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Summary Positron-emission-tomography (PET) is a nuclear imaging technique that permits 
the spatial and temporal distribution of compounds labeled with a positron-
emitting radionuclide to be determined noninvasively. Positron-labeled com-
pounds (tracers) have been synthesized to target a range of specific markers and 
pathways. Small animal PET (i.e. mice, rats, hamsters) has undergone a major evo-
lution. This has been driven by technical improvements and increasing interest 
of pharmaceutical companies. The focus of the method has shifted towards the 
quantification of the physiological parameters necessary to use this technique for 
kinetic modeling of tracers. Methods for minimising the number of animals used 
for experiments and minimising animal suffering have to be considered (concept 
of 3R: replacement, reduction and refinement) to provide more humane animal 
research. In this review, we will give an overview of how the technique can be 
used to study diseases, to evaluate therapies or new drugs and to gain inside into 
molecular processes in vivo. 

Keywords: Positron-Emission-Tomography (PET), animal model, molecular imag-
ing, preclinical imaging, concept of 3R

Zusammenfassung Die Positronen-Emissions-Tomografie (PET) ist eine nukleare Bildgebungstechnik, 
mit der die räumliche und zeitliche Verteilung von Verbindungen, die mit einem 
Positronen-emittierenden Radionuklid markiert sind, nichtinvasiv bestimmt wer-
den kann. Positronen-markierte Verbindungen (Tracer) wurden synthetisiert, um 
auf eine Reihe spezifischer Marker und Signalwege zu zielen. Die Bildgebung von 
kleinen Tieren (z. B. Mäuse, Ratten, Hamster) mit PET hat eine bedeutende Ent-
wicklung durchlaufen. Dies wurde durch technische Verbesserungen und zuneh-
mendes Interesse der Pharmaunternehmen betrieben. Der Fokus der Methode 
hat sich auf die Quantifizierung der physiologischen Parameter verlagert, die zur 
Verwendung dieser Technik für die kinetische Modellierung von Tracern erforder-
lich sind. Methoden zur Minimierung der Anzahl der für Versuche verwendeten 
Tiere und zur Minimierung des Leidens der Tiere müssen berücksichtigt werden 
(3R-Konzept: Replacement, Reduction und Refinement), um eine humanere Tier-
forschung zu gewährleisten. In dieser Arbeit geben wir einen Überblick darüber, 
wie die Technik verwendet werden kann, um Krankheiten zu untersuchen, The-
rapien oder neue Medikamente zu bewerten und in vivo in molekulare Prozesse 
Einblick zu gewinnen.

Schlüsselwörter: Positronen-Emissions-Tomografie (PET), Tiermodell, molekulare 
Bildgebung, präklinische Bildgebung, 3R-Konzept
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Introduction

Imaging technologies are playing a growing role in ani-
mal research. Animal models of human disease are an 
important research tool in understanding disease pro-
cesses and evaluating potential therapies. Imaging pro-
vides a bridge from animal research to human research 
and the clinic.

PET is a nuclear medicine technique that permits the 
spatial and temporal distribution of compounds labeled 
with a positron-emitting radionuclide to be determined 
noninvasively. PET and Single photon emission com-
puted tomography (SPECT) are unique because they 
provide knowledge of biochemical function of the body. 
But SPECT has its limitations concerning the quantifi-
cation and underestimation of the activity (Pereira et al. 
2010). Traditional diagnostic techniques, such as com-
puted tomography (CT) scans or magnetic resonance 
imaging (MRI), produce images of the body’s anatomy 
or structure. 

The first dedicated small animal PET scanner was 
developed through a collaboration between the Medical 
Research Council Cyclotron Unit, Hammersmith (Lon-
don, England) and CTI PET Systems Inc. (Knoxville, 
Tennessee) (Bloomfield et al. 1995, 1997).

Since then, a large variety of small-animal hybrid 
systems has been developed. The hybrid combinations 
PET/CT, PET/MR, SPECT/CT, SPECT/MR, PET/SPECT/
CT, and PET/SPECT/MR are commercially available. The 
main system specifications of PET/CT are summarized 
in Table 1 (Lee et al. 2016). Table 2 shows these specifi-
cations of PET/SPECT/CT (Goorden et al. 2013, Larsson 
et al. 2011, Van der Have et al. 2009, Walker et al. 2014), 
whereas Table  3 summarizes the specifications of PET/
MR. For more details about all the available preclinical 
hybrid systems, please see Binderup et al. 2011, Goert-
zen et al. 2012, Kuntner and Stout 2014, Vandenberghe 
and Marsden 2015, Wehrl et al. 2009.

The World Molecular Imaging 
Congress (WMIC, Seattle, Sept. 
12-15) 2018 named MILab’s VEC-
Tor 6 imaging system with Broad-
band Photon Tomography tech-
nique the recipient of its Commer-
cial Innovation of the year award. 
The system boosts fluorine-18 
(F-18) PET resolutions to 0.55 mm 
and removes positron range effects 
for rubidium-82 and iodine-124 
and it also enables simultaneous 
imaging of multiple PET isotopes 
and acquisition of temporal and 
spatial PET/radiotherapy and PET 
images (Bio Space (San Francisco) 
News release). 

Digital silicon photomultipliers 
are the digital evolution in scintilla-
tion light detector technology. They 
were recently used to develop a 
preclinical/animal PET gantry with 
1-mm scintillation crystal pitch as 
an insert for MRI scanner. 

PET count rates, energy resolu-
tion of 12.6% FWHM, and spatial 
resolution of 0.73  mm (isomet-
ric volume resolution at iso cen-

ter) were not affected by applied MRI sequences. A 
longitudinal study of a tumor-bearing mouse combin-
ing multi-nuclei MRI with simultaneously measured 
F-18-Fluorodeoxyglucose (FDG)-PET verified the oper-
ability and stability of the system. MR and PET images 
showed no visible differences when the other modality 
was in operation and both resolve 0.8 mm rods (Weissler 
et al. 2015). 

Until all animal experiments can be completely 
replaced by alternative methods, scientists must use 
animals. Already in 1959, William M. S. Russell and 
Rex L. Burch paved the way for more animal welfare in 
scientific animal research. They brought up the concept 
of 3R with their demand for replacement, reduction and 
refinement (Russell and Burch 1959). However, the con-
sistent use of 3R and alternative methods can reduce the 
number of animals used for science and/or reduce the 
burden on the animals (reduction). Since one and the 
same animal e.g. can be examined longitudinally before 
and after therapy, this reduces the number of animals 
and the biological variability (replacement). According 
to the tracer principle, the tracer is used in the range of 
nmol or pmol. Thus the tracer has no side effects and 
is no burden on the animals (refinement). A low load 
results solely from the anesthesia. 

Animal specific factors

All animal experiments have to be approved by the 
appropriate institutional govern-mental agency and 
carried out in an Association for Assessment and 
Accreditation of Laboratory Animal Care (AAALAC) 
International-accredited facility in accordance with the 
European Directive (2010/63/EU) (Hartung 2010). In 
the following subchapters animal specific factors are 
described for mice and rats, the most frequently used 
species in laboratory in vivo studies. Since there is a large 

TABLE 1:  Small animal hybrid system PET/CT
Company Sofie biosciences Sedecal
System name GNEXT

PET/CT
SuperArgus 
PET/CT

PET specifications Detector type Pixelated LYSO/BGO Pixelated LYSO/GSO

Crystal size 1.01 x 1.01 x 6.1 mm3 LYSO 
1.55 x 1.55 x 8.9 mm3 BGO

1.45 x 1.45 x 15 mm3 LYSO 
and GSO

Total detector elements 23040/10240 32448

Photo-detector PMT PMT

Depth-of-interaction (DOI) 2 layers LYSO/BGO 2 layers LYSO/GSO

Transaxial FOV (mm) 130 120

Axial FOV (mm) 104 100

Energy window (keV) n.a. 250–700

Max. spatial resolution 
(mm)

n.a. 0.8 (OSEM-3D)

Sensitivity (%) n.a. 8.9

Scatter fraction (%): 
mouse/rat

n.a. n.a.

Peak NEC: mouse and rat 
(kcps@ MBq)

n.a. n.a.

CT specifications CT voxel size (µm) 20 20
CT tube max voltage (kVp) n.a. 110

CT tube max current (µA) n.a. n.a.
Max. CT rotation (s)
2 flat-panel detector (mm)

60
n.a.

15
229 x 145

References Vendor webpage [Lee et al. 2016]
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variability even between animals of the same strain, sex 
and age all factors have to be optimized to standardize 
between experiments (Beindorff et al. 2018).

Housing conditions for rodents
The housing conditions can have a significant impact on 
the animals` physiology and may therefore also affect 
imaging results. For that reason all following parameters 
have to be kept constant to minimize standard devi-
ations during measurements. The animals are housed 
under a regulated 12 hour light/dark cycle in special reg-
ulated animal rooms or cabinets with free access to food 
and water and with constant temperature (22 +/– 2°C) 
and humidity (55  +/–  10%). The cages are constructed 
from durable polycarbonate, polysulphone, polyphenyl-
sulphone, or etherimed. Mice are kept in social groups 
(max. 4 adult mice per cage) in conventional Type II 
filter top cages (cage size: 26.5 x 20.5 x 14 cm; floor area: 
350  cm2) or in individually ventilated cages (IVC; cage 
size: 39.1  x  19.9  x  10.0  cm; floor area: 501  cm2). Rats 
are usually housed in groups of 3-4 animals in Type IV 
open cages depending on their weight (cage floor area: 
1500 cm2, min. height: 18 cm). 

Environmental enrichment (e.g. red plastic nest box) 
has been shown to reduce stress in laboratory animals 
leading to lower scatter during experiments (Hess et al. 

2008). For this reason cages should comprise polycar-
bonate tubes, cellulose tissue as nesting material and 
wood chew sticks.

Bedding exchange has to be done once or twice per 
week to avoid high gaseous ammonia concentrations. 
During experiments animals have to be supervised more 
frequently depending on the expected stress. In tumor 
experiments for example, tumor growth control and 
body weight should be done every second to third day. If 
a certain score is achieved (e.g. in tumor models tumor 
diameter exceeding 2 cm, weight loss of more than 20%, 
tremor, paralysis, dyspnea) mice have to be euthanized 
(Foltz and Ullman-Cullere 1999). Furthermore, it is of 
particular interest to have tumors of almost same size, 
perfusion, vascularity, and to check for necrosis since 
those factors can heavily influence the uptake of radio-
tracers (Kobayashi et al. 2014, Mei et al. 2016).

Fasting state of the animals 
Fasting before radiotracer application can essentially 
reduce the background in PET images. Especially during 
F-18-FDG measurements, the fasting state has an impact 
on the study outcome since the endogenous available 
glucose competes with the F-18 glucose analogon and 
can therefore reduce uptake into cells. The duration of 
the fast as well as the type of food can alter glucose, 

TABLE 2: Small animal hybrid system PET/SPECT/CT
Company Bruker Mediso FLEX MILabs
System name Albira Si

PET/SPECT/CT
NanoScan
PET/SPECT/CT

Triumph
PET/SPECT/CT

VECTor6 
PET/SPECT/CT

PET specifications Detector type Continuous block detec-
tor coupled to a 12 x 12 
SiPM array

Pixelated LYSO (122S/82S) Pixelated LYSO/LGSO Detector system (the 
same than SPECT) with 
a clustered-pinhole colli-
mator designed for high-
energy photons, which 
makes the coincidence 
detection not needed.

Crystal size (mm3) n.a. 1.12 x 1.12 x 13/
1.51 x 1.51 x 10

2.0 x 2.0 x 12/14

Total detector elements 24 36 504/13 456 6 144

Photo-detector SiPM n.a. PMT

Depth-of-interaction 
(DOI)

Yes Yes
(Monte Carlo-based)

2 layers LYSO/ LGSO

Transaxial FOV (cm) 8.0 12.0/8.0 11.0 1.2 central (hourglass-
shaped)

Axial FOV (cm) 14.9 (3 rings system) 10.0 10.0 0.9 central

Energy window (keV) 350-650 n.a. n.a. 409-613

Max. spatial resolution 
(mm)

0.7 (OSEM-3D) 0.9 (OSEM-3D) 0.9 (MLEM) 0.55

Sensitivity (%) 12 (3 rings system)
9 (NEMA)

8.0/7.0 n.a. 0.3

Scatter fraction (%): 
mouse/rat

n.a. n.a. n.a. n.a.

Peak NEC: mouse and rat 
(kcps@ MBq)

560 @ 35 and 330 @ 43 850 @ n.a. and 230 @ n.a./
460 @ n.a. and 130 @ n.a.

n.a. n.a.

CT specifications CT voxel size (µm) 90 10 50 30

CT tube max voltage (kVp) 50 70 n.a. 65

CT tube max current (µA) 1,000 n.a. n.a. 615

Max. CT rotation (s) n.a. 36 n.a. 40

SPECT specifications Detector type 2-head
continuous CsI (Na)

4-head continuous Nal 5-by-5 CdZnTe modules 3 head Nal (TI)

Photo-detector – PMT – 55 PMT per detector

Detector size (cm) – 28 x 28 12.7 x 12.7 50.8 x 38.1

References Vendor webpage Vendor 
webpage

[Larsson et al. 2011] [Goorden et al. 2013/ 
Van der Have et al. 2009/ 
Walker et al. 2014/ Vendor 
webpage]
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amino acid or vitamin levels which in turn can alter PET 
metabolic signals (Fueger et al. 2006, Kreissl et al. 2011, 
Lee et al. 2005). For example for the use of radiolabeled 
folates it is important to give a special folic acid-free diet 
before the radiotracer can be applied to reduce back-
ground (Kettenbach et al. 2018).

Animal Monitoring 
Monitoring small animals’ health during experiments 
is an important legal requirement and should be done 
throughout the whole animal handling procedure. Es-
pecially during small animal PET measurements when 
anesthesia is inevitable to keep the animal immobilized 
special care should be taken to maintain the animals` 
physiological parameters close to normal and to reduce 
animal pain and stress. Increased animal stress levels, 
resulting from a lack of premedication, may modulate 
inflammatory response and compromise experimental 
results (Gorska 2000).

Mainly due to the small size of the animal, specific 
anesthesia-related problems may occur during measure-
ments. Hypothermia, while not exclusive to small mam-
mals, is a special concern in these animals and an impor-
tant cause of unintended death under anesthesia (Boyko 
et al. 2013, Yatabe et al. 2011). High metabolic rates and 
difficulties in monitoring of respiratory and cardiovas-
cular function reliably contribute to the complexity of 
the anesthetic management (Flecknell 1993, van den 
Brink et al. 2013). Small changes in body temperature 
can have a strong impact on the pharmacokinetics of 
certain tracers like F-18-FDG or F-18-Tetrafluoroborate 
and should be kept constant before and through-out 

the whole experiment (Goetz et al. 2016). It is usually 
measured by a rectal probe (body temperature mice: 
36–38°C; rats: 37.5–39°C). Body temperature is main-
tained with tempered anesthetic beds. The respiration 
rate can be determined by a small pneumatic pillow 
placed under the abdomen of the animal (respiratory 
frequency (breathing/min): mice: 60–230; rats: 60–170). 
Cardiovascular function can be measured by small ECG 
electrodes glued to the paws and tail or invasively with 
needles (heart frequency (beat/min: mice: 300-800; rats: 
300–500). Blood pressure is measured by a tail cuff 
sensor or invasively with electrodes in major arteries 
(mice: 133–160/102–110; rats: 116/90). Those electronic 
monitoring devices enable the experimenter to monitor 
the animals` health during PET/CT or PET/MR measure-
ments even if the small bore sizes do not allow for visual 
and manual monitoring.

Blood sampling
In small animals blood sampling is challenging due 
to their small size and little blood volume but is often 
used to check for radioactive metabolites in plasma or to 
generate an arterial input function for kinetic modeling. 
To account for animal welfare the amount of sampled 
blood depends on the circulating blood volume of each 
species and if it is taken once or repeatedly (Table 4). For 
a radiochemist it is furthermore good to know that there 
are maximal injectable volumes that have to be consid-
ered (Table 5).

For repeated blood sampling particularly for taking 
small volumes during very short time intervals the use 
of an indwelling catheter or even a fully implanta-

TABLE 3: Small animal hybrid system PET/MR
Company Bruker Mediso MR solutions 
System name Bruker 

PET/MR
NanoScan 
PET/MR

MRS/PET
PET/MR

PET specifications Detector type Continuous block detec-
tor coupled to a 12 x 12 
SiPM array

Pixelated LYSO 
(122S/82S)

Dual-layer LYSO matrix 
with 1/2 pixel offset

Crystal size (mm3) n.a. 1.12 x 1.12 x 13/1.51 x 1.
51 x 10

n.a.

Total detector elements 24 36504/13456 n.a.

Photo-detector SiPM n.a. n.a.

Depth-of-interaction 
(DOI)

Yes Yes 
(Monte Carlo-based)

Yes

Transaxial FOV (cm) 8.0 12.0/8.0 7.0

Axial FOV (cm) 14.8 (3 rings system) 10.0 13.5/15.0 (3 rings system)

Energy window (keV) 350–650 n.a. n.a.

Max. spatial resolution 
(mm)

0.7 (OSEM-3D) 0.9 (OSEM-3D) 0.9/0.8 (OSEM-3D)

Sensitivity (%) 12 (3 rings system) 8.0/7.0 n.a.

Scatter fraction (%): 
mouse/rat

n.a. n.a. n.a.

Peak NEC: mouse and rat 
(kcps@ MBq)

560 @ 35 and 
330 @ 43

850 @ n.a. and 
230 @ n.a./
460 @ n.a. and 
130 @ n.a.

n.a.

MR specifications PET/MR integration Integrated and PET insert Sequential Sequential

Magnet Superconductor Superconductor Superconductor

Magnetic field 3T 1.5/3T 3/4.7/7/9.4 T

Bore size (cm) 18 n.a. 17/24

Max. resolution (µm) n.a. 100 n.a.

Max. FOV (cm3) n.a. n.a. Eliptical 
10 x 7/ 13.5 x 9.8 (3/9.4T) 
11 x 7/15.4 x 9.8 (7T)

References Vendor webpage Vendor webpage Vendor webpage
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ble catheter system is recommended and less wearing 
than repeated puncture of arteries (Desjardins 1986, 
Gunaratna et al. 2004). Nevertheless, even if those sys-
tems are used one has to be aware that the animals` 
physiology may be altered by sequential blood sampling 
due to higher distress and discomfort (Abelson et al. 
2005, Besch et al. 1971).

The recovery phase after blood collection is depen-
dent on the collected volumes. If the maximum accepted 
volume of 10% is collected the animals have to recover 
generally for a minimum of 2 weeks. All sampling meth-
ods besides the lateral tail vein should be carried out 
under general anesthesia. Those sampling sites are for 
example the lateral tarsal vein, the sublingual vein and 
the retrobulbar plexus.

Scanner specific factors

Sensitivity in PET
The definition of the sensitivity in PET is as follows: 
percentage between emitted and measured annihilation 
photons. Thus, the sensitivity of a PET scanner is defined 
as the number of counts per unit time detected by the 
device for each unit of activity present in a source. It is 
normally expressed in counts per second (cps) per (kilo) 
Becquerel (cps/kBq) or per Mega Becquerel (MBq).

The NEMA (National Electrical Manufacturers Associ-
ation, the association of Electrical Equipment and Medi-
cal Imaging Manufacturers) provides the internation-
ally accepted forum for the standardization of electrical 
equipment. Recently (July 13, 2018, Rosslyn, Virginia), 
NEMA published NU 2-2018 “Performance measure-
ments of positron emission tomographs (PET)” (NEMA 
2018). This standard provides a uniform and consis-
tent method for measuring and reporting performance 
parameters (like sensitivity) of PET scanners.

Two new tests have actually been added to this revi-
sion (NEMA NU 2-2001, NEMA NU 2-2007) (NEMA 
2001, NEMA 2007, NEMA 2018): 
1. A measurement of time-of-flight (TOF) resolution for 

TOF-equipped PET scanners.
2. The co-registration accuracy between the CT and PET 

components of a hybrid PET/CT scanner. 

PET sensitivity phantoms according to NEMA standards 
are tube phantoms with line sources tubes for quality 
control of PET scanners. They:
• enable users to measure sensitivity of PET sanners 
• consist of metal sleeves with different diameters and a 

line source tubes. 

The purpose of the test procedure based on the PET sen-
sitivity phantom is to measure the sensitivity of ability of 
positron emission tomographs to detect positrons. Succes-
sive measurements are made by accumulating the sleeve 
wall thickness with the uniform line source surrounded by 
known absorbers. From these measurements, the sensitiv-
ity without absorbers can be extrapolated to arrive at an 
attenuation free measurement. The measurement setup, 
data collection and analysis are described in section 5 of 
the NEMA standard NU 2-2007 (NEMA 2007).

Spatial resolution
The spatial resolution of a PET is defined as the mini-
mum distance between two points in an image that can 
be detected by a scanner. The PET’s spatial resolution is 
determined by the size of the scintillator crystals or, in 
the case of continuous sheets of scintillator, the thick-
ness of the sheet and the size of the photomultiplier 
tubes reading out the scintillator sheet.

Furthermore, the spatial resolution of a PET scanner 
is dependent on
a) the positron range
b) the detector size
c) the non-collinearity
d) the reconstruction method used
e) the localization of detector.

To compare spatial resolution of different preclinical 
(animal) PET scanners, an agreement on rebinning and 
reconstruction algorithms has to be made. The recon-
struction method should be filtered back projection 
(FBP) according to NEMA NU 2007 (NEMA 2007). 

Scatter fraction
The scatter fraction (SF) is a parameter that is frequently 
used to compare the performances of different PET scan-
ners. Its formula is:

SF = Cs/Cp

where Cs and Cp are the scattered and prompt count 
rates. The lower the SF value, the better the performance 
of a scanner and thus better the quality of images. Scat-
tered radiations add noise to the reconstructed image, 
and the distribution varies with different PET scanners. 
Scatter fraction and counting rate performance are usu-
ally measured using different “NEMA-Like” phantoms, 
which simulate for example a typical mouse or rat body. 
These are mostly cylindric polyethylene phantoms, with 
holes drifted in parallel to the central axis of the cylin-
der at a radial distance of a few millimeters. The scatter 
counting rate is usually calculated using the following 
equation:

Rs = Rtotal – Rtrue – Rrandom – Rintrinsic

where Rs, Rtotal, Rtrue, Rrandom, and Rintrinsic are the scat-
ter, total, true, random, and intrinsic counting rates, 
respectively. Random and intrinsic counts are estimated 

TABLE 4: Parameters of blood collection (recommenda-
tions from the GV-SOLAS): Blood collection parameters 
are only valid for adult, healthy animals and can be less 
for freshly manipulated, diseased, old or stressed animals
Species Single (max. 10%) 

(ml)
Daily (1%) 
(ml)

Final  
(ml)

Mouse (25 g) 0.17 0.02 0.7–1.0
Rat (300 g) 1.9 0.2 10

Table adapted from the German Society for Laboratory Animal Science (Ausschuss 
für Tierschutzbeauftragte in der GV-SOLAS und Arbeitskreis 4 in der TVT, 2009)

TABLE 5: Administration routes and volu- 
mes (recommendations from the GV-SOLAS)
Species Intraperitoneal

(ml/kg)
Intravenous
(ml/kg)

Mouse 10 5
Rat 10 5

Table adapted from the German Society for Laboratory Animal 
Science (Dülsner et al. 2017)
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from random and blank sinograms (for more details see 
Tai et al. 2001). 

Attenuation correction
The loss of detection of true coincidence events because 
of their absorption in the body or due to their scattering 
out of the detector field of view (FOV) is called attenu-
ation. Even though the photons in PET are of greater 
energy than those used in SPECT imaging, attenuation 
problems are greater with PET imaging, because two 
photons must escape the patient simultaneously to be 
detected as a true event and the mean photon path dis-
tance from emission to detection is greater with a PET 
camera than with a SPECT camera.

Loss of counts due to attenuation is one of the most 
critical problems in clinical PET imaging. The loss of 
true coincidence event detection in larger persons can 
range between in 50 to 95% (Sacco 2016). Image noise, 
image artifacts, and image distortion are increased when 
attenuation is increased.

Therefore attenuation correction (AC) of data is nec-
essary for accurate qualitative (i. e. visually normal, 
increased, or decreased) and semi-quantitative (i. e. 
standardized uptake values; SUVs) measurements of 
PET tracer activities. Usually in ancient stand-alone 
PET scanners, the AC is obtained from a transmission 
scan both with and without the animal, by using one or 
several moving sources (either germanium-68 or cae-
sium-137). Because of the excellent soft-tissue contrast 
of MRI, much research in the past few years has concen-
trated on combining PET and MRI. PET/MRI scanners 
are now available for clinical use. In combined PET/MRI, 
ideally the attenuation map is obtained directly from the 
anatomic information, in this case from the MR image. 
In combined PET/CT, AC is derived from the CT infor-
mation (Carney et al. 2006). 

Partial volume effect
The definition of the partial volume effect (PVE) is the 
loss of apparent activity in small objects or regions 
because of the limited resolution of the imaging sys-
tems. Thus, PVE is a combination of two factors, the 
limited resolution of PET and image sampling. It occurs 
in medical imaging and more generally in small animal 
PET imaging. If the region/lesion in the animals body is 
less than twice the full width at half maximum (FWHM) 
resolution in x-, y- and z-dimension of the imaging sys-
tem, the resultant activity in the region/lesion is under-
estimated (Hoffman et al. 1979).

Image sampling refers to the fact that PET voxels 
have a definite volume, consisting only partially of the 
desired tissue in many cases, reflecting underlying tissue 
heterogeneity (Aston et al. 2002). Multiple tissue types 
contribute to the measured radioactivity concentration 
of even single voxels.

PVE is typically seen in tumor imaging as spill-out of 
radioactivity into surrounding tissue from a high-activity 
region, leading to underestimation of tracer uptake. On 
the other side, it can also be seen as spill-in into the 
volumes-of-interest (VOI) or regions-of-interest (ROI) 
from a high-activity region like large arteries and veins 
and especially urine (bladder, ureter), leading to overes-
timation of tracer uptake.

The method to correct for the partial volume effect is 
referred to as partial volume correction (PVC) (Meltzer et 
al. 1990, Rousset et al. 1998).

As mentioned above, PVC becomes important when 
the object size is less than two times FWHM in the 
image. The PVC has been described in detail by Aston et 
al. (2002). One of the international software projects is 
PVEOut. Correction may be based on empiric recovery 
coefficients (Geworski et al. 2000). If the point-spread 
function (PSF) of the PET scanner is known, more accu-
rate correction is possible, however, current PSF recon-
struction may lead to serious image artifacts (Munk et 
al. 2017). Good PVC is of critical importance in accurate 
quantitative PET (Giovacchini et al. 2004).

Tomographic reconstruction
PET scanners collect measurements of an animal’s in 
vivo radiotracer distribution. These measurements are 
reconstructed into cross-sectional images. Tomographic 
image reconstruction forms images of functional infor-
mation and the same principles can be applied to 
modalities such as MRI. The reconstruction methods 
used are mostly divided into iterative and analytic 
approaches.

Iterative methods are based on a more accurate 
description of the imaging process resulting in a more 
complicated mathematical solution requiring multiple 
steps to arrive at an image. Analytic reconstruction 
methods offer a direct mathematical solution for the 
formation of an image.

Generally, there are two different kinds of reconstruc-
tion, concerning 2D- and 3D-models. This relates to the 
simulation of the detector modules during reconstruc-
tion and to the “true” coincidences which are registered.

In 2D-procedures there are iterative approaches 
• OSEM-SSRB, OSEM-FORE and the analytical 

approaches
• FBP-Single Slice Rebinning
• FBP-SSRB, FBP-Fourier Slice Rebinning
• FBP-FORE.

Fourier rebinning (FORE) has been the method of 
choice using 2 D reconstruction techniques (FBP, or 2 D 
ordered-subset expectation maximization (OSEM-2D)). 
FORE has been implemented in most standard software 
packages for preclinical PET scanners. Its main advan-
tage is high processing speed.

3-dimensional (3 D) reconstruction techniques are 
theoretically independent of the deterioration of axial 
resolution by FORE. 3 D sinograms are directly used 
in the image reconstruction, the rebinning step is not 
present and all lines of response (LOR) are contained in 
these 3 D sinograms. 

Algorithms such as 3 D OSEM (OSEM-3D), maximum 
a posteriori reconstruction (MAP) and 3 D reprojection 
(3DRP) are available on most preclinical scanners. 

In the 3D-model, implemented at the small animal PET 
Unit at the Clinic of Nuclear Medicine at the Johannes 
Gutenberg-University of Mainz, the so-called Tera Tomo 
3D-PET algorithm using iterative approaches (modified 
OSEM-3D) are used for high resolution reconstructions 
(Mediso NanoScan PET/MRI).

Iterative (statistical) reconstruction approaches are 
currently mostly used in daily animal PET imaging, but 
analytic algorithms will still coexist due to their linearity 
and predictable behavior. The disadvantages of classical 
(non-TOF) analytic techniques are increased noise lev-
els and the lack of resolution modeling as compared to 
statistical algorithms. 



Berliner und Münchener Tierärztliche Wochenschrift 2019

Quantitative PET imaging

Quantitative imaging with PET requires a scanner cali-
bration. The calibration factor is calculated during the 
scanner setup and describes the relationship between 
the acquired counts and radioactivity concentration. 
Using this factor, all image voxels can be displayed in 
the unit activity concentration.

For further evaluation, reconstructed images are basi-
cally analyzed with vendor-specific analysis software. 
Often, for more complex image analysis, the images 
are exported to an external workstation providing ded-
icated modeling and quantification software i.e. PMOD 
(PMOD Technologies LLC, Zurich, Switzerland).

Basic analysis starts with the definition of ROI or VOI 
on images in order to access metabolic information. PET 
image sets normally contain a stack of slices forming a 
3D dataset. Whereas a ROI describes an area on one sin-
gle slice (2D), a VOI consists of a couple of ROIs defined 
on several slices (3D). Different shapes of ROI/VOI can 
be used (freehand, fixed sizes i.e. circle/sphere or square/
box, iso-intensity-contours). Nowadays due to the wide-
spread installation of hybrid systems for animal imaging 
(PET/CT; PET/MRI), ROI/VOI delineation is performed 
on structural images, which are co-registered to the PET 

images. Additionally for brain imaging, predefined VOI 
templates (atlases) of the mouse and the rat brain are 
available. 

PET scan duration depends on the radiotracer kinetics 
in vivo. With PET tracers it is possible to image perfusion, 
metabolism, accumulation or specific binding in target 
tissues. The following example describes the neurore-
ceptor PET where the radiotracer is a ligand, which binds 
to the D2/D3 dopamine receptors. The PET scan starts 
with the bolus injection of the radioligand via tail vein. 
During the first minutes of the acquisition the tracer is 
delivered to the brain (perfusion state). Then, the radi-
oligand binds specifically to the neuroreceptor whereas 
the maximum uptake time depends on the affinity of 
the radiotracer to the receptor sites. The total acquisition 
time can last 60 to 90 minutes. 

Typically, the whole recorded data is divided in several 
time frames before reconstruction, starting with short 
frames (10-20 seconds long) up to 10-minutes frames 
at the end. Each frame is reconstructed separately and 
images are combined to build a 4D dynamic image set. 
Drawing ROI/VOI on each frame (Figure 1) a time-ac-
tivity-curve (TAC) can be derived by plotting the ROI/
VOI statistics against the frame time. Typical TACs are 

FIGURE 1: Dynamic PET images of the rat brain using high affinity D2/D3 dopamine receptor ligand F-18-fallypride. Total acquisition 
time of 90 min is splitted into 22 time frames, start time of each frame is given; VOI of the striatum (kidney-/teardrop shapes; pink or dark 
grey) and the cerebellum (oval shape below; green or white) are superimposed on horizontal slices. (Figure: Hans-Georg Buchholz, 2018)
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shown in Figure 2: specific dopamine receptor binding 
in the striatal VOI (upper graph; pink or dark grey) and 
unspecific binding only in the receptor-free cerebellum 
VOI (graph below; green or light grey).

If the kinetic of the tracer is well known and kinetic 
modeling is not required, the PET acquisition can be 
started at a time point after the injection, when the tracer 
kinetic reaches a steady state. For example in tumor 
imaging, a short PET acquisition begins after tracer 
accumulation in the tumor is stable and unspecific tracer 
uptake is washed out. Compared to the dynamic acquisi-
tion, the advantage of this static acquisition is the higher 
throughput of animals which could be scanned. 

Semiquantitative values from PET imaging 
The simplest step to assess semiquantitative values from 
PET images is the ratio method. Two ROI/VOI are placed 
on a static PET image and the ratio of the total counts or 
means within the ROI/VOI are calculated. In oncology 
imaging one ROI/VOI is drawn in the tumor area and 
the other ROI/VOI in a background given the tumor-to-
background ratio. Another ratio (ipsi-to-contralateral) 
can be calculated by mirroring the first ROI/VOI to 
the contralateral side. In neuroimaging specific recep-
tor binding can be assessed by the ratio of receptor-rich 
related to receptor-free ROI/VOI. 

Another term in PET quantitation is the SUV where 
the measured activity concentration is related to injected 

activity and body weight. The SUV is often used in tumor 
imaging with F-18-FDG to study therapy response 
within subjects. 

Kinetic modeling
A more sophisticated method to describe pharmacoki-
netic behavior of the radiotracer in vivo is the com-
partment modeling. In this mathematical method the 
exchange rates k between blood (as input) and tis-
sue compartments (as the response) are calculated. The 
blood input requires arterial blood sampling and mea-
surement of metabolites (see “Animal specific factors”). 
In order to define the tissue compartments the whole 
acquisition PET data starting with the tracer injection is 
needed. Time-activity-curves (TAC) of the ROI/VOI are 
used to describe the tracer kinetic in tissues. The simplest 
compartment model is the 1-tissue model (K1, k2), con-
sisting of a blood compartment and one tissue compart-
ment. The complexity of compartment models, that is 
the number of the blood compartment and several tissue 
compartments, depends on the tracer and its metabolic 
pathways in vivo. Different compartment models can 
be used for quantification of blood flow, metabolism or 
reversible and irreversible binding to a dedicated recep-
tor site. 

Arterial blood sampling in small animals is feasible 
but challenging. Alternatively, the arterial input could be 
extracted from image by drawing a VOI in large vessels 

FIGURE 2: Time-activity-curve of striatal (upper graph; pink or dark grey) and cerebellar (graph below; green 
or light grey) VOI of dynamic F-18-fallypride PET; striatal BPnd is calculated by fitting the striatal TAC to the 
SRTM model using the cerebellar TAC as reference region input. (Figure: Hans-Georg Buchholz, 2018)
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(image-derived input function = IDIF) or if available, 
a population-based input function from a large data-
base for the radiotracer could be used. Arterial blood 
sampling could be avoided if a reference region within 
the field-of-view is found with no or negligible spe-
cific binding of the tracer. The complexity of modeling 
could be reduced by entering the reference region (TAC) 
as input function. Non-invasive quantification models 
using a reference tissue as input function are the SRTM 
(Simplified reference tissue model) or the non-invasive 
Logan Plot (Lammertsma et al. 1996, Logan 2000).

Characteristic output values from compartmental 
modeling of radiotracers with reversible binding are the 
volume of distribution (VT) and the non-displaceable 
binding potential (BPND). The VT is the theoretical vol-
ume in tissue which the radiotracer would occupy if the 
tracer concentration in tissue is equal to the concentra-
tion in blood. BPND refers to the ratio at equilibrium of 
specifically bound radioligand to that of non-displace-
able radioligand in tissue (Innis et al. 2007).

Figure  2 shows the output curve from SRTM model 
fit (black) for estimating the BPND of D2/D3 dopamine 
receptor using the high-affinity radioligand F-18-fally-
pride (FP). The cerebellar TAC (green) serves as refer-
ence region input, the TAC of the striatum (pink) shows 
high binding of the dopamine receptor. Striatal BPND is 
derived by model fit to the striatal TAC.

PET imaging studies
For new radiotracers being potential candidates for PET 
imaging, invasive quantitation models should be used 
first to characterize the tracer kinetic in the target region. 
For neuroimaging studies, specific binding to the recep-
tor sites should be verified by displacement and blocking 
studies. 

Displacement of the radioligand is evoked by injecting 
an antagonist during the PET measurement leading to 
a dose-dependent displacement of the radiotracer from 
receptor. In blocking studies, a non-radioactive ligand 
is injected before starting the PET acquisition and the 
radio tracer injection, leading to a dose-dependent satu-
ration of the receptor site. 

Acquisition length and framing should be tailored to 
the kinetics of the radiotracer. If the TAC in one brain 
region follows nearly mono-exponential decay and it can 
be modeled by a single tissue compartment model, then 
this region could serve as reference input. Nevertheless, 
reference region methods need to be carefully evaluated 
and compared with compartment modeling for every 
new tracer to which it is applied. 

Chances and outlook

Imaging gene expression
It is becoming apparent that high-resolution anatomi-
cal images are a necessity for the accurate interpreta-
tion of all PET studies. Properly co-registered MRI- or 
CT-images improve the accuracy of micro-PET images 
with better attenuation correction. The genome can be 
manipulated to create genetically altered animals (e.g. 
mouse, rat, rabbit, pig). The simplest is to inject DNA 
directly into the nucleus of single-celled embryos. This 
DNA occasionally integrates into the genome giving rise 
to a transgenic animal. Virtually any protein or RNA can 
be expressed in any cell type by proper choice of DNA 

coding region and DNA control region. A specific gene 
can be either ablated or modified by using gene target-
ing via homologous recombination in animal embryonic 
stem cells. Thus, the animal carrying the specifically 
modified genome can be generated for subsequent stud-
ies. Therefore, a gene suspected of playing an important 
role in organ function or disease pathogenesis can be 
either knocked out or modified in a particular domain. 
Radiolabeled molecular probes can target reporter gene 
expression. The basic principle of imaging gene expres-
sion is simply that following the expression of a protein 
by a reporter gene, this protein will specifically bind to 
a positron-emitting radiolabeled probe. That probe has 
been administered to the animal and the gene of inter-
est is always expressed along with the reporter gene. 
The quantification of the amount of tracer retained by 
the expressed protein allows the investigator to non-
invasively visualize the levels of genes expressed. Thus, 
the research group can monitor not only the location 
of genes in transgenic models in vivo, but also the time 
course of expression and the efficacy of gene therapy 
protocols prior to human use. This research area has 
attracted increasing interest. Gambhir et al. (1999, 2000) 
and Yu et al. (2000) were leaders in developing and vali-
dating methods for imaging transgene expression in vivo 
by PET (Gambhir et al. 1999, Gambhir et al. 2000, Yu et 
al. 2000). 

Clinical value for improving diagnosis and therapy of 
patients 
Imaging is increasingly being used to access the activ-
ity of molecular pathways within tumors and to reveal 
the pharmacodynamic efficacy of targeted therapies. An 
excellent overview concerning the current state is given 
by Wang et al. (2015).

PET has become a tool as a surrogate marker for the 
action of therapeutic drugs. An important aspect of 
receptor-based imaging agents is their use in the moni-
toring of conventional chemotherapy or radiotherapy 
regimes in cancer patients.

Also small animal PET in conjunction with MRI yielded 
information on therapy outcome not available with the 
use of simple caliper measurements. Thus, micro PET/
MRI is a powerful combination with broad application 
for the characterization of disease states and the devel-
opment of therapeutics. 

Rendon et al. (2016) presented the use of a multi-
modality imaging tool to map the amount of the body 
exposed to ionizing radiation and the location of expo-
sure, which are important indicators of survival and 
recovery in a rat model. They did PET/CT imaging with 
3-deoxy-3-F-18-Fluorothymidine (F-18-FLT) to mea-
sure cellular proliferation in bone marrow (BM) and MRI 
using ultra-small superparamagnetic iron oxide particles 
providing noninvasive information on radiation-induced 
vascular damage. The analysis of the F-18-FLT signal 
allowed for clear demarcation of exposed BM regions 
and elucidated the kinetics of BM recovery. The MRI 
clearly could demonstrate the areas of vascular damage 
and recovery (Rendon et al. 2016). 

Gefitinib is used as an anti-cancer drug (Läppchen et 
al. 2012). The efflux transporters P-glycoprotein (P-gp, 
ABCB1) and breast-cancer resistance protein (BCRP, 
ABCG2) are expressed at the blood-brain barrier (BBB), 
and can limit the access of gefitinib and other drugs to 
the brain. PET/CT imaging with F-18-gefitinib was used 
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by a group from the Netherlands (Vlaming et al. 2015) to 
measure ABCB1a/1b and ABCG2-mediated drug inter-
actions at the murine-BBB. In vivo brain penetration of 
18F-gefitinib was quantified by animal PET-studies in 
wild type, ABCG2 (–/–), ABCB 1a/1b (–/–) and ABCB 
1a/1b; ABCG2 (–/–) mice. PET/CT imaging showed 2.3-
fold increased brain levels of F-18-gefitinib in ABCB 
1a/1b; ABCG 2 (–/–) mice compared to wild-type. Fur-
thermore, enhanced brain accumulation of F-18-gefitinib 
after administration of the ABCB 1 and ABCG 1 inhibitor 
elacridar could also be quantified by PET/CT imaging. 
This is a superb study showing that PET imaging with 
a radiolabeled drug is a powerful tool to non-invasively 
assess transporter mediated drug-drug interactions in 
vivo which is of enormous impact for the development 
of new personalized pharmaceuticals. 

Buchholz et al. (2017) examined the endocannabinoid 
system with F-18-MK-9470, which is a PET-ligand that 
binds with higher affinity and selectivity to the cannabi-
noid type 1 receptor. The tracer uptake measured using 
in vivo micro PET in rats was compared with results from 
ex vivo dissection. Comparisons between in vivo and ex 
vivo methods showed that whole-body distribution of 
F-18-MK-9470 using PET is a preferable alternative to 
ex vivo distribution, and requires a significantly smaller 
number of animals.

Beside the activation of innate immune responses, toll 
like receptors (TLRs) play an important role in the acti-
vation of adaptive immune responses and in anticancer 
immunity. Pektor et al. (2016) demonstrated that TLR-
mediated immune stimulation can be visualized in vivo 
in mice using F-18-FDG-PET with the NanoScan PET/
MR. The stimulation lead to increased F-18-FDG uptake 
in lymphoid organs. The signal generated in the spleen 
after immunization seems mainly be attributed to the 
activation of B cells within. 

Their findings provide evidence that after stimulation 
of the immune system with TLR ligands, B cells increase 
their glucose consumption very early after treatment. 

An excellent overview about the potential of noninva-
sive in vivo preclinical imaging of the immune system is 
given by Diken et al. (2016).

In a study published by Vahle et al. (2016) a murine 
model of head and neck cancer was used by apply-
ing F-18-FDG-PET/CT and F-18-FDG-PET/MRI. The 
immunotherapeutic effects of anti-CD 137 antibody 
therapy were examined on tumor-growth and tumor-
infiltrating immune cells in longitudinal imaging studies. 
This method offered an excellent opportunity to inves-
tigate the effects of an immunomodulatory anticancer 
drug.

Radiolabeled NAPamide is an alpha melanocyte 
stimulating hormone (α-MSH) analog and a promising 
radiotracer for the non-invasive detection of melanin 
producing melanoma tumors by PET. In a study by 
Nagy et al. (2017), DOTA-NAPamide was labeled with 
gallium-68 or with scandium-44 radionuclides. Tumor-
bearing mice were injected with either scandium-44 or 
gallium-68-DOTA-NAPamide (in blocking studies with 
α-MSH) and whole body PET/MRI scans were acquired. 
They found that the newly scandium-44 labeled DOTA-
NAPamide showed excellent binding properties to 
melanocortin-1 receptor positive melanoma cells and 
tumors with high sensitivity and specificity, leading to 
future ideas concerning diagnostics and therapy (thera-
nostics). 

A revolutionary and promising study was published 
by Shen et al. (2017). They described a new imaging 
strategy for the visualization of a molecular biomarker 
of nerve injury/neuroinflammation, using the sigma-1 
receptor (S1R) as a radioligand labeled with F-18 using 
PET/MRI in a rat model. They were able to accurately 
locate the site of nerve injury created in the rat and veri-
fied the correctness of this technique by ex vivo autora-
diography and immunostaining. Additionally, pain relief 
could also be achieved by blocking S1Rs in the neuroma. 
Transferring this preclinical PET/MR-imaging in the 
future would have tremendous clinical value for improv-
ing both the diagnosis and subsequent management of 
patients suffering from pain. 

Receptor-based radiopharmaceuticals for imaging and 
therapy
The premise for receptor-based radiopharmaceuticals is 
the overexpression of cell surface or nuclear receptors. 
There are three important factors to consider in design-
ing radiolabeled receptor ligands:
• incorporation of the radionuclide without affecting  

the binding site
• selectivity
• low non-specific binding. 

High affinity for the receptor of interest and low-affinity 
for other receptor systems improves selective tracer 
uptake in the intended area/organ/tumor. It is of great 
importance that the receptor-based radiopharmaceutical 
injected to an animal does not significantly decrease the 
receptor binding of the original ligand. There have been 
numerous publications on receptor-based radiopharma-
ceuticals for both imaging and therapy. Some examples 
are highlighted here. 

Hansen et al. (2017) used simultaneous PET/MR for 
the functional characterization of 5-HT1B receptor drugs 
in nonhuman primates. They investigated the effects of 
functionally different compounds like agonists, partial 
agonists, and antagonists on the receptor occupancy 
and the associated hemodynamic responses. The authors 
could demonstrate, how the spatial and temporal effects 
on brain hemodynamics provide information about 
pharmacologically driven downstream, dose-related 
CNS drug effects. Thus, the technique leads to compre-
hensive in vivo investigation and understanding of drug 
effects in the brain. 

Neuroendocrine tumors (NET) occur with an inci-
dence of approximately 4 per 100  000 individuals 
(Modlin et al. 2008, Yao et al. 2008). Somatostatin 
receptors (SSTR), especially the subtype 2 (SSTR 2) are 
widely overexpressed on NET cells, therefore making 
SSTR 2 an excellent molecular target for diagnostic 
and treatment of NET (theranostics) with peptide 
receptor radionuclide therapy (PRRT). Radiolabeled 
SSTR antagonists have shown higher in vivo uptake 
in SSTR-expressing tumors than agonists (Ginj et 
al. 2006). In a preclinical study performed by Nico-
las and co-workers (2017), the SSTR 3 antagonist 
OPS 201 labeled with lutetium-177, yttrium-90, and 
indium-111 was compared with the SSTR 2 ago-
nist lutetium-177-DOTATATE. Doing this, biodistri-
bution pharmacokinetics and dosimetry studies can 
be performed to assess the relative bioequivalence 
of all radiotracers. Lutetium-177-OPS 201 exhibited 
higher tumor uptake, longer tumor residence time and 
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improved tumor-to-kidney dose ratio compared with 
lutetium-177-DOTATATE and yttrium-90-OPS 201. 
Additionally it could be shown that this agent improves 
the safety window of PRRT by reducing the bone mar-
row and liver doses as well as the effective dose. This 
could lead to a new therapeutic agent for the therapy 
of metastatic NET (where lutetium-177-DOTATATE 
is the agent of choice at the moment) (Boucher and 
Sommers 2018).

New advanced imaging technologies
Highly sensitive preclinical PET imaging allows future 
in vivo studies of some fundamental questions of tumor 
biology. It will help to elucidate the exact role of specific 
substances over expression and/or specific substance-
mediated epithelial-mesenchymal transition during 
tumor invasion, metastasis and development of resist-
ance to chemotherapies.

Future trends in the field of PET/CT and PET/MR 
imaging relate to the development of new advanced 
imaging technologies. The use of faster TOF detectors 
with very high sensitivity and very high spatial resolu-
tion will allow more precise and accurate information. 
To reach submillimeter resolution reliably in PET images 
of small animals, substantial future improvements in the 
spatial resolution and the overall sensitivity of animal 
PET scanners are required.

The technical demand encloses also accurate tech-
niques for attenuation and scatter correction of PET 
data. Another important issue will be the development 
of clinically viable multimodality protocols.

Thus, hybrid imaging needs input from a variety of 
scientific disciplines to clearify the complex biological 
processes involved in different diseases. 
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