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Introduction
The brain is an organ with high metabolism but 

without an energy reserve (Catafau, 2001). Neuronal 
activity therefore depends on a continuous supply of 
oxygen and energy substrate, which is guaranteed by 
cerebral blood flow (CBF). The energy substrate is 
basically represented by glucose because fatty acids do 
not cross the blood-brain barrier, and energy generation 
from ketone bodies is only substantial during the first 
month of life of an animal (Nehlig, 1997). The intensity 
of cerebral activity is regionalized due to the organization 
of neuronal groups and the oxygen and glucose regulatory 

and consumption mechanisms; thus, consumption is 
four times greater in the grey matter than in the white 
matter (Nehlig, 1997). The direct relationship between 
metabolism and CBF was initially postulated by Roy 
and Sherrington (1890) and is observed not only under 
physiological conditions but also in most diseases. 
Imaging techniques are applied for detecting cerebral 
blood flow or metabolism in a wide variety of clinical 
situations. Positron emission tomography (PET) and 
single-photon emission computed tomography (SPECT) 
are the main nuclear imaging modalities adopted, both of 
which provide functional information that is used in the 
diagnosis and prognosis of conditions such as epilepsy, 
dementia, brain neoplasms, and stroke (Blake et al., 
2003; Silverman, 2004).

The first attempts to measure the metabolic rate of 
glucose used a 14C-labelled glucose molecule, [14C] glucose, 
which is metabolized via the same glycolytic pathway 
and the tissue concentration of which can be measured 
by autoradiography (Sokoloff et al., 1977). However, 
the disadvantage of [14C] glucose is the rapid rate at 
which it is converted to CO2 and water. Because CO2 
is rapidly removed from tissues, the accumulation of 
radioactivity in the tissue is small and difficult to assess. 
Sokoloff and colleagues described the preparation 

Methods for quantification of cerebral glycolytic metabolism using 
2-deoxy-2-[18F]fluoroglucose in small animals
Silvana Prando1*, Carla Rachel Ono1, Cecil Chow Robilotta2, Marcelo Tatit Sapienza1

1 Nuclear Medicine Center, School of Medicine, University of São Paulo, São Paulo, SP, Brazil.
2 Institute of Physics, University of São Paulo, São Paulo, SP, Brazil.

Abstract Introduction: The use of the same imaging and quantification techniques in small animals and clinical studies presents 
the opportunity for direct translational research in drug discovery and development, in neuropharmacological basis 
of neurological and psychiatric diseases, and in optimization of drug therapy. Thus, positron emission tomography 
(PET) studies in rodents can bridge the gap between pre-clinical and clinical research. The aim should be to find 
a method with capability to measure, without compromising accuracy, glucose distribution in the structures of the 
brain, which can also be used in pathological situations and with applicability for other substances than glucose 
analogue. Methods: This is a systematic review of several assessment techniques available, including visual and 
quantitative methods that enable the investigation of the transport mechanisms and enzymes involved in glucose 
metabolism in the brain. In addition to the ex vivo methods, PET with glucose analogues allows in vivo analyses 
using qualitative, semiquantitative and quantitative methods. Results: These techniques provide different results, 
and the applicability of a specific method is related to the purpose of the study and the multiple factors that 
may interfere in the process. Conclusion: This review provides a solid background of tools and quantification 
methods for medical physicists and other professionals interested in cerebral glycolytic metabolism quantification 
in experimental animals. It also addresses the main factors related to animals, equipment and techniques that are 
used, as well as how these factors should be understood to better interpret the results obtained from experiments. 

Keywords Nuclear medicine, Quantification, Positron emission tomography, Metabolism, FDG, Brain.

This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

How to cite this article: Prando S, Ono CR, Robilotta CC, Sapienza 
MT. Methods for quantification of cerebral glycolytic metabolism 
using 2-deoxy-2-[18F]fluoroglucose in small animals. Res Biomed 
Eng. 2018; 34(3):254-272. DOI: 10.1590/2446-4740.04517

*Corresponding author: Hospital das Clinicas, Departamento de 
Radiologia, Serviço de Medicina Nuclear, Faculdade de Medicina, 
Universidade de São Paulo, Rua Dr. Ovídio Pires de Campos, 
872, Cerqueira César, CEP 05403-911, São Paulo, SP, Brasil. 
E-mail: prando@usp.br
Received: 11 August 2017 / Accepted: 21 June 2018



Quantification of cerebral metabolism using FDG 255Res. Biomed. Eng. 2018 September; 34(3): 254-272 255/272

of 2-deoxy-D-[14C] glucose (14C-DG), a molecule that 
shares the metabolic pathway of glucose only at the 
steps of cellular internalization by the GLUT protein and 
phosphorylation by hexokinase. The generated product, 
2-deoxyglucose-6-phosphate, does not undergo further 
metabolization and is retained inside cells, facilitating 
the measurement by autoradiography of the amount of 
glucose captured by the cells (Sokoloff et al., 1977).

Ido et al. (1978) published the results of the preparation 
of 2-deoxy-2-[18F]fluoroglucose (FDG), a DG molecule 
labelled with a positron emitter, fluorine-18, which allows 
obtaining images of glucose consumption using PET. 
This technique led to advances in the understanding of 
brain functioning and in the direct relationship between 
functional activity, metabolism and blood flow (Ingvar, 
1982), as well as in the detection of tumours with high 
glucose uptake and metabolism. Although structurally 
different from DG, FDG is considered to be very similar 
to DG regarding its absorption and metabolism in vivo 
(Phelps et al., 1979; Sokoloff, 1981a; 1981b). Phelps et al. 
(1979) adopted the 14C-DG model developed by Sokoloff 
(1977) to estimate the FDG kinetics and demonstrated 
that PET, with modelling for FDG, can be reliably used 
to estimate the rate of glucose metabolism.

Positron emission tomography is a well-accepted 
method for the quantitative and non-invasive imaging of 
biological functions; this technique enables physicians 
to monitor the presence of tracers labelled with positron 
emitters. The delivery, distribution, and kinetic patterns 
of a labelled compound in relation to the specific 
biomolecule in the target tissue are assumed to reflect 
specific biological functions in the living body.

The use of the same imaging techniques in pre-clinical 
studies of small animals (primarily rodents such as rats 
and mice) and clinical studies of humans presents the 
opportunity for direct translational research in drug 
discovery and development, the neuropharmacological 
basis of psychiatric disease, and the optimization of 
drug therapy (Hargreaves and Rabiner, 2014; Tsukada, 
2012). Thus, PET studies in rodents can bridge the gap 
between pre-clinical and clinical research. However, the 
ideal pre-clinical animal model does not exist because 
enzyme systems and metabolism may differ between 
humans and other animals.

This work reviews the quantification methods of 
cerebral glycolytic metabolism most often applied in 
studies in small animals (i.e., rats and mice) using FDG 
as a radiotracer.

Ex vivo quantification methods: 
Autoradiography

Histology and autoradiography are widely available 
techniques for anatomical and functional neuroimaging 
of small animals. Histological analysis is the gold 

standard for an accurate description of neuroanatomy 
and the characterization of brain tissue. Autoradiography 
is a technique that allows visualization of molecules or 
fragments of molecules that have been radioactively 
labelled using X-ray film, phosphor imaging plates 
(IP), beta imaging systems, or photonuclear emulsion. 
Furthermore, this technique has been used for decades 
to quantify and localize drugs in tissues and cells 
(Solon, 2015).

Autoradiography is subdivided into two broad 
modalities commonly referred to as quantitative whole-body 
autoradiography (QWBA), or autoradioluminography, 
and microautoradiography (MARG). QWBA provides 
full-body, high-resolution images of the spatial distribution 
of radiolabelled compounds used in laboratory animals. 
The major advantages of QWBA include the possibility 
of determining compound concentrations in regions 
with thicknesses between 50 and 100 μm and minimal 
sample manipulation, thereby reducing the chance 
of cross-contamination and exsanguination effects 
that occur during tissue extraction. However, QWBA 
cannot provide data at the cellular level because the 
procedures necessary to freeze the sample alter the 
cellular morphology, which does not occur with MARG 
(Solon, 2015). MARG provides the possibility to visually 
localize radiolabelled compounds at the cellular level 
in a histological preparation, and it has been widely 
used to provide important information about cellular 
mechanisms.

Both techniques require that the animal be euthanized 
at a given time after the administration of the tracer. 
The carcass and the tissue (in the cases of QWBA and 
MARG, respectively) are frozen and cryosectioned to 
obtain representative samples of the tissue to be studied. 
The sections are dehydrated and exposed to IP along with 
radioactivity calibration standards. The resulting images 
are analysed to determine the concentrations and spatial 
distribution of the tracer in the tissue (Figure 1). Tissue 
tracer concentration versus time profiles can then be 
constructed to provide data for organ- or tissue-specific 
pharmacokinetic compartmental analyses, enabling the 
construction and examination of complete kinetic models 
of the entire body, specific tissues, or both.

Figure 1. Coronal section of ex vivo autoradiography of the rat brain 
1 h after intravenous injection of 37 MBq 2-deoxy-2-[18F]fluoroglucose; 
image plate resolution: 150 μm. PSL: photostimulated luminescence. 
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A multimodal approach for assessing the distribution 
of the radiocompound is often useful because QWBA can 
complement in vivo imaging strategies such as PET and 
SPECT, thereby providing images of the distribution of 
radioactivity in tissue with enhanced resolution. When the 
technique is performed with FDG and immediately after 
PET, certain considerations must be made. Generally, 
autoradiography experiments use C-14 or H-3, which 
have physical half-lives of years and require three or 
more days for the preparation of samples for sectioning 
and subsequent exposure. For these isotopes, thawing 
and dehydration steps are performed prior to IP exposure. 
In the case of FDG, the sectioned samples should be 
immediately positioned on the IP, and the cassette should 
be kept in a refrigerated environment to avoid resolution 
loss due to melting. Condensation should also be kept 
as low as possible to avoid water formation between 
the samples and the IP, which degrades image quality. 
Much of the signal that forms the image in the IP comes 
from the positrons, which have a short range. The IPs 
are relatively insensitive to high-energy gamma rays 
such asF-18; therefore, the sections should be positioned 
with the biological material facing the IP and with a 
minimum amount of material between them (Stout and 
Pastuskovas, 2011). To avoid contaminating the IP with 
the tracer, a thin plastic film can be used between them.

Both QWBA and MARG are based on exposing tissue 
samples containing radioactive material to radiographic 
films or stimulated phosphor plates (i.e., IPs). Radiological 
films have higher spatial resolution than IPs, while the 
latter are more sensitive. This characteristic allows 
for the reduction of the exposure time to 1/10 of that 
required for radiological film, a significant advantage 
when working with short half-life radionuclides. 
For quantification purposes, the use of IPs is also more 
advantageous because there is greater linearity between 
the radionuclide concentration and the image density 
information than that observed with radiographic film. 
The exposure time of the IPs depends on the radionuclide 
used, its physical half-life, decay mode and the expected 
amount of radioactivity present in the sample. Detailed 
information on IP calibration curves and resolution 
measures can be found in Knol et al. (2008) and Schmidt 
and Smith (2005).

To establish the relationship between the degree 
of uptake measured with the detection system and the 
metabolic rate, it is necessary to construct a calibration 
curve between known activity levels and the photosensitized 
luminescence per area resulting from the exposure. 
A calibration curve should be constructed for each 
experiment at the same time the IP is exposed to the 
radiation derived from the tissue studied. In addition, 
the user must estimate the transfer constants to obtain 
the total metabolic rate. After obtaining the preliminary 

data, it is possible to calculate the absolute glucose 
consumption in different regions of the brain using 
specific software such as PMOD (www.pmod.com).

Although autoradiography is the gold standard for 
glucose metabolism quantification, it is important to note 
that autoradiography is for ex vivo use and, therefore, 
has little application in longitudinal studies. However, 
quantitative autoradiography data may be useful for 
making preliminary assessments or for determining 
whether PET studies are likely to have sufficient power 
for detecting specific regional changes in small animal 
images. In addition, high-resolution autoradiography is 
frequently used to validate the in vivo functional results 
obtained with equipment designed for small animals, 
and it remains a technical reference in research on 
functional brain images.

In vivo quantification methods: PET
PET is based on the administration of molecules 

labelled with positron-emitting radionuclides, and the 
chemical form of the molecule is designed to investigate 
a process of interest, such as glucose uptake rates in the 
case of FDG. PET has evolved from an imaging mode 
based primarily on visual analysis into a fairly accurate 
quantitative imaging tool in which biological processes 
can be quantitated and compared in terms of binding 
potential or transfer rates. Factors that contributed to this 
evolution include the increased sensitivity and spatial 
resolution of the imaging systems (Sossi and Ruth, 2005).

New developments in PET equipment have improved 
the contrast and spatial resolution while maintaining 
a high sensitivity, but the spatial resolution is still 
a challenging problem, especially in relation to the 
intrinsic limit of the positron range before the particle 
is annihilated. The spatial resolution of PET in clinical 
studies is approximately 5-10 mm, while the resolution 
of a system for small animals with fluorine-18-labelled 
radiopharmaceuticals is 1-2 mm. Despite the lower absolute 
value compared to clinical studies, the spatial resolution 
of PET with FDG remains an important limiting factor 
in the evaluation of glucose metabolism in the brains 
of small animals because there is a worse ratio between 
the spatial resolution and the volumes of interest within 
anatomical structures (Byrnes et al., 2014).

Compared with humans, the activities of radionuclide 
injected into small animals are proportionally larger to 
maintain a signal-to-noise ratio close to that obtained 
in clinical images (Kung and Kung, 2005; Jagoda et al., 
2004; van den Hoff, 2011). However, it is necessary to 
ensure that the tracer principle is not violated, i.e., that 
the mass of injected FDG stays at a concentration that 
does not interfere with the glucose metabolism and that 
no pharmacological effects occur.
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A typical 37-MBq dose of FDG corresponds to 
a fraction of a nanogram of radioactive material. 
The specific activity is given as the ratio of the activity 
to the number of grams of material. In the case of FDG, 
this number is 349 MBq/ng, assuming that all of the 
FDG is radioactive. If stable FDG is present, there will 
be more grams of chemical FDG for the same amount of 
radioactive FDG. However, the total chemical quantity 
of FDG is insignificant from a pre-clinical point of view 
(Jadvar and Parker, 2005; Jagoda et al., 2004).

In addition to the resolution, the accuracy and precision 
of the quantifications in a PET study depend on time 
scales and, in some cases, the arterial input function.

The input function is the time function of the 
tracer concentration in the arterial blood or plasma that 
directly affects the rate of tracer transport in local tissue 
(Carson et al., 1993; Huang and Phelps, 1985). Several 
methods exist to obtain the input function; however, the 
manual collection of arterial blood is considered the gold 
standard in small animal research. Unfortunately, the 
manual collection has many drawbacks, including the 
need of a large number of blood samples, which may alter 
the circulation dynamics and lead to death due to blood 
loss or complicate longitudinal studies (Sijbesma et al., 
2016). Moreover, sample manipulation increases the 
researcher exposure to radiation. In addition, the activity 
concentration of the samples should be measured with 
gamma counters calibrated for the radioisotope used 
with the PET device and corrected for radioisotope 
decay from the time of injection.

An alternative to manual arterial blood sampling is 
the use of automatic collection devices that measure the 
radioactivity of the β+ concentration in the venous blood 
(Convert et al., 2007; Boellaard et al., 2001; Weber et al., 
2002). However, additional corrections, such as for delay 
and signal dispersion, might be necessary to obtain an 
accurate input function (Munk et al., 2008; Senda et al., 
1988). Moreover, a major drawback is the impossibility 
of analysing blood samples for radiometabolite-producing 
tracers to correct the input function. Fortunately, in FDG 
images, this is not required when the difference between 
the plasma and whole blood concentration is minimal, 
and the relationship between the two remains relatively 
constant over time (Zanotti-Fregonara et al., 2012).

Currently, much effort has been made to develop 
non-invasive techniques to obtain the input function. 
Image-derived input function (IDIF) is the most common 
approach. In this approach, a time-activity curve from 
the time of injection is drawn directly from the PET 
image using the amount of radioactivity emitted by 
large blood vessels or the left ventricle. Challenges, 
such as the temporal and spatial resolution of the device, 
intra-frame movement, and noise, as well as partial 
volume and spillover effects, make the application of 

this technique a challenge for the brain imaging of small 
animals. In addition, the input function validated for a 
given device using certain acquisition and processing 
parameters cannot be used for another device without 
previous validation (Zanotti-Fregonara et al., 2011; 
Zanotti-Fregonara et al., 2009; Kim et al., 2006; 
Green et al., 1998).

Currently, another much exploited technique is the 
standardized arterial input function (SAIF). This technique 
assumes that the shape of the input function curve is 
constant among animals and that only the amplitude 
differs. Thus, the individual input function is obtained 
by averaging several arterial input functions purposely 
scaled to the individual characteristics of the animal using 
one or two blood samples. This technique has already 
been validated for humans and mice in FDG-PET images 
(Takikawa et al., 1993; Meyer et al., 2006). The main 
advantage is the absence of artefacts related to noise and 
partial volume because the technique does not require 
images to estimate the input function. However, two 
important restrictions exist: first, the tracer injection 
should be standardized for all animals; second, all animals 
should be metabolically similar (Zanotti-Fregonara et al., 
2013; Meyer et al., 2017).

The choice of the best input function sampling method 
depends on the tracer kinetics and on the quantification 
method used. Quantification via compartmental model 
(CM) is primarily affected by the shape and occurrence 
time of the peak plasma concentration of the tracer, 
and small variations can lead to biased estimates of the 
micro- and macroparameters. Moreover, the application 
of non-invasive methods can lead to an increase in the 
uncertainty of the CM parameter estimates, which becomes 
a problem when groups of individuals are compared. 
Non-invasive input function sampling techniques have 
wide applicability using graphical methods because they 
are affected by neither the peak time nor the shape of 
the input function. Moreover, they primarily depend 
on the area under the curve, which is much easier to 
estimate than the input function (Zanotti-Fregonara et al., 
2011; 2012).

Beyond the input function, the adequate standardization 
of image acquisition and processing, including factors 
such as the corrections applied to the acquired images 
and the chosen tomographic reconstruction and 
quantification techniques, is also important to improve 
the accuracy and precision of quantification (Frey et al., 
2012; Vanhove et al., 2015).

In addition to these aforementioned technical 
factors, biological factors, such as the route of FDG 
administration (Vanhove et al., 2015; Schiffer et al., 2007; 
Fueger et al., 2006), dietary condition (Vanhove et al., 
2015; Fueger et al., 2006), age of the animal (Nehlig, 
1997), handling of the animal before and during the 
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FDG incorporation period (Vanhove et al., 2015), type 
of anaesthesia (Alstrup and Smith, 2013; Fueger et al., 
2006), and glucose levels (Orzi et al., 1988; Viglianti et al., 
2017) might alter the biodistribution of the compound. 
Intravenous administration is preferred due to the greater 
reproducibility, although intraperitoneal administration of 
the radiopharmaceutical is also possible (Schiffer et al., 
2007). For PET imaging with the glucose analogue FDG, 
food is often withdrawn for hours before the experiment 
to reduce the plasma level of glucose, which competes 
with FDG for the uptake carrier (Vanhove et al., 2015). 
In rats, feeding is usually restricted for at least 12 h 
before the study (Deleye et al., 2014). As mice feed 
frequently and can reach a state of torpor after 7 h of 
food withdrawal, the fasting period should be kept at a 
minimum duration (Jensen et al., 2013). Animals kept 
in environments with very low room temperatures tend 
to produce heat through the metabolism of brown fat, 
which decreases the brain uptake of FDG. For this reason, 
it is recommended that the animal be kept on a heating 
plate throughout the entire preparation procedure and 
image acquisition.

There are several ways to acquire PET images. 
Acquisition can be performed in static, dynamic, or gated 
modes. For the quantification of cerebral physiological 
parameters such as blood flow, metabolism, or receptor 
concentration, static or dynamic images are used. Static 
acquisition refers specifically to the recording of the 
radiation emitted by the tracer present in the brain during a 
certain time interval within the study. The result is a single 
image that represents the average amount of radioactivity 
during the examination period. Only semiquantitative 
information can be derived from static acquisitions, the 
most well-known being the standardized uptake value 
(SUV; Huang and Wong, 2017). Dynamic images are 
composed of multiple sequential images so that the 
long-term behaviour of the tracer in the tissue can be 
observed. Dynamic acquisitions differ from a series 
of static images because they begin immediately after 
tracer injection, and the radioactivity from the tracer is 
monitored throughout the examination time and made 
available in the form of time-activity curves (TACs).

In dynamic images, the acquisition parameters such as 
the total examination time and the number and duration 
of the images acquired must be defined by the researcher. 
The total examination time primarily depends on two 
factors: the physical and biological half-lives of the tracer 
in the tissue of interest. Exams lasting a long period of 
time relative to the physical half-life do not improve the 
signal-to-noise ratio of the study. At the same time, the 
kinetics of the tracer, or its biological half-life, is also a 
determining factor of the total examination time. Tracers 
with faster kinetics provide biological information in a 

briefer period of time, reducing the total examination 
time (Huang and Wong, 2017).

Dynamic data are usually acquired when it is 
necessary to know the behaviour of the tracer in the 
system of interest, and it is the only way to obtain 
truly quantitative measures. Although the acquisition 
of dynamic images is slower, and the number of exams 
performed per day is reduced, its major advantage is 
the flexibility in formatting the data obtained, which 
produces dynamic images with different time intervals 
and even static images over a period of time determined 
by the researcher.

One problem in using the PET technique for in vivo 
studies of small animals is the need to contain the animals 
during image acquisition to avoid artefacts caused by 
movement. For this reason, animals should be physically 
restricted or anaesthetized. Because anaesthetics may 
cause significant changes in the physiology of the 
central nervous, cardiovascular and respiratory systems 
(Toyama et al., 2004), the measurement of FDG uptake 
in the brain can be compromised. Cerebral glucose 
consumption is typically reduced when the animal 
is anaesthetized, and FDG incorporation is reduced 
with most anaesthetic protocols, including inhalant 
anaesthetics (e.g., isoflurane or sevoflurane), ketamine, 
propofol, and pentobarbital (Alstrup and Smith, 2013; 
Matsumura et al., 2003). Because of the ease and speed with 
which the anaesthetic protocol can be changed, inhalant 
anaesthesia has been used in most small-animal imaging 
studies. Toyama et al. (2004) noted that, compared with 
animals that were kept awake during FDG incorporation, 
animals anaesthetized with isoflurane displayed a 29% 
decrease in brain uptake and a 91% increase in cardiac 
uptake. Ketamine, combined with the muscle relaxant 
xylazine, reduces brain and cardiac uptake by 39% 
and 64%, respectively. Xylazine directly stimulates 
the α2-adrenergic receptors of pancreatic islet cells 
causing the decrease in insulin release, thus, resulting 
in hyperglycaemia (Abdel el Motal and Sharp, 1985).

Because anaesthesia can cause respiratory depression 
and, in some cases, cardiovascular depression, these vital 
signs should be monitored. The animal should always be 
carefully monitored during the PET scanning because 
metabolic and physiologic changes, such as hypercapnia, 
hypoxia, hypothermia and acidosis, can influence the 
results. An alternative to reduce the effects of anaesthesia 
on brain metabolism is to keep the animal awake during 
the tracer incorporation phase and anaesthetise it only 
during image acquisition. Although this procedure is 
common in studies not intended to evaluate the effect 
of the anaesthesia on glucose metabolism, acquisition 
is limited to static images, and quantification techniques 
will be restricted to semiquantitative methods. Several 
research groups have developed methods that enable 
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the acquisition of dynamic images while the animal is 
conscious. Mizuma et al. (2010) developed a device 
that restricts animal movement during experiments 
to obtain time-activity curves throughout the tracer 
incorporation time. Although the animals receive 
training for acclimatization, stress cannot be excluded 
as a confounding factor in the results (Sung et al., 2009; 
McLaughlin et al., 2007).

Currently, several devices have been proposed that 
enable the acquisition of dynamic images without restricting 
the animal’s mobility. The RatCAP is a miniaturized 
PET scanner surgically mounted directly on the animal’s 
head (in the case of rats) that moves simultaneously with 
the animal to avoid movement artefacts (Vaska et al., 
2004; Schulz et al., 2011). Although it is an interesting 
system that enables researchers to study the brain during 
periods of activation, the scanner has less sensitivity than 
commercial devices, and can inhibit animal movement 
and cause stress. The most modern system used currently 
is motion compensation (Spangler-Bickell et al., 2016; 
Kyme et al., 2011; Weisenberger et al., 2005). In this 
method, the awakened animal is confined to a small 
space during image acquisition, and its head movement 
is measured and subsequently corrected so that the image 
can be reconstructed without movement artefacts. Of all 
of the methods in use, this is the one that causes less 
stress during examination.

Crone (1965) showed that glucose transport in the 
brain is affected by the plasma glucose concentration 
and that transport was performed by two mechanisms: 
passive and facilitated diffusion. Several studies have 
reported that FDG absorption by the cerebral cortex 
keeps an inverse relationship with blood glucose levels 
(Viglianti et al., 2017; Alf et al., 2013; Claeys et al., 
2010). Orzi et al. (1988) reported that hyperglycaemia 
causes a competitive inhibition of FDG incorporation. 
However, the nonlinear response to increased glucose 
and the change in the cerebral FDG uptake pattern of 
patients with moderate hyperglycaemia observed by 
Viglianti et al. (2017) and Kawasaki et al. (2008) suggest 
that the FDG uptake mechanism is more complicated 
than as proposed by Crone (1965), and that it cannot 
be explained only on the basis of substrate competition. 
Under normal conditions, GLUT1 functions at less than 
its maximum capacity, thus, it is not a rate-limiting factor 
for brain function (Leybaert et al., 2007). In contrast to 
glucose transport, glucose phosphorylation via hexokinase 
is the rate-limiting step for brain energy metabolism 
in a hyperglycaemic state (Cunnane et al., 2011). In a 
clinical study, Viglianti et al. (2017) suggested that 
the lumped constant, which represents the correction 
factor for the differences in glucose and DG transport 
and phosphorylation rates, is not uniform over the 
physiological range under which imaging generally 

occurs, given the nonlinear relationship between plasma 
glucose and whole brain SUV. The change in lumped 
constant with plasma glucose has been observed in 
previous studies of small animals (Schuier et al., 1990; 
Suda et al., 1990), and this variation is likely caused by 
a change in the distribution volume due to the changes 
in transport and metabolism under hyperglycaemic 
conditions (Crane et al., 1983).

FDG-PET-based methods for analysing glucose uptake 
by cells can be divided into qualitative, semiquantitative 
and quantitative methods. Qualitative methods are 
purely visual and exhibit greater variability among 
investigators with different degrees of training, and 
are not the object of this review. Semiquantitative and 
quantitative methods, such as SUV and compartmental 
models, are presented below. Other methods, such as 
spectral analysis (Veronese et al., 2016; Cunningham 
and Jones, 1993) and kinetic modelling in the projection 
space (Germino et al., 2017; Wang and Qi, 2013), are 
also used in preclinical studies. However, they will not be 
covered in this article. Although the voxel-based analysis 
is not a quantification method, but can be used only for 
comparison, it will be addressed in this review because 
of its relevance in clinical and preclinical research.

Semiquantitative methods

Standardized uptake value (SUV)

Among semiquantitative methods, the most 
well-known is SUV, which relates tissue activity to the 
injected activity and the individual´s body weight or 
area. The SUV or, alternatively, the maximum SUV in 
a volume of interest (SUVmax), has been used in many 
studies and been found to be useful as a benchmark in 
clinical studies.

The SUV is a parameter that characterizes the relative 
concentration of the radiotracer in the volume of interest, 
and is often used as a piece of data complementary to the 
visual evaluation of an image. To obtain SUV, careful 
standardization of the method and recording of the injected 
radioactivity levels, animal weight and injection time are 
necessary, as reproducibility is limited when different 
acquisition and processing protocols or equipment are 
used (Sapienza and Buchpiguel, 2017). The calculation 
is simple and can be expressed in equation 1:

( )
( ) /  

= PETC t
SUV

Injected activity Patient weight
 (1)

where CPET(t) represents the concentration of FDG in 
the region of interest (ROI) in a specific time.

Therefore, a SUV of 1 indicates that the counts 
obtained in the volume of interest are equal to the value 
expected if the activity were homogeneously distributed 
in the animal. However, the SUV may be affected by 
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multiple factors, from physiological changes between 
or within individuals to technical factors related to 
acquisition, processing or quantification (Köroğlu et al., 
2017). Among the technical issues, image noise and the 
ROI segmentation method affect the SUV, and may 
produce biased results (Boellaard et al., 2004; Krak et al., 
2005; Tylski et al., 2010; Silva-Rodríguez et al., 2015). 
Many segmentation techniques have been described 
with the objective of reducing intra- and inter-observer 
inconsistencies (White et al., 1999). Image segmentation 
methods can be divided into three groups based on the 
degree of human involvement: manual segmentation, 
semi-automatic segmentation, and fully automatic 
segmentation (Karsch et al., 2009; Fasihi and Mikhael, 
2016). The technique most used currently in PET for 
segmentation is the manual technique followed by 
the semiautomatic one. Silva-Rodríguez et al. (2015) 
conducted a study based on simulated PET images with 
FDG to compare the effects of the activity and ROI used 
to calculate the SUV. The SUV50, obtained by applying a 
threshold of 50% of the maximum value, and the SUVmean 
showed the best performance in regard to accuracy and 
repeatability, respectively. Another important factor to 
note is the variation in SUV with the FDG activity used. 
The SUVmean and SUV50 were less affected than the 
SUVmax by the reduction in injected activity, i.e., by 
increase in noise (Silva-Rodrígues et al., 2015).

In clinical studies, the SUVmax is used more widely 
than the SUVmean because it represents the voxel with 
the highest uptake and presumably the area with the 
highest metabolic rate in the analysed volume. However, 
in studies with small animals, the SUVmean (Figure 2) 
is more commonly used because this parameter is less 
susceptible than the SUVmax to statistical fluctuations 
in counts.

The SUV is often used as a substitute for the 
glucose uptake rate (Ki) or absolute glucose uptake 

(MRGlu) (Durand and Besson, 2015). However, its accuracy 
depends on two factors: the amount of unmetabolized 
FDG present in the ROI used in the quantification and 
the condition that the activity normalized by weight, 
lean mass, or body surface area is proportional to the 
integral of the FDG concentration during the study time 
(Kotasidis et al., 2014).

In quantification via SUV estimation, the selected 
ROI contains information on the metabolized and 
unmetabolized FDG concentrations present both in the 
vascular and extravascular compartments. When the ROI 
has FDG metabolism rate close to that of the surrounding 
tissues, its assessment using the SUV is particularly 
hampered by the presence of free FDG in the vascular 
and/or intracellular compartment (Allen-Auerbach and 
Weber, 2009). In such cases, the SUV contrast between 
the ROI and the background is diminished by the 
inclusion of unmetabolized FDG, which can be treated 
as a “biological noise”, which is a problem, especially 
in cases of post-therapeutic assessment, where the FDG 
concentrations in the tissues surrounding the lesion may be 
substantially larger, causing problems in the interpretation 
of results (Sugawara et al., 1999). Efforts have been made 
to estimate the amount of metabolized FDG in tissues, 
such as the liver and spleen (Keramida et al., 2017). 
In FDG studies, SUV also can be corrected for plasma 
glucose level, because glucose transporters may be 
saturated by glucose. SUV is multiplied by plasma glucose 
concentration and normalized by normal blood glucose 
level of 5.55 mmol/L (100 mg/dL). The normalisation 
of glucose level may decrease variability and increase 
the degree of concordance between studies in cases of 
high plasma glucose variability and the presence of 
extreme blood glucose values in the population studied 
(Paquet et al., 2004).

In addition to the amount of unmetabolized FDG, 
the SUV method considers that the metabolism is related 
to the total body weight (BW), lean body mass (LBM), 
or body surface area (BSA) of the animal. The BW has 
been used most commonly in normalization for the 
calculation of the SUV, regardless of whether the study 
is conducted with small animals or humans. However, 
changes in body weight or composition, which often 
occur in cancer patients resulting from the disease or 
treatments, can change the FDG distribution and dynamics 
in plasma, moving away from the value of the integral of 
activity normalized by BW, LBM or BSA (Huang, 2000). 
The differences between these values make unreliable the 
substitution of the kinetic parameters (Ki and MRGlu) 
by the SUV (Durand and Besson, 2015; Weber et al., 
1999). To minimize the problem of correlation between 
the plasma FDG dynamics and the normalization applied 
to the SUV, more robust quantification methods using 
blood samples obtained during the exam time, also 

Figure 2. Mean and maximum standardized uptake values curves of 
rat brain, measured for approximately 1 h after intravenous injection 
of 37 MBq 2-deoxy-2-[18F]fluoroglucose. Activities were measured 
within a region of interest over the whole brain. The positron emission 
tomography list-mode data were separated into 36 frames (1x5, 11x10, 
1x12.5, 7x15, 1x67.5, 7x120, 1 x 210, 7x300 sec).
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known as input functions, should be used (Ishizu et al., 
1994; Thie, 1995).

In addition to the problems mentioned above, 
disadvantages of this method include its poor reproducibility, 
which is closely related to maintaining the acquisition 
and processing parameters of study constant, the 
non-extravasation at the injection site, and the definition 
of the area/volume of interest, which is a challenge in 
small animal imaging (Adams et al., 2010).

Quantitative methods
More detailed information on glucose metabolism 

can be obtained through quantitative methods, as 
described in Strauss et al. (2011). Of these, the most 
best accepted are compartmental analysis and graphical 
analysis, according to Patlak et al. (1983) and Patlak 
and Blasberg (1985).

Absolute quantification using the Compartmental 
Model (CM)

CM, also known as the kinetic model, is the most 
accurate method of PET data analysis. Gunn et al. 
(2001) have provided an overview and comprehensive 
analysis of the mathematics underlying the CM in PET. 
In the CM applied to PET (Figure 3), we assume that 
FDG is exchanged between compartments, with each 
compartment representing a homogeneous physiological or 
biochemical entity, and the rates at which the radiotracer 
is transferred between the compartments are described 
by first order differential equations.

In the CM, FDG is transported from plasma into 
tissue as free FDG and is subsequently metabolized 
into FDG-6-PO4. The concentrations of FDG in the 
compartments are those of free FDG in plasma (C*

P) 

and in tissue (C*
T), and the concentration of metabolized 

FDG (C*
m). The microconstants for the transfer of FDG, 

K*
1 (μmol/min/100g) and k*

2 (min-1), represent the transport, 
mediated by the transporters of glucose across the cell 
membrane. The constants k*

3 (min-1) and k*
4 (min-1) 

represent the phosphorylation of FDG by hexokinase 
and dephosphorylation by glucose-6-phosphatase, 
respectively.

The CM requires dynamic imaging from the moment 
of injection and, in general, arterial blood samples 
to measure the plasma radiotracer concentration as a 
function of time, defined as the input function. Because 
the CM estimates kinetic parameters, we can determine 
glucose transport and hexokinase activity for each ROI 
in the image.

We can estimate the microconstants for glucose 
using the equations 2 and 3 (Fang and Muzic, 2008):

( ) ( ) ( ) ( ) ( )1 2 3 4= − + +p
p T m

dC t
K C t k k C t k C t

dt
 (2)

( ) ( ) ( )3 4= −m
T m

dC t
k C t k C t

dt
 (3)

Solving the differential equations above allows 
expressing the free glucose concentration in the tissue 
(CT) in terms of the plasma concentration (CP), and the 
rate of glucose metabolism (MRGlu) in terms of CP is 
thus obtained by the equation 4:

1 3
3

2 3

φ
= φ =

+ φT P
K kMRGlu k C C

k k
  (4)

The difficulty in using the equation above is that the 
values of the transfer rates for glucose (K1, k2 and k3) 
must be determined. The direct measurement of these 

Figure 3. Two-compartment model depicting the transport of glucose and 2-deoxy-2-[18F]fluoroglucose (FDG) to and from plasma to tissue, showing 
the rates of transport of the tracer/glucose into (K*

1, K1) and out of the cells (k*
2,k2), as well as the rates at which these molecules are converted 

to a form that is unable to leave the cell (k*
3, k3) and conversion from the trapped form back into the membrane-permeant form (k*

4, k4). In brain 
studies with FDG, it is often assumed that the dephosphorylation rate of FDG-6-phosphate in the brain tissue is small enough to be ignored (k*

4= 0).
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transfer rates is too complicated; therefore, measurements 
of the PET TAC are used to estimate these values for 
FDG. The constant Φ represents the fraction of the 
phosphorylated glucose that is further metabolized in 
the glycolytic pathway. Sokoloff (1981a) demonstrated 
that in brain tissue Φ is very close to 1, indicating that 
only a small portion of the phosphorylated glucose 
will be dephosphorylated. For this reason, k*

4 can be 
considered negligible.

Through the use of the lumped constant (LC) 
adjustment term (Sokoloff et al., 1977; Moore et al., 
2000; Krohn et al., 2007), which represents the correction 
factor for the differences in glucose and DG transport 
and phosphorylation rates, and allows converting the 
results obtained using DG to glucose. In the brain, DG is 
transported 1.4 times faster than glucose, while glucose 
is metabolized 2.5-4.5 times faster than DG (Dienel, 
2012), thereby the rate of glucose metabolism can be 
expressed as in equation 5:

* *
1 3

* *
3

*

2
= =

+
P P

i
K k CMRGlu K

LCk LCk
C  (5)

Thus, MRGlu can be estimated with a simple equation 
from only the constant rates of FDG (K*

1,k
*

2 and k*
3), 

the steady state CP and LC.
In the LC, the distribution volume is the component 

sensitive to the glucose concentration due to the higher 
metabolism/transport rate of glucose in relation to 
DG. Under physiological conditions, where blood 
glucose remains constant, LC remains relatively stable. 
However, under conditions that include factors that 
alter plasma glucose concentration and consequently 
result in changes of greater or lesser magnitude in LC, 
LC should be determined for the specific conditions of 
the study. Several studies have shown changes in LC in 
hyperglycaemic (Orzi et al., 1988; Schuier et al., 1990), 
hypoglycaemic (Suda et al., 1990) and anaesthetized 
(Alf et al., 2014) animals, or in animals with tumours 
(Spence et al., 1998).

The model provides detailed information regarding 
glucose transport and metabolism as shown in Figure 4.

The advantages of this method are its reliability and its 
independence from examination or plasma clearance time, 
in contrast to the SUV. An important technical difficulty 
is the need for arterial cannulation to draw blood for the 
input function. It is also necessary to ensure injection 
without extravasation, which can be standardized using 
intravenous cannulation and an infusion pump. Another 
critical factor for the execution of this technique is the 
synchronization between the sampling times of arterial 
blood and PET imaging, since these data will be used 
in the differential equations shown above.

Patlak graphical analysis

Graphical methods allow the appropriate estimation 
of certain combinations of microparameters by 
transforming the estimation equations on which the 
CMs are based. The best-known graphical method for 
irreversible substances is the Patlak method (Patlak et al., 
1983; Patlak and Blasberg, 1985). This method is 
a linearization of the compartmental equations for 
irreversible tracers (Figure 5). It can be shown that 
at a certain time t* after the beginning of the tracer 
injection, all reversible compartments must be in steady 
state, i.e., the tracer concentrations in the plasma and 
in reversible tissue compartments should remain stable. 
This time depends on the tracer, the subject and the 
ROI. The relationship between the TAC of the tissue 
C*

T(t) and the TAC of the plasma C*
P(t) (y-axis) and the 

ratio between the integral and the instantaneous value 

Figure 5. Patlak plot generated from the input function (plasma) and 
time activity curve from the brain in a representative animal after the 
intravenous injection of 37 MBq of 2-deoxy-2-[18F]fluoroglucose. 
The Patlak plot becomes linear after the tracer concentrations in reversible 
compartments and in plasma are in steady state. The slope of the linear 
phase of the plot is the net uptake (influx) rate constant Ki.

Figure 4. Compartmental model of 2-deoxy-2-[18F] fluoroglucose 
metabolism based on the radiotracer concentration curves as a function 
of time in the arterial input function (plasma) and volume studied (brain), 
illustrating the concentration of free and metabolized FDG estimated 
for approximately 1 h after the intravenous injection of 37 MBq FDG.
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of C*
P(t) (x-axis) becomes linear at time t*; that is, the 

system reaches a steady state, expressed by equation 6:

( )
( )

( )
( )

* *
0*

* *
∫= +
t

T P
i

P P

C t C u du
K V

C t C t
 (6)

K*
i indicates the rate at which the tracer is irreversibly 

retained and can be calculated from the equation 6 using 
a simple linear estimation procedure.

This method requires the acquisition of dynamic 
images, beginning 15 to 30 min after the tracer injection, 
as well as arterial blood samples. Due to the linearity 
of the above equation 6, this method is much faster 
and less sensitive to noise, and therefore suitable for 
voxel-level applications. For FDG, we can calculate the 
MRGlu (μmol/min/100g) from K*

i using the equation 7:

*  = p
i

C
MRGlu K

LC
 (7)

Although this approach enables an operational 
simplification of the CM, the disadvantage of the Patlak 
method is the inability to calculate the kinetic parameters 
separately; for FDG, for example, the method does not 
discriminate between glucose transport and hexokinase 
activity.

To determine the best quantitative method, one can 
examine whether there is need to estimate glucose transfer 
constants or only the amount of glucose metabolized 
is sufficient to characterize the change studied. Several 
criteria exist for kinetic model preference identification 
for brain PET studies. The most commonly used models 
are Akaike Information Criterion (AIC), AIC unbiased, 
model selection criterion (MSC), Schwartz Criterion (SC) 
and F-test. However, all model selection criteria resulted 
in similar conclusions for PET FDG (Golla et al., 2017).

Voxel-based analysis (VBA)
Prior to the advent of VBA, PET brain images were 

manually analysed via manual delineation of ROIs to 
investigate the existence of areas with altered metabolism. 
This approach was established for autoradiograph 
analyses of basic neurophysiological and metabolic scans 
of humans (Friston, 2007). In addition to being time 
consuming, the ROI method might introduce inaccuracies 
into the analysis because it is an evaluator-dependent. 
However, the most significant difficulty is that ROI 
analyses are usually guided by a priori information of 
the change in a certain brain region; therefore, possibly 
significant effects outside the specific ROI can be lost 
or the treatment/intervention can induce a global effect 
that is expressed in all ROIs. To overcome the challenge 
of detecting regional changes when a global change 
is present, the Statistical Parametric Mapping (SPM) 
software was developed (Wellcome Department of 

Cognitive Neurology, Institute of Neurology, London, 
UK; Friston et al., 1994). SPM is the best-known VBA 
method that can be applied on a large scale in brain 
studies of humans and animal models of different 
neurological diseases or behaviours (Litaudon et al., 
2017; Park et al., 2017; Cui et al., 2015; Casteels et al., 
2010; Frumberg et al., 2007). SPM uses statistics to 
identify regions with different perfusion or metabolic 
rates or different volumes present in images obtained 
by SPECT, PET, or magnetic resonance imaging (MRI).

The SPM analysis method is based on the spatial 
representation of the parameters obtained (e.g., perfusion, 
metabolism, or volumes) via a VBA comparison of an 
animal (or group of animals) with a reference group of 
animals of the same species subjected to the same image 
modality. Before performing an SPM analysis, the images 
must be processed. This processing step is composed of 
three parts: spatial realignment, spatial normalization, 
and filtering. After this step, statistical analysis, intensity 
normalization and inference are performed. The most 
significant differences between groups are presented as 
a table of coordinates to represent three outline views 
of the brain (i.e., the glass brain) or as patches of colour 
on an MRI brain “slice”, with the colours that represent 
the location of the voxels that have shown significant 
differences (Figure 6).

Spatial realignment, also known as the rigid registration 
method, involves correcting the difference in the position 
between the different acquired images due to differences 
in the positioning of the animals, through an inelastic 
transformation of the images.

Spatial normalization is performed to eliminate 
individual differences and ensure the positioning of the 
image voxels, so that the same structure occupies the 
same coordinates in all of the images. This normalization 
involves a stereotactic transformation of the brain images 
to fit an external anatomical model, the template, which 
corresponds to an atlas of standard anatomical space. 
The established and most commonly used atlases of the 
mouse and rat brain (Paxinos and Watson, 2017; Swanson, 
2004) provide a series of sections, cut at specified angles, 
with external surfaces and internal boundaries of areas 
and nuclei indicated, as well as names assigned to the 
delineated structures. Atlases with 3-D representations 
of major brain structures have also been developed for 
the mouse (Chan et al., 2007; Gustafson et al., 2004; 
Lein et al., 2007; MacKenzie-Graham et al., 2004). 
This procedure allows direct intra- and inter-subject 
comparisons and the application of standard reference 
maps and masks.

Because of the relatively large differences in the spatial 
resolution between MRI and FDG-PET images of small 
animals, the automated image realignment of FDG-PET 
data with MRI templates is difficult primarily because 
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of differences in the biodistribution of the tracer and 
the number of anatomical landmarks (Nie et al., 2014). 
Therefore, the availability of specific tracer templates 
aligned in a standard reference space enables the use 
of the automatic normalization of functional images, 
which minimizes user-dependent variability and provides 
direct access to the corresponding anatomical atlases 
and reference coordinates. Several standard anatomical 
and functional space models have been developed and 
tested for the spatial normalisation of small rodent 
brains (Poussier et al., 2017; Vállez Garcia et al., 2015; 
Nie et al., 2014; 2013; Coelho et al., 2011; Casteels et al., 
2006; Schweinhardt et al., 2003).

After the normalization step, the images are smoothed 
by applying a spatial filter. The main objective of spatial 
filtering is to eliminate residual noise and allow the 
application of the random Gaussian field (RGF) theory. 
In practice, the intensity value of a voxel is replaced by 
the weighted average density of the neighbouring voxels, 
which increases the signal-to-noise ratio and adjusts the 
anatomical and functional variations between subjects 
(Friston, 2002). According to matched filter theorem, 

the optimum smoothing kernel corresponds to the size 
of the anticipated effect. Thus, the optimum smoothing 
level is related to the size of the signal to be detected 
(Reimold et al., 2006). Unfortunately, the effect size is 
unknown most of the time and may undergo variations 
across brain studies. Welch (2013) tested various 
smoothing levels (0-1.5 mm) in mouse brain FDG-PET 
images. Although the sensitivity of the test was not 
significantly altered by different smoothing levels, the 
T-score increased between 5 and 15%. In addition to 
increasing the signal-to-noise ratio, spatial filtering 
causes the errors to approach the normal distribution, 
which ensures the validity of the inferences based on 
parametric tests.

Importantly, spatial smoothing has disadvantages in 
small animal brain studies. Spatial smoothing always 
decreases spatial resolution; therefore, the detection 
of small structures can be attenuated below the cut-off 
value attributed in the study. Therefore, it is critical to 
assess whether the objective of the study is accurate 
spatial localization because the technique might not 
identify small structures with low uptake. In this case, 

Figure 6. Representative rat brain images obtained by statistical parametric mapping of the standardized uptake values to compare rats kept under 
isoflurane and ketamine/xylazine anaesthesia during the 2-deoxy-2-[18F]fluoroglucose uptake period. T-map data (visualization cut-off point: p<0.05; 
uncorrected) are depicted using Mango as a multi-slice coronal of magnetic resonance imaging template overlay (Schwarz et al., 2006). The colour 
bar was set to a minimum of 3 and a maximum of 8 for both increases and decreases in glucose uptake for isoflurane anaesthetised subjects (n=15) 
compared with ketamine/xylazine anaesthetised subjects (n=18).
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autoradiography can be used to perform a preliminary 
evaluation of the structures and regional metabolic 
changes involved in the study.

The mean level of brain metabolism varies among 
different subjects and, to a lesser degree, in the same 
subject over time. To perform longitudinal or transverse 
comparisons of metabolism between subjects, it is 
necessary to adjust the intensity data. There are several 
techniques to adjust the average metabolic differences 
between subjects. However, the easiest way to correct 
these fluctuations is the count normalization to the 
cerebral global mean, so-called global normalization. 
The cerebral global mean is determined automatically 
by SPM as the mean voxel value of those exceeding a 
threshold (Buchert et al., 2005), and is implemented as 
default in the count-scaling algorithm, thus enabling to 
adjust for interindividual variability without the need of 
additional analyses. For this reason, global normalization 
by means of proportional scaling or analysis of covariance 
(ANCOVA) has found a wide utilization in SPM analyses 
of FDG brain PET data. In proportional scaling, it is 
considered that the subjects have an identical metabolic 
level, and to reach it is scale each scan by its estimated 
global activity (Gispert et al., 2003). This approach is 
based on the assumption that the measurement process 
introduces a global scaling of image intensities at each 
voxel, a gain factor. Another approach, ANCOVA, is to 
include the mean corrected global activity as an additional 
regressor in the model. Data with lower variance may 
be normalised by ANCOVA, while those with higher 
variance and number of subjects are better normalised 
by proportional scaling (Gispert et al., 2003).

The main problem with these intensity normalisation 
techniques is that they do not contemplate the possibility 
that the studied effects could modify the mean values of 
metabolism. As a consequence, the impact of regional 
influences on the general metabolism is lost, or areas with 
apparent hypermetabolism are created, as in SPM analysis 
of Alzheimer disease (Yakushev et al., 2009). To avoid 
this type of problem, we can normalise the images by 
ROI or cluster-based normalization, which includes only 
areas not affected by the pathology/intervention. In these 
cases, it is possible to use the average or maximum 
value. In the case of the mean value, it is necessary to 
choose an area in which the mean value is similar in all 
individuals. Of course, one of the precepts of the technique 
is to know which regions are not affected. Instead of 
using the mean value of the parameter of interest (SUV, 
MRGlu, Ki, among others) in these regions, one may 
use the maximum value because there is a significant 
probability that regions with higher metabolic rate are 
not affected by the pathology/intervention that decreases 
the consumption of glucose (Gispert et al., 2003).

Several of these techniques have been applied 
in studies of neurological diseases (Dukart et al., 
2013; 2010; Yakushev et al., 2009). The choice of the 
best normalisation method for a given study can be 
based on the coefficient of variation of noise analysis 
(Gispert et al., 2003).

The disadvantage of VBA is the need to acquire 
multiple images from the same animal or from different 
animals to perform the comparison. Several possible 
comparisons are used in VBA and depend on the 
experimental design employed. In longitudinal studies, 
it is possible, for example, to compare the same animal 
at different times using a paired t-test. In transversal 
studies, it is possible to compare an individual against 
a group or to compare different groups submitted to 
different interventions. In many research projects, a 
bank of images from healthy animals must be built for 
comparison. However, for the interpretation of changes 
between groups, only the clusters should be compared 
as to avoid false positive results due to noise present in 
the voxels (Vállez Garcia et al., 2015). The size of the 
cluster must be defined according to the data acquisition 
and processing conditions (spatial resolution, voxel size).

Numerous parameters obtained with quantitative 
methods can be compared between groups using the 
VBA method, such as absolute glucose uptake, transfer 
rate constants, SUV and blood.

Discussion and conclusions
The major practical differences between the application 

of the quantification methods for humans and those 
used for small animals are related to spatial resolution, 
time scale, and arterial input function (van den Hoff, 
2011). Many target structures of small animal PET are 
not much larger than the spatial resolution limit, and 
the limited recovery of true signal intensity frequently 
plays a much larger role in these conditions compared 
with human PET. In the case of small animals, the 
incomplete recovery of the signal directly translates into 
a corresponding reduction of the absorption parameters 
obtained, as K1 and, indirectly, the SUV. Regarding the 
structures with dimensions close to the spatial resolution 
limit of the tomograph, the incomplete recovery of the 
signal must be corrected, which in turn requires a precise 
knowledge of the size and shape of the object.

Although not mandatory for all quantification 
methods, the arterial input function is limited by practical 
considerations. The most important factor to consider 
is the blood volume of rats and (especially) mice, 
which are frequently used in FDG studies. The removal 
of a relatively small volume of blood may result in 
physiological changes, which can cause significant changes 
in the quantification results. Other factors related to the 
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animal, the acquisition and processing technique should 
be standardised and controlled during the experiment.

Some advantages and disadvantages of the available 
quantification methods (Table 1) should be weighed 
according to the objective of the study. In the context of 
preclinical research, semiquantitative and quantitative 
methods are preferred because these approaches provide 
objective analysis parameters that are not dependent 
on expertise in visual analysis of images. VBA has a 
significant advantage over the SUV, since it allows analysis 
of the whole brain without the a priori formulation of 
a hypothesis. In addition, statistical methods, such as 
SPM, reveal regional differences in metabolism that are 
not always visually detectable.

Quantitative methods, while providing more reliable 
results, however, there are several technical challenges 
associated with these methods. Besides that, professionals 
with specific skills also are required to perform image 
acquisition and processing. Many factors can influence 
the results obtained; fortunately, these influences can be 
studied and minimized via the appropriate standardization 
of the acquisition, processing, and data analysis steps.

Although autoradiography is the gold standard for 
quantification, this method is not widely used in research 
protocols because it is an ex vivo method and does not 
allow longitudinal studies. However, autoradiography 

can be used to verify the changes visualized by other 
quantification methods.

In conclusion, analysis and interpretation of PET data 
are not always simple, and the results will depend on many 
details in the study. Several approaches are available for 
the quantification of PET data, and the integration of data 
from multiple methods can strengthen the validity of the 
results obtained and enable the researcher to understand 
the problem from different perspectives.
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Table 1. Advantages and disadvantages of methods to analyse cerebral glucose metabolism with 2-deoxy-2-[18F]fluoroglucose.

Method Advantages Disadvantages

Qualitative (visual) - Non-invasive.
- Relatively fast.

- Depends on the interval between injection and 
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