of

herpes simplex virus type 1 thymidine kinase reporter

gene in cell culture and in vivo (Alauddin et al., 2004;

Iyer et al., 2001). Very recently, it could demonstrated that
124I-labelled 20-fluoro-20-deoxy-50-iodo-1-beta-D-arabino-

furanosyluracil is suitable for PET of myocardial expres-

sion of herpes simplex virus type 1 thymidine kinase

reporter gene (Simoes et al., 2005).

Drugs

The unique possibility to visualize and quantify metabolic

routes of radiolabelled drugs in vivo enormously accel-

erated the application of small animal PET in the last

years (Aboagye, 2005; Myers, 2001; Paans and Vaalburg,

2000; Roselt et al., 2004; Vaalburg et al., 1999). As an

example, 8-cyclopentyl-3-(3-18F-fluoropropyl)-1-propyl-

xanthine (18F-CPFPX) was developed as a highly selec-

tive and specific ligand for adenosine receptors and a

suitable radioligand for non-invasive PET imaging of ade-

nosine receptors in the living brain. These studies also

support the application of high-resolution animal PET as

an effective in vivo imaging tool in the evaluation process

of new radioligands (Bauer et al., 2003, 2005).

Trace elements

The vast number of positron emitting nuclides that are

suitable for PET studies comprise also isotopes of micro-

nutrients (Anderson and Welch, 1999). For instance, by

using the copper isotope 64Cu (t1=2¼ 12.70 h) the whole

body copper flux was measured by PET. After oral admin-

istration, the copper was trapped in the gastrointestinal

tract. This trapping does, however, limit the utility of

PET to completely measure the whole animal copper flux

(Bissig et al., 2005).

The manganese isotope 52mMn (t1=2¼ 21.10 h) can be

produced in a 52Fe=52mMn generator. It is a suitable radio-

nuclide to quantitatively assess myocardial perfusion

(Buck et al., 1996). Animal studies indicate that 52mMn

is an ideal nuclide for myocardial imaging, combin-

ing rapid blood clearance and high concentration in the

myocardium (Atcher et al., 1980). The PET nuclides of

cobalt, iron and gallium, 55Co (t1=2¼ 17.53 h), 52Fe

(t1=2¼ 8.28 h), 66Ga (t1=2¼ 9.49 h), and 68Ga (t1=2¼
1.13 h) were applied for blood cell labelling to enable

quantitative uptake and cell kinetic studies in rats.

Furthermore, these radionuclides have been used kidney

function imaging, cisternography, and bleomycin labeling

(Ellis and Sharma, 1999; Goethals et al., 2000; Maziere

et al., 1983; Sharma et al., 1986). In principle, the iodine

PET isotope 124I (t1=2¼ 4.2 days) can be applied for the

same indications as 123I and 131I that are commonly used

in biomedical research and clinical practice, like diag-

nostic imaging of the thyroid function as well as diagnosis

of abnormal liver function, renal (kidney) blood flow

and urinary tract obstruction (Collingridge et al., 2002;

Crawford et al., 1997; Eschmann et al., 2002; Flower

et al., 1994; Freudenberg et al., 2003; Groot-Wassink

et al., 2004; Klein et al., 2005; Larson et al., 1992;

Sundaresan et al., 2003; Verel et al., 2003). However, 124I

became important as a peptide and protein labelling agent

for PET studies (Collingridge et al., 2002; Daghighian

et al., 1993; Dekker et al., 2005; Pentlow et al., 1996;

Robinson et al., 2005; Shaul et al., 2004). The biodistri-

bution and metabolism of the single photon emitting iso-

tope 75Se was intensively studied in the past (Archimbaud

et al., 1993; Bawden and Hammarstrom, 1977; Bergmann

et al., 1995; Jalilian et al., 2004; Jian et al., 1982;

McConnell, 1959; McConnell and Roth, 1968; Nahapetian

et al., 1983; Wright, 1965). However, there is only a very

limited number of PET studies using 73Se (t1=2¼ 7.15 h).

The very sophisticated production of 73Se and the dosimet-

ric characteristics are the main limitations for a broader

application of 73Se in PET (Plenevaux et al., 1990). The

vanadium isotope 48V (t1=2¼ 16 days) has been used as a

tracer to investigate tissue distributions of bis(maltolato)

oxovanadium(IV) compared with those of vanadyl sulfate

in Wistar rats. In this study, the compounds were adminis-

tered in carrier-added forms by either oral gavage or in-

traperitoneal injection. The highest 48V concentrations at

24 h after gavage were found in bone, followed by kidney

and liver. Most 48V ingested was eliminated unabsorbed

by fecal excretion. On average, 48V concentrations in

bone, kidney, and liver 24 h after oral administration of
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bis(maltolato)oxo-[48V]vanadium(IV) were two to three

times higher than those of 48V-vanadyl sulfate (Setyawati

et al., 1998). As zinc is closely associated with the

exocrine and endocrine functions of the pancreas, ex-

ploitation of zinc metabolism for anatomical and func-

tional diagnosis was conceived, namely with the recently

available of positron emitting isotope 62Zn (t1=2¼ 9.19 h).

The response changes in Zn biodistribution (mice) and Zn

excretion through the pancreatic duct (rats) due to the

stimulation of gastrointestinal hormones, like secretin,

by cholecystokin-pancreozymin (exocrine stimulation) and

glucose (endocrine stimulation) were studied. Demonstra-

tion of zinc participation in the exocrine function of the

pancreas in vivo holds considerable promise for diagnosis

of pancreatic diseases (Fujibayashi et al., 1986). Fluorine-

18, as one of the most important PET nuclides, has been

used as fluoride (18F�) for imaging of bone metabolism

(Piert et al., 2003, 2001; Hoegerle et al., 1998; Hawkins

et al., 1992). Very recently, the titanium isotope 45Ti

(t1=2¼ 3.09 h) was prepared as a tool for elucidation of the

mechanism of action of titanium anticancer drugs in vivo

using small animal PET imaging (Vavere et al., 2005).

Plant secondary metabolites

There are many different types of plant secondary metab-

olites such as plant hormones, phenolic compounds, vita-

mins, alkaloids etc. Plants produce secondary metabolites

as chemical defence against fungi, bacteria, insects, and

viruses. The potential use of plant secondary metabolites

in medicine as diagnostic and therapeutic agents, and in

agriculture as biorational pesticides is of increasing in-

terest. In this line, 11C-colchicine has been used in stud-

ies aiming at evaluation of multiple drug resistance by

PET imaging (Levchenko et al., 2000). As another exam-

ple, polyphenols, such as stilbenes and flavonoids have

attracted attention as foodborne antioxidants or estrogen

receptor ligands with many different implications in

human metabolism (Middleton et al., 2000). A first

approach for radiosynthesis of an 18F-labelled stilbene de-

rivative (3,5-dihydroxy-40-[18F]fluoro-trans-stilbene) and

subsequent radiopharmacological investigation including

dynamic PET studies in rats has been described in this

isssue (Gester et al., 2005).

Vitamins and vitamin derivatives

Radiolabelled biotin and biotin derivatives play a central

role in the application of the biotin=avidin pretargeting

system of PET tracers and, additionally, also in other

applications, like infection imaging (Lewis et al., 2002,

2003; Shoup et al., 1994). The vitamin D receptor ligend

[26,27-11C]dihydroxyvitamin D3 was developed as a

potential tracer for PET determination of vitamin D recep-

tor level and occupancy in animals in vivo (Bonasera et al.,

2001). An example of another vitamin derivative is the

folate-receptor-targeting radiopharmaceutical, Ga(III)-

deferoxamine-folate, which was radiolabelled with two

positron-emitting isotopes of gallium, cyclotron-produced
66Ga and generator-produced 68Ga. The [66Ga]-Ga-defer-

oxamine-folate was administered to athymic mice with

folate-receptor-positive human KB cell tumor xenografts

to demonstrate that small animal PET mouse tumor im-

aging is feasible with 66Ga, despite the relatively high

positron energy of this radionuclide (Mathias et al., 2003).

Carbohydrates

The most prominent carbohydrate tracer in PET with the

most applications and the longest history in use is the

glucose analogue 2-[18F]fluoro-2-deoxy-D-glucose (FDG)

(Jones et al., 1983; Phelps et al., 1979; Wolf and

Redvanly, 1977). There are practical no research fields

in PET, except for perfusion, where the FDG distribution

and uptake does not play the role as golden standard or as

reference for the metabolic activity of the tissue of inter-

est (Fowler and Ido, 2002; Smith, 1998; Wang et al.,

2005; Yamamoto et al., 2004).

4 Small animal PET to measure food uptake,

distribution and metabolism in vivo:

limitations and implications

As outlined above, PET technology now has been imple-

mented in experiments with small laboratory animals. It

can be used for serial assessment of metabolic function of

individual animals with a minimal degree of invasiveness

and, therefore, has the potential to be used in studies of

variable physiological and pathophysiological conditions

(Kornblum et al., 2000). This should also include condi-

tions that are relevant for food sciences, e.g., in variable

nutrition states. However, small animal PET requires the

control of the current physiological state of the animals,

like body temperature, respiration, and blood pressure. A

further important problem is the movement control in

order to prevent artefacts in the PET images (Green

et al., 2001). For this reason, animals must be either phys-

ically restrained or anesthetized. Movement correction

of measured data is under development in human stud-

ies, however, yet to be developed for small animals (Buhler

et al., 2004). The choice of the applied method for mini-

mization of movement depends on the physiological or
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biochemical process to be studied, on the localization of

the tissue of interest, and on the used radiotracer. The

anaesthesia, for example, has significant effects on the

central nervous, cardiovascular and respiratory systems

(Croteau et al., 2004; Shimoji et al., 2004; Toyama et al.,

2004). Further sources of possible movement effects are

organ specific movements of the heart, the respiration

system, and the intestine. The periodical movements like

heart beat or breathing movements were used for gating of

the PET imaging (Croteau et al., 2003; Susskind et al.,

1985). This shows that it is necessary to control and char-

acterize the experimental conditions, which could affect

the uptake, accumulation, metabolism, and elimination of

the radiotracer.

An important limitation of PET is the short half-lives of

the commonly used PET isotopes in relation to many

biological processes. Therefore, the PET study duration

typically should not exceed two to four times of the half-

life of the PET isotope used to get a low noise and an

accurate statistics of the measurement. Consequently, the

rate-limiting step of the biochemical or molecular process

studied has to be within the time window available. As in

other approaches, the resulting radiopharmaceutical dis-

tribution and kinetics depend on the route and the duration

of radiotracer administration into the animals (Fig. 1).

Therefore, it is necessary to minimize the time for uptake

and distribution of the radiopharmaceuticals in the body.

Therefore, the intravenous application of the radiophar-

maceuticals is by far the most preferred administration

route. The pharmaceuticals can be applied either as bolus,

e.g., as a short impulse, or as an infusion. The transition

between the application types is fluid. An essential pre-

requisite for quantitative analysis of pharmacokinetic

parameters of a tracer in tissues of interest is the arterial

blood activity curve as described elsewhere (van den Hoff,

2005). Some experiments require intra-arterial tracer ad-

ministration or direct administration of tracer into the

capillary bed of an organs, e.g., to study first pass effects

of the endothelium (Yudilevich, 1989). These application

types result in fast distribution of the radiopharmaceuticals

within the blood pool or specific target tissue. In this

case, the equilibrium between arterial and venous blood

is reached relatively fast, however, still depending on the

metabolism of the compound used. Fast absorption of

radiopharmaceuticals can be observed following intraperi-

toneal administration. However, the remaining contamina-

tion of the peritoneal region with radiotracer that is not

resorbed may decrease the target to background ratio in

the abdomen. Other administration routes, like intrathecal

application, are practically not used in small animal PET

studies (McCarthy et al., 2002). However, for small animal

PET studies in food sciences it seems to be of special

importance to administer the radiopharmaceutical directly

into the stomach. This should be illustrated by two exam-

ples obtained in our own laboratory. Figures 2, 3, and 4

illustrate a small animal PET study using 18F-fluoride

(18F�) in a rat. The non-carrier-added (n.c.a.) 18F� was

administered by gavage. The radioactivity in the stomach

decreased only slowly. It is supposed that 18F� was slowly

taken up from stomach, and with higher efficiency from

the duodenum (Whitford and Pashley, 1984). The activity

Fig. 1. Routes of administration of radiopharmaceuticals in small animal

PET studies and ways of main uptake and elimination, respectively.

(A) trans-gastrointestinal administration, (B) intravenous administration,

(C) intraarterial administration

Fig. 2. Representative serial coronal images of abdominal region ob-

tained from dynamic small animal PET scans showing [18F]-radioactivity

distribution after administration of [18F]fluoride into the stomach by

gavage in rat. The measurements were carried out with microPET P4

(CTI Concorde Microsystems, USA) through 2 hours after application.

The data for the images were collected from 0 to 5 min (A), 30 to 60 min

(B), and 90–120 min (C). Selected planes illustrate that the radioactivity

leaving the stomach was fast absorbed from the duodenum, and accu-

mulated in the metabolically active skeleton sites, like joints and verte-

bral bodies
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in the duodenum was scarcely visible during the study.

The 18F� was than accumulated in the highly perfused

and metabolic active parts of the skeleton (Berger et al.,

2002; Piert et al., 2001). The quantitative evaluation of the
18F� distribution was carried out in the stomach and the

vertebral bodies. As shown in Fig. 4, during the study

time most radioactivity remains in the stomach. However,

the activity in the vertebral bodies increased continuously

over the time of two hours, which was longer than in

studies using an intravenous application of the radiotracer

(Berger et al., 2002). In this pioneering study the stomach

has been identified as a high capacity source of 18F� over

the time studied. In the second example FDG was used to

demonstrate the effect of specific activity of a radiophar-

maceutical used in small animal PET studies to be a key

parameter for such experiments (Figs. 5 and 6). With

increasing amounts of glucose, the absorption of FDG

in the gastrointestinal tract decreased when compared to

n.c.a. conditions. By variation of the effective specific

activity of FDG, it should be possible to measure the

uptake dependent on the radiotracer concentration and to

calculate apparent kinetic parameters, like the Michaelis-

Menten constant and the maximal transport rate in the

intestine. However, when using a direct administration

of the tracer via the gastrointestinal tract, tracer binding,

uptake and metabolization influenced by the microflora

has to be considered. After intestinal absorption the hepat-

ic first-pass metabolism plays a key role in metabolic

regulation and drug metabolism. A first PET approach

to measure hepatic first-pass metabolism of ammonia

was developed by Keiding and colleagues (Keiding et al.,

2001). In this study, pigs were administered 13NH3 into

the portal vein and into the vena cava. Vena cava infusion

data were used to address recirculation of the tracer and

metabolites following the portal vein infusion. The data

Fig. 4. Time-activity curves showing kinetics of the [18F]-radioactivity concentration during the entire study period of 120 min fluoride after a single

administration of [18F]fluoride into the stomach by gavage in the rat after a single administration into the stomach by gavage. Data were calculated

from ROI analysis of dynamic small animal PET scans over the stomach and the vertebral bodies. The activity in the stomach is expressed as %

injected dose (left y-axis), and the activity in the vertebral bodies is expressed as % injected dose per cm3 (right y-axis). The activity was continually

accumulated in the vertebral bodies

Fig. 3. Representative whole-body coronal image obtained from small

animal PET scans showing distribution of [18F]fluoride in rat after ad-

ministration into the stomach by gavage. The measurements were carried

out with microPET P4 (CTI Concorde Microsystems, USA) through

2 hours after application. The data were collected from 90–120 min.

The activity was located in the stomach and in the metabolically active

skeleton sites, like joints, and vertebral bodies
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were analysed by a model of sinusoidal zonation of

ammonia metabolism with periportal urea formation and

perivenous formation of glutamine. The hepatic extraction

fraction and values of clearance of ammonia to urea and

to glutamine were obtained, as were rate constants for

washout of these two metabolites (Keiding et al., 2001).

Other important factors influencing the biodistribution

of the PET tracers are dependent on the species, the gen-

der, the age, and the actual feeding and satiety situation

(de Graaf et al., 2004; Stephan et al., 2003; Gautier et al.,

2000; Geary et al., 1982). Animal studies have provided

some convincing evidence that nutritional factors in utero

and in infancy can effectively cause long term changes in

metabolism and physiology, but the cellular and molecu-

lar mechanisms involved are still largely unknown. Small

animal PET allows follow up studies in the individual

development of the metabolism, e.g., glucose metabolism,

from infancy to the old age. Developmental changes were

studied in amino acid and neurotransmitter metabolism

(Bauer et al., 2002, 2000; Brust et al., 1999, 1998,

2004a, b). There are only few PET studies aiming at met-

abolic sex differences of biodistribution and elimination

kinetics of the radiotracers (Colby and Morenko, 2004;

Zubieta et al., 1999). These data imply that both age

and gender are important variables to be considered in

the interpretation of studies of the measured function in

which receptor systems play a role. Also in animal ex-

periments, the females’ reproductive status (reproductive

Fig. 5. Comparison of [18F]-radioactivity distribution after intravenous ad-

ministration (A) and administration by gavage (B, C), respectively, of FDG

in rat. The measurements were carried out with microPET P4 (CTI Con-

corde Microsystems, USA) at 45 min after application. The gray scale of the

images (A) and (C) are normalized to the maximal activity, where white is

low and black is high activity. The image (B) shows the the same experi-

ment as (C), but the gray scale has been changed, so that the details with

mean activity (gray) are comparable to image (A). The images (A) and (B)

illustrate that the main difference between the two application routes con-

sists in the remaining activity in the stomach and intestinum after gavage,

which is to see in detail in the image (C). The distribution of FDG in the

other organs after intravenous application or after the uptake into the blood,

was comparable. As expected, the best-imaged organs were bladder, the

heart, the Harderian glands, the brain, the testes, and red bone marrow

Fig. 6. Comparison of the kinetics of the FDG in in the stomach and heart after administration by gavage into the stomach without and with

concomitant admistration of 0.2 g glucose (signed as glucose). The measurements were carried out with microPET P4 (CTI Concorde Microsystems,

USA) over 4 hours after application. Time-activity curves were calculated from ROI analysis of dynamic small animal PET scans over the heart

(mainly representing the cardiac blood pool) and the stomach. The activity is expressed as % injected dose in the stomach (left y-axis) and % injected

dose per cm3 in the heart (right y-axis). The elimination of FDG from the stomach and accumulation in the heart were faster without addition of

glucose. The absolute uptake of FDG in the heart was also increased in this case
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age) may influence the function of endocrine receptor sys-

tems. On the other hand, the experimental conditions have

also an influence on the physiological and metabolic state

of the studied animals (Mitterhauser et al., 2003). The

protocol of aesthesia, the used drug and the time of start,

are among the important experimental factors influencing

the quantification (Croteau et al., 2004; Duffy et al., 1982;

Matsumura et al., 2003; Momosaki et al., 2004; Nader

et al., 1999; Noda et al., 2003; Toyama et al., 2004). Many

radiotracers are substrates of endogenous enzymes and are

metabolised (Bauer et al., 2002; Lecomte, 2004; Kates

et al., 2003; Noda et al., 2002). The radioactive signal

measured by PET therefore consists of the original com-

pound and its radioactive metabolites. The tissues of inter-

est have to be analysed for the composition of the radio-

active signal in relation to the original compound (Pawelke,

2005). This is often accomplished by homogenisation of

the sample, precipitation, and followed by radiochromato-

graphic analysis methods (high performance liquid chro-

matography, thin layer chromatography). High molecular

weight compounds were studied by size-exclusion chroma-

tography and electrophoresis. The radioanalytical methods

should especially be optimized in terms of short analysis

times with respect to the short-lived radioisotopes used.

The number of samples to be analysed should also be taken

into account by the selection of analytical methods. When

the arterial time activity curves for free intact tracer and

metabolites have to be determined for compartmental mod-

elling, then only the largest number of analysed samples

seems to be good enough. In the case that metabolites share

the same compartment together with the intact compound it

is necessary to analyse the tissues of interest at sufficient

time points for validation purposes. The non-invasive PET

method moves to an invasive one. Furthermore, pharmaco-

kinetic PET studies could be combined with microdialysis

measurements in the tissues of interest to get samples of the

interstitial fluid (Haaparanta et al., 2004).

5 Conclusion

As discussed above small animal PET has a high poten-

tial to depict physiologic processes like absorption, dis-

tribution, metabolism, elimination and interactions of

biologically significant substances, including nutrients,

‘nutriceuticals’, functional food ingredients, and food-

borne toxicants, in vivo. Thus, among nuclear and isotope

techniques small animal PET is supposed to be an at-

tractive tool to endorse to and to expand the classical

pharmacokinetic, pharmodynamic and toxicological ap-

proaches in food sciences, e.g., in nutritional studies.

However, progress can only be achieved when multi-

disciplinary PET centers closely cooperate with food

scientists and food-producing companies. Furthermore,

industry and regulators should recognize that the use of

functional in vivo imaging supports the decision-making

whether food components are harmful or, on the other

hand, maintain human health.
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