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1 Introduction

The study of neurodegenerative diseases has increasingly 
required the use of larger animal models with more human-
like brains. Although minipigs have been used for numer-
ous biomedical applications and research [1, 2], they have 
recently been proposed for the study of neurodegenerative 
diseases because of certain neuroanatomical and neurophys-
iological similarities to humans [3]. Therefore, there is an 
increasing demand for in vivo non-invasive characterization 
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Abstract
Purpose . To determine the best kinetic model to be applied on dynamic brain [18 F]FDG PET images by characterizing the 
regional brain glucose metabolism of normal Göttingen minipigs.
Methods Nine Göttingen minipigs were scanned with a clinical PET/CT tomograph, starting from the injection of an intra-
venous bolus of [18 F]FDG, for about 25 min. Dynamic images were reconstructed and nine brain regions of interest (ROI), 
plus a vascular region, were defined and time-activity curves (TAC) were determined.
Three kinetic models were considered for fitting with experimental TACs: one-tissue compartment 
model 1TC, two-tissue irreversible compartment model 2TCi and two-tissue reversible model 2TC. 
Akaike Information Criterion was considered to evaluate the goodness of each model fitting. Regional 
and global kinetic parameter values were evaluated, in addition to the partition coefficient, net influx 
rate and retention index (RI).
Results Both 2TCi and 2TC models turned out to be good choices for the next analysis. Parameter values were very simi-
lar between the different brain regions, with similar values to when the brain as a whole is considered (kinetic parameters 
mean values, from 2TCi model: K1 = 1.0ml/g/min, k2 = 0.49 min− 1, k3 = 0.034 min− 1, K1/k2 = 2.14ml/g, Ki=0.069 ml/g/min; 
from 2TC model: K1 = 1.10ml/g/min, k2 = 0.54 min− 1, k3 = 0.058 min− 1, k4 = 0.039 min− 1, K1/k2 = 2.18ml/g, Ki=0.10ml/g/min; 
RI mean ± sd: 0.147 ± 0.037 min− 1), with the exception of the cerebellum (mean values from the 2TCi model: K1 = 0.52 
ml/g/min, k2 = 0.56 min− 1, k3 = 0.025 min− 1, K1/k2 = 0.98ml/g, Ki=0.022 ml/g/min; from 2TC model: K1 = 0.54 ml/g/min, 
k2 = 0.61 min− 1, k3 = 0.044 min− 1, k4 = 0.038 min− 1, K1/k2 = 0.95ml/g, Ki=0.032 ml/g/min; RI mean ± sd: 0.071 ± 0.018 min− 1).
Conclusion The two-tissue model is able to describe the regional brain metabolism in Göttingen minipigs. Compared to the 
2TCi model, in the 2TC model the k4 micro-parameter was also evaluated. This led to adjustments of the other microparam-
eters, especially k3 and consequently the net influx rate Ki. For healthy minipigs, the glucose metabolism was similar in all 
of the brain regions analyzed, with the exception of the cerebellum, where the FDG uptake was lower.
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during monitoring of glycaemia, heart rate and blood pres-
sure. The entire scanning procedure lasted approximately 
45 min. Upon completion of the PET scan, sedated pigs were 
transferred back to their home cage to recover. The physi-
ological parameters of the minipigs are listed in Table 1 .

18 F[FDG] dynamic images acquisition and Time-activ-
ity-curve generation.

The minipigs were scanned with a clinical PET/CT scan-
ner (Discovery RX VCT 64-slice tomography - GE Health-
care, Milwaukee, WI, USA) in dorsal recumbency (supine) 
position.

Low-dose computed tomography (CT) (tube current 30 
mA, tube voltage 120 kV) was firstly performed through 
the brain for attenuation correction for an effective dose 
of 1 mSv. A 3-dimensional (3D) list-mode dynamic PET 
acquisition was then performed for about 25 min. The PET 
dynamic acquisition started at the same time as the injec-
tion of an intravenous bolus of [18 F]FDG using a fully 
automated PET infusion system (MEDRAD® Intego; 148 
MBq at a flow rate of 0.5 mL/sec) followed by a saline 
flush of 10 mL. Dynamic images were reconstructed from 
the list-mode data using 24 frames with different tim-
ings:10 × 5,10 × 30,4 × 300 s, for a total of approximately 
26 min (precisely: 25 min. and 50 s.). Ordered-subset 
expectation maximization (OSEM) iterative algorithm was 
used for reconstruction, with three iterations and 21 subsets; 
a 128 × 128 × 47 pixel 3D matrix was obtained for each time 
frame.

Figure 1 shows 3-plane view of PET/CT reconstructed 
images from the nine minipigs ; PET images are relevant to 
the last temporal point from dynamic images.

Reconstructed dynamic 3D PET images were then 
exported to a remote PC for the analysis. Emission val-
ues were converted to standardized uptake values (SUV)
s, defined as the mean voxel intensity within the volumet-
ric region of interest (ROI) normalized by the whole-body 
concentration of the injected radioactivity and multiplied by 
body mass.

Different brain regions of interest (ROI) were manu-
ally drawn by an expert from the 3D dynamic images. The 
regions selected were: right and left occipital, right and left 
temporal, right and left parietal, right and left frontal and 
cerebellum, plus a vascular ROI. For each ROI, a time-
activity curve (TAC) was then determined by evaluating the 
mean SUV value inside the ROI at each time.

of brain structure, function or metabolism over time using 
clinically relevant imaging tools.

The most suitable modalities for large animals in vivo 
imaging applications are also based on nuclear medicine 
techniques. In fact, the use of clinical scanners for positron 
emission tomography (PET) imaging on large animals such 
as minipigs, is regarded as the gold standard approach, espe-
cially to characterize organ-specific phenotypes in response 
to age, injury and novel treatments as preliminary studies, 
before being applied to humans [4, 5].

PET imaging can add value to longitudinal preclinical 
studies by enabling dynamic evaluations on the same ani-
mal in a clinically relevant manner. Therefore, the improve-
ment in high-resolution in vivo PET imaging technologies 
provides a unique opportunity to better study the organ phe-
notype heterogeneity in real time, in a quantitative way and 
at the molecular level.

Brain dynamic PET images after injection of 2-[18 F]
fluoro2-deoxyglucose ([18 F]FDG) enable mapping of the 
cerebral glucose uptake (the brain’s main energy supply) 
using kinetic models from which it is possible to evalu-
ate micro- or macro- kinetic parameters that describe the 
dynamics of the metabolism [6, 7].

In order to assess the extent of a pathology and, in the 
case of ongoing therapies, its follow-up, it is good to have 
reference values of the parameters under study in normal 
subjects.

To the best of our knowledge, no studies in the litera-
ture have evaluated the best kinetic model to be applied 
on dynamic brain [18 F]FDG PET images and provided 
kinetic parameters as reference values for normal Göttingen 
minipigs.

The aims of our study were: (a) to determine the kinetic 
model characterizing the brain glucose metabolism of nor-
mal Göttingen minipigs; (b) given the kinetic model, to 
establish micro-parameter kinetic values for normal brains; 
(c) to evaluate to what extent the values of the kinetic 
parameters change in different brain regions of interest.

2 Materials and Methods

2.1 Animal Preparation and Treatment

Nine overnight fasting male young Göttingen minipigs (4 
to 6 months of age) were lightly sedated with a cocktail 
of tiletamine hydrochloride and zolazepam hydrochloride 
(3.5-5 mg kg− 1 i.m, depending on the animal’s response 
to sedation) and azaperonum (3–4 mg kg− 1 i.m, depending 
on the animal’s response to sedation). Deeper sedation was 
subsequently maintained with propofol intravenous infu-
sion (2–3 mg kg− 1 h− 1) in spontaneously breathing animals 

Table 1 Physiological variables: mean (standard deviation in brackets 
(n = 9))
weight Gly (mg/dl) HR (min− 1) BP-sys BP-

dias
13.09 (3.6) 80.2 (21.5) 68.8 (15.9) 111.42 (15.3) 68.8 

(15.92)
Gly: glycemia; HR: heart rate; BP: blood pressure
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d

dt
c (t) = Kc (t) + Iu (t) (2)

where c(t) = [c1 (t) , . . . ., cN (t)] ?, u (t) is the system input; 
K  and I  are the kinetic parameters matrices from which 
we can define the vector of the tracer’s rate constants: 
P = [K1, k2, . . . knk, fv] ?  i.e. the parameters to be estimated 
during the fitting.

The fitting operation between the model in Eq. (1) and 
experimental data, was performed by the analytic fitting 
method described in [9]. Experimental data consist in the 
TAC from a ROI covering a vessel (TACv) and to ROIs rel-
evant to the following tissue regions: TACro, TAClo (right 
and left occipital), TACrt ,TAClt (right and left temporal), 
TACrf, TAClf (right and left frontal), TACrp, TAClp (right 
and left parietal), and TACc (cerebellum). For each brain 
region, the kinetic parameters were assessed, according to 
the model fitting.

We considered three different models: (i) a one-tissue 
compartment model 1TC (i.e. with N = 1 and nk = 2 in 
Eqs. (1) and (2)); (ii) a two-tissue irreversible compartment 
model 2TCi (with N = 2 and nk = 3), and (iii) a two-tissue 
reversible model 2TC (with N = 2 and nk = 4).

In [18 F]FDG kinetic modelling, each rate constant (k1-k4) 
has a physiological and biological significance, indicating 
the transport of FDG forward (K1) and backward (k2) from 
plasma to tissue and FDG phosphorylation (k3), and dephos-
phorylation (k4).

In order to reduce the dependence of the parameter K1 
on the animal’s hemodynamic status, a normalization of the 

Figure 2 shows representative dynamic images with 
selected ROIs, and relevant TACs .

2.2 Kinetic Models and Data Analysis

Kinetic analysis of TAC curves was performed using the 
non-linear tissue-compartment models. Linear models are 
often preferred because of their higher computational effi-
ciency. However, nonlinear kinetic models provide a more 
detailed description of the biochemical properties of differ-
ent tissues [7, 8]. Most non-linear models are built exploit-
ing the compartmental model theory, in order to describe 
the temporal behavior of the tracer within the tissue. The 
parameters of the model to be estimated are constant trans-
fer rates, related to the movement of the tracer among differ-
ent compartments. The total tracer concentration of a tissue 
region in time can be modeled as [8, 9]:

 
ctissue (t) = (1− fv)

[
cp (t)⊗

N∑
n=1

cn (t)

]
e−dt + fvcb (t) (1)

where fv  is the fractional volume of blood in the tissue, 
cp (t) is the measured tracer concentration in the plasma, 
cn (t)  is the impulse response function (IRF) for the n-th tis-
sue compartment, d  is the radioactive decay constant of the 
tracer that for [18 F]FDG is equal to ln (2) /109.8min−1, and 
cb (t)  is the measured whole blood concentration.

The kinetics of the tracer within the compartments can be 
described by a set of ordinary differential equations:

Fig. 1 3-planes view of PET/CT reconstructed images from the nine minipigs scanned; (a): axial views; (b): coronal views; (c): sagittal views
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This was evaluated as:

 
AICc = T · ln(

∑
t
wt(TACt − Ct)

2/T ) + 2k +
2k(k − 1)

T − k − 1
 (3)

where wt
 is the weight applied to the residual of t-th acqui-

sition; and k is the number of parameters to be estimated in 
the fitting.

estimated K1 was performed with the rate-pressure product, 
which is closely linked to the flow at rest.

Among the macro-parameters, the partition coefficient 
K1/k2 was estimated. In addition, the net influx rate macro-
parameter Ki = K1k3/(k2 + k3) was also evaluated from 
the 2TCi and 2TC estimated microparameters. The net 
influx rate macro-parameter is analogous to the one evalu-
ated by the graphical Patlak method.

To assess the goodness of each model fitting with the 
experimental TACs [10], the Akaike Information Criterion 
coefficient, corrected for small sample sizes, (AICc) [11] 
was considered.

Fig. 2 Representative images with ROIs and relevant TACs
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3 Results

3.1 Evaluation of the Best Kinetic Model

By applying the analytical fitting with the models 1TC, 
2TCi and 2TC, the relevant tracer’s rate constants 
P = [fvK1, k2, . . . knk] ? were determined, with nk = 2 for 
1TC, nk = 3 for 2TCi and nk = 4 for 2TC. Fitting operations 
were performed on each ROI covering the various brain 
regions.

Table 2 shows the AICc mean values (sd) obtained from 
each model fitting and evaluated on all the anatomical ROIs 
of all the minipigs.

The two-way ANOVA analysis and pairwise comparison 
between the three models showed that 1CT model produced 
worse results than the other two models. On the other hand, 
coefficients from 2TCi and 2TC models were not signifi-
cantly different. The difference values between regions were 
not significant for any of the kinetics models analyzed.

Accordingly, both 2TCi and 2TC kinetic models were 
considered in the following analysis.

3.2 Kinetic Parameters Estimated by 2TCi Model 
Fitting

Table 3 shows the estimated kinetic micro-parameters 
(K1,k2,k3,fv,) and the macro-parameters K1/k2 and Ki, for 
each brain ROI. Parameters were evaluated from individual 
regions, and from a global region that covers all the higher 
metabolic areas as a whole. The low metabolic region, i.e. 
the cerebellum, was considered separately.

Figure 3 shows boxplots of the estimated kinetic micro-
parameters and K1/k2 and Ki macro-parameters, for each 
brain ROI.

The Kruskal-Wallis test showed that none of the values 
of the estimated parameters were significantly different 
between the brain regions, with the exception of the cerebel-
lum. Thus the corresponding parameter K1 was significantly 
different compared to the occipital and frontal regions (both 
left and right), and the net influx rate macro-parameter Ki 
was significantly different from the frontal regions (both left 
and right).

3.3 Kinetic Parameters Estimated by 2TC Model 
Fitting

Table 4 shows the estimated kinetic micro-parameters 
(K1,k2,k3,k4,fv,) and the macro-parameters K1/k2 and Ki, for 
each brain ROI.

Figure 4 shows boxplots of the estimated kinetic micro-
parameters and K1/k2 and Ki macro-parameters, for each 
brain ROI.

2.3 Retention Index

The retention index is often used when more than one image 
is acquired, at different times [12]. With the dynamic images 
available, we determined the retention value of the tracer 
over time points, [13, 14] which was evaluated as the mean 
SUV values between approximately 11 and 25 min (last four 
time points) after the tracer injection, divided by the integral 
of the blood pool SUV between 0 and about 25 min (all time 
points of the TAC covering the vessel):

 
RI =

25’∫
11’
TAC (t) dt

/
23’∫
0

TACv (t) dt
 (4)

2.4 Statistical Analyses

Continuous variables were expressed as mean ± standard 
deviation or median and range, as appropriate. The paramet-
ric hypothesis test of normality of the variables was evalu-
ated according to the Shapiro-Willis normality test. When 
the indices evaluated followed a normal distribution, the 
ANOVA (one- or two-ways, depending on the groups) test 
was used for comparison between group samples; otherwise, 
the Kruskal-Wallis test was used. A 2-tailed P-value < 0.05 
was considered significant.

ROI selection, TAC generation extraction and kinetic 
data fitting were implemented in MATLAB TM v. 2021b 
(The MathWorks, Inc., Natick Massachusetts, United 
States). Statistical analysis was performed using MATLAB 
Statistics and Machine Learning Toolbox TM.

Table 2 AICc values obtained from 1TC, 2TCi and 2TC kinetic mod-
els

AICc
Region 1TC model 2TCi model 2TC model
right occipital -89.12 (7.02) -110.18 (15.85) -108.84 

(16.44)
left occipital -91.47 (13.54) -108.81 (18.35) -107.54 

(10.08)
right temporal -90.98 (10.37) -106.01 (16.27) -104.45 

(16.92)
left temporal -93.16 (10.73) -107.62 (17.72) -105.95 

(13.15)
right parietal -88.98 (10.01) -99.205 (12.11) -98.12 (13.37)
left parietal -88.71 (10.77) -99.22 (15.03) -97.53 (15.48)
right frontal -76.25 (10.54) -84.98 (15.28) -83.15 (15.53)
left frontal -80.41 (11.61) -89.01 (12.43) -87.72 (12.60)
cerebellum -104.68 

(16.97)
-114.98 (22.50) -113.95 

(23.14)
ALL BRAIN -89.30 (13.33) -102.22 (17.84) -100.80 (18.37)
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between the brain regions, with the exception of the cer-
ebellum. In particular: (i) the parameter K1 in cerebellum 

The Kruskal-Wallis test showed that none of the values 
of the estimated parameters were significantly different 

Table 3 Mean (sd) estimated kinetic parameters from 2TCi model fitting, for each brain ROI
Region K1 (ml/g/min) k2

(min− 1)
k3
(min− 1)

fv K1/k2 (ml/g) Ki  (ml/g/min)

High metabolic regions right occipital 1.16 (0.34) 0.54(0.12) 0.034 (0.011) 0.26 (0.13) 2.31 (0.87) 0.074 (0.030)
left occipital 1.12(0.33) 0.52 (0.10) 0.031 (0.011) 0.26 (0.12) 2.18(0.63) 0.065 (0.025)
right temporal 0.96 (0.35) 0.48 (0.13) 0.032 (0.015) 0.24 (0.11) 2.04(0.58) 0.061 (0.026)
left temporal 0.95 (0.30) 0.47 (0.10) 0.033 (0.013) 0.25 (0.11) 2.03(0.57) 0.063 (0.024)
right parietal 0.96 (0.26) 0.42 (0.09) 0.036 (0.015) 0.30(0.13) 2.33 (0.77) 0.077(0.033)
left parietal 0.96 (0.25) 0.42 (0.08) 0.036 (0.018) 0.29 (0.13) 2.33 (0.71) 0.077 (0.038)
right frontal 1.22 (0.41) 0.50 (0.18) 0.039 (0.018) 0.39 (0.16) 2.63 (1.12) 0.095 (0.043)
left frontal 1.15(0.34) 0.51 (0.20) 0.041 (0.021) 0.38 (0.16) 2.44 (1.00) 0.089 (0.041)
GLOBAL 1.00 (0.31) 0.49 (0.12) 0.034 (0.014) 0.28 (0.13) 2.14 (0.74) 0.069 (0.03)

Low metab. region Cerebellum 0.52 (0.17) 0.56 (0.12) 0.025 (0.007) 0.17(0.10) 0.98 (0.37) 0.022 (0.008)

Table 4 Mean (sd) estimated kinetic parameters from 2TC model fitting, for each brain ROI
Region K1 (ml/g/min) k2

(min− 1)
k3
(min− 1)

k4
(min− 1)

fv K1/k2 
(ml/g)

Ki  (ml/g/
min)

High 
meta-
bolic 
regions

right occipital 1.18 (0.35) 0.57 (0.14) 0.049 (0.022) 0.025 (0.031) 0.26 (0.13) 2.23 (0.86) 0.094 (0.046)
left occipital 1.14 (0.32) 0.56 (0.13) 0.049 (0.024) 0.041 (0.061) 0.26 (0.12) 2.10 (0.64) 0.088 (0.041)
right temporal 0.98 (0.34) 0.50 (0.15) 0.042 (0.026) 0.019 (0.024) 0.24 (0.11) 1.99 (0.57) 0.075 (0.036)
left temporal 0.97 (0.29) 0.51 (0.13) 0.048 (0.030) 0.020 (0.022) 0.25 (0.11) 1.96 (0.58) 0.080 (0.036)
right parietal 1.00 (0.26) 0.50 (0.16) 0.068 (0.053) 0.034 (0.043) 0.29 (0.13) 2.16 (0.80) 0.114 (0.07)
left parietal 0.98 (0.25) 0.46 (0.10) 0.053 (0.039) 0.053 (0.080) 0.29 (0.13) 2.22 (0.69) 0.10 (0.06)
right frontal 1.26 (0.40) 0.56 (0.27) 0.060 (0.040) 0.050 (0.078) 0.39 (0.16) 2.54 (1.16) 0.12 (0.05)
left frontal 1.26 (0.39) 0.70 (0.50) 0.0.97 (0.098) 0.072 (0.089) 0.38 (0.16) 2.25 (1.07) 0.14 (0.08)
GLOBAL 1.10 (0.36) 0.54 (0.24) 0.058 (0.050) 0.039 (0.062) 0.29 (0.14) 2.18 (0.84) 0.10 (0.06)

Low 
metab. 
region

Cerebellum 0.54 (0.17) 0.61 (0.21) 0.044 (0.035) 0.038 (0.042) 0.41 (0.64) 0.95 (0.39) 0.032 (0.018)

Fig. 3 Boxplots of the K1, k2, k3, K1/k2 and Ki estimated parameters on each brain ROI. Plus symbols (+) represent outliers
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analyzing dynamic PET images after the administration 
of the [18 F]FDG tracer. This analysis includes fitting the 
experimental data with specific kinetic models.

For what we believe is the first time, we assessed the 
most appropriate kinetic model to characterize the glucose 
metabolism of minipig brains using [18 F]FDG dynamic 
PET images. In fact, the results establish the kinetic mic-
roparameters of the brain regions of healthy minipigs. Our 
analysis defines reliable reference values of the parameters 
in normal Göttingen minipig brains which will be helpful in 
detecting early changes in cerebral viability during the onset 
of neurological diseases.

Although [18 F]FDG PET scans are considered the gold 
standard for evaluating glucose use and cell viability in 
brain regions of humans [15], rodents [16], piglets [17], 
dogs [18], and non-human primates [19], the use of dynamic 
[18 F]FDG to explore changes in cerebral glucose metabo-
lism in young Göttingen minipigs remains a desirable goal 
since they are a breed of small swine increasingly used to 
study cognitive and behavioral disorders ([20–22]).

To date, the cerebral glucose metabolism has been stud-
ied in piglets [17], Danish Yorkshire land pigs [23], and 
domestic pigs, [24]. In all these studies, however, only the 
net influx rate macro-parameter was evaluated, and the cor-
responding cerebral metabolic rate of glucose (CMRgl) was 
shown.

ROI was significantly different compared to the occipital 
and frontal regions (both left and right); (ii) the partition 
coefficient K1/k2 in cerebellum was different from the right 
occipital, left parietal and left and right frontal regions; and 
(iii) the net influx rate macro-parameter Ki was significantly 
different from the frontal regions (both left and right).

4 Retention Index

Table 5 shows the mean (sd) RI values for all the brain 
regions, while Fig. 5 shows the boxplot of the RI values 
evaluated in the brain ROIs. The ANOVA test showed that 
the cerebellum had significantly different RI values from the 
other regions.

5 Discussion

The noninvasive characterization of the brain metabolic 
phenotype in healthy minipigs can be used to detect refer-
ence values underlying homeostasis and to carefully assess 
early temporospatial changes over time due to injury or 
genetic alterations.

The relationship between cerebral glucose metabolism 
and glucose transporter expression can be investigated by 

Fig. 4 Boxplots of the K1, k2, k3, k4, K1/k2 and Ki estimated parameters on each brain ROI. Plus symbols (+) represent outliers
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evaluation of the net uptake rate Ki. However, in[24] osteo-
myelitic and soft tissue lesions, not including the brain, 
were considered.

It should also be highlighted that we used a different 
breed of small pigs from that used in [17, 23, 24].

As for the choice of the model that best fits the experi-
mental data, according to the AICc coefficient values shown 
in Table 2, the difference in coefficients between the 2TCi 
and 2TC models was not significant, thus we considered 
both models in the analysis. Compared to the 2TCi model, 
the 2TC model requires the estimation of the additional 
parameter k4 which represents the reverse hydrolysis reac-
tion that converts FDG-6P into FDG in tissues.

Tables 3 and 4 show the quantitative estimates of the 
parameters and enable us to more accurately evaluate the 
ability of the method to characterize the cerebral metabo-
lism of the deeply sedated Göttingen minipig.

The analysis showed that the parameter values were not 
significantly different between the regions, with similar val-
ues when considering the brain as a whole (penultimate row 
of Tables 3 and 4). In terms of the data obtained from both 
models, the only region with parameter values that differed 
from the global one is the cerebellum which has above all 
the K1, and consequently, the K1/k2 and Ki, lower than for 
the other regions. This is also confirmed by the shape of the 
TAC curve obtained from the cerebellum ROIs (see TACc 
curve in Fig. 2) which has a different shape to the other 
curves, especially in the initial ascent phase of the TAC, 
which most influences the value of K1.

Considering the value of the lumped constant equal to 
0.44 as in [17], our CMRgl results are slightly lower than 
those obtained in [17]: 21.2 (± 7.9) mmol/min per 100 g of 
tissue in [17], compared to 13.10 (± 5.49) from 2TCi model 
and 17.63 (± 8.42) from 2TC model.

In [23], the net influx rate was evaluated by both mul-
tilinear regression and graphical analysis from [18 F]FDG 
dynamic brain PET images. The cerebral net influx rate 
macro-parameter Ki values were of the same order of mag-
nitude as our results, although our minipigs showed slightly 
higher values i.e. about 0.017 ml/g/min in[23] compared 
to 0.069 ml/g/min as mean value in the global region from 
2TCi model. From the 2TC model, fitting the Ki value was 
higher both than the 2TCi model and the values presented 
in [23]. Another study showing results on the [18 F]FDG 
uptake is described in [24], in domestic pigs, which inves-
tigates infectious lesion regions and focuses mainly on the 

Table 5 RI values
Region RI (min− 1)

High metabolic regions right occipital 0.153 (0.044)
left occipital 0.145 (0.038)
right temporal 0.139 (0.030)
left temporal 0.138 (0.029)
right parietal 0.149 (0.034)
left parietal 0.151 (0.040)
right frontal 0.155 (0.042)
left frontal 0.149 (0.043)
GLOBAL 0.147(0.037)

Low metab. region cerebellum 0.071 (0.018)

Fig. 5 RI values in the brain ROIs
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we included this pig in the analysis, to take into account the 
possible variability in the measured data.

The variability in the estimated parameters (see standard 
deviation values in Tables 3, 4 and 5 and dimensions of 
boxplots in Figs. 3 and 4), in addition to the experimen-
tal variability, is due to various causes related to both data 
acquisition and analysis. For example, the spillover effect 
in the PET images, due to the limited spatial resolution, 
leads to an error in the evaluation of the correct emission 
in the region of interest and therefore in the estimation of 
the parameters, which is most noticeable for small ROIs. 
Furthermore, the noise in the images, and therefore in the 
TAC curves, makes the correct estimate of the parameters 
more complex, leading to a variability in the results, which 
is even more evident for those parameters that are mostly 
influenced by the last part of the curve, such as k3, k4 and, 
consequently, Ki.

On the other hand, the variability in the RI index due to 
noise is much lower (see sd values in Table 5), since inte-
grals of the TAC curves are made for its estimate (Eq. (4)).

Unfortunately, it is not possible to perform a PET scan in 
awake fasted Gottingen minipigs and the use of anesthetic 
drugs is the limitation of our in vivo study which should be 
considered in designing protocol including dynamic [18 F]
FDG PET to analyze regional brain activity. Similarly, anes-
thetics impede myocardial FDG uptake in mice [28], and 
pigs [29], however the magnitude of effects depends on the 
type of anesthetics used. Therefore, the selection of anes-
thetic agents should be seriously taken into account when 
minipigs undergo PET imaging with [18 F]FDG. Besides 
these methodological aspects, the present study shows nor-
mality values of the brain metabolic dynamic parameters in 
minipigs using kinetic models applied to a PET scanner for 
a hospital setting.

6 Conclusions

We assessed the normality values of the kinetic parameters 
characterizing glucose metabolism in the brain of fasted 
male Göttingen minipigs.

The results obtained suggest that both the 2TCi and 2TC 
model were able to describe the regional brain metabolism 
in minipigs. Although in the few studies available in the lit-
erature, metabolism has been modeled according to the irre-
versible model, the 2TC model seems to more fully describe 
the behavior of the glucose metabolism in the brain, also 
taking into account the reversibility of the phenomenon.

For healthy minipigs, glucose metabolism was similar in 
all the brain regions analyzed, with the exception of the cer-
ebellum where the FDG uptake was very low.

Our data are in accordance with a previous study show-
ing that PET radioligand activity cleared over time much 
faster in the cerebellum compared to other brain regions in 
propofol-sedated Gottingen minipigs [25]. Although propo-
fol leads to a 35% decrease in the cerebral metabolic rate of 
oxygen and a 39% decrease in cerebral blood flow [26], the 
administration of ketamine and xylazine, which are known 
to result in a lower uptake of FDG, led to a lower cerebellar 
uptake compared to other brain regions [27].

For this reason, to set normal values for the pig brain as 
a whole (i.e. as a single large region of interest), it is prefer-
able to consider only the regions with a higher metabolism, 
therefore excluding the cerebellum, as shown in Table s 3 
and 4. In fact, the Retention Index (RI) values, which show 
the best relation with biological and clinical parameters, 
were also very similar between different regions of interest, 
except for the cerebellum which showed a 51% lower RI 
than the mean value of the other regions (seeTable 5).

The comparison of the results obtained from the estima-
tion using the 2TCi model and the 2TC model (Tables 3 and 
4, respectively) shows that the average parameter values 
are almost all very similar, with the exception of K3 and 
consequently Ki. The estimated value of K3 (and therefore 
Ki) from the 2TCi model is lower than that estimated from 
the 2TC model. This may be due to the fact that in the 2TC 
model, the k4 is not null; this means that part of the FDG-
6P is transformed into FDG, but always keeping the same 
amount of FDG-6P in the tissue. However, the low values 
obtained of k4 (see Table 4) suggest that the cerebral metab-
olism is predominantly irreversible, although a small frac-
tion of the tracer converted to FDG seems present. The high 
values of standard deviation from the k4 estimation suggest 
that to obtain a more precise evaluation of this parameter, 
more experimental data need to be evaluated, possibly with 
a higher time sampling, and with less noise.

A qualitative view of the resulting parameter values from 
the two models (Figs. 3 and 4) shows whether there are 
large variations in the estimated values.

In Figs. 3 and 4, the plus symbols (+) represent outli-
ers, i.e. 1.5 * IQR (interquartile range) away from the top 
or bottom of the box. The number of outliers is not very 
high; most concern the parameter K1, for the left occipital, 
left temporal, left parietal, right and left frontal regions, and 
are shown in the results of both the 2TCi and 2TC mod-
els and regard the results of minipigs 5 and 6. Also, for k3 
there are some outliers, mainly in the 2TCi model which are 
related to minipigs 5 and 6. These outliers are again present 
in the Ki values from the 2TC model in all regions except 
for the right occipital and cerebellum. Again, these outliers 
concern minipig 5 which is evidently the most anomalous 
in the estimation of micro and macro-parameters. However, 
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