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Abstract
Molecular imaging of the 18 kD Translocator protein (TSPO) with positron emission tomogra-

phy (PET) is of great value for studying neuroinflammation in rodents longitudinally. Quantifi-

cation of the TSPO in rodents is, however, quite challenging. There is no suitable reference

region and the use of plasma-derived input is not an option for longitudinal studies. The aim

of this study was therefore to evaluate the use of the standardized uptake value (SUV) as an

outcomemeasure for TSPO imaging in rodent brain PET studies, using [11C]PBR28. In the

first part of the study, healthy maleWistar rats (n = 4) were used to determine the correlation

between the distribution volume (VT, calculated with Logan graphical analysis) and the SUV.

In the second part, healthy maleWistar rats (n = 4) and healthy male C57BL/6J mice (n = 4),

were used to determine the test-retest variability of the SUV, with a 7-day interval between

measurements. Dynamic PET scans of 63 minutes were acquired with a nanoScan PET/MRI

and nanoScan PET/CT. AnMRI scan was made for anatomical reference with each mea-

surement. The whole brain VT of [
11C]PBR28 in rats was 42.9 ± 1.7. A statistically significant

correlation (r2 = 0.96; p < 0.01) was found between the VT and the SUV. The test-retest vari-

ability in 8 brain region ranged from 8 to 20% in rats and from 7 to 23% in mice. The interclass

correlation coefficient (ICC) was acceptable to excellent for rats, but poor to acceptable for

mice. In conclusion: The SUV of [11C]PBR28 showed a high correlation with VT as well as

good test-retest variability. For future longitudinal small animal PET studies the SUV can thus

be used to describe [11C]PBR28 uptake in healthy brain tissue. Based on the present obser-

vations, further studies are needed to explore the applicability of this approach in small animal

disease models, with special regard to neuroinflammatory models.
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Introduction
Activation of microglia has been implicated in the pathophysiology of many neurological and
psychiatric diseases [1,2]. Although the presence of activated microglia has been shown in
these diseases, the cause, course and consequences of this microglia activation remain un-
known. In order to understand the role and nature of microglia activation in brain disease pro-
cesses, studies in small animals are of major importance. These studies make it possible to
explore, among others, the events that trigger the process, the on-set and progression of micro-
glia activation, differences in microglia phenotype and the mechanisms and efficacy of inter-
ventions aimed at reducing microglia activation, all of which are more difficult to study in a
clinical setting. Small animal positron emission tomography (PET) is of great value for study-
ing microglia activation in disease models in rodents, especially because the technique allows
for non-invasive assessment of longitudinal changes.

Imaging of microglia activation with PET makes use of radiolabeled ligands of the 18 kD
translocator protein (TSPO), known previously as the peripheral benzodiazepine receptor
(PBR) [3]. The TSPO is a five transmembrane protein which is located in the outer mitochon-
drial membrane and plays a crucial role in cell physiology [4,5]. In normal brain tissue the ex-
pression of TSPO is low, but with the activation of microglia the TSPO expression increases
[2]. The first radioligand that was widely used for imaging of microglia activation was [11C]
PK11195 [6]. However, this radioligand has numerous limitation [7], including a high level of
non-specific binding and a poor signal-to-noise ratio. Several other radioligands have been de-
veloped [1], of which [11C]PBR28 is a radioligand with high affinity for the TSPO and showing
a good ratio between specific and non-specific binding [8]. [11C]PBR28 was found to have a
higher specific binding than [11C]PK11195 and it has been used to show microglia activation
in animal models [8,9] and in clinical studies [10,11]. [11C]PBR28 is thus a promising radioli-
gand for imaging neuroinflammation in animal models of human neurological diseases using
small animal PET.

Whereas small animal PET is the ideal tool for longitudinal monitoring of animal models,
there are limitations when it comes to quantification of the PET data. For quantification of
PET data of radioligands for the TSPO, including [11C]PBR28, a plasma derived input function
is required which is obtained by measuring radioactivity in arterial blood. In small animals,
like rats and mice, this is a rather difficult task. The arterial cannulation and the amount of
blood samples generally require that the animal is terminated afterwards. The continuous loss
of blood during the experiment is affecting the circulating blood volume and can, consequently,
affect the calculation of the volume of distribution. Additionally, quantification cannot be done
using reference tissue modeling, which does not require arterial sampling, because there is no
suitable reference region [12]. An appropriate solution for longitudinal small animal studies
would be to use the semi-quantitative standardized uptake value (SUV) as a measure of [11C]
PBR28. The feasibility of using the SUV in rodents has not yet been investigated for [11C]
PBR28 or any of the other TSPO ligands in either healthy animals or small animal disease
models. Therefore, the aim of the present study was to evaluate the use of the SUV as the out-
come measure in [11C]PBR28 small animal PET studies in healthy rats and mice.

Materials and Methods

Animals
Eight healthy male Wistar rats (363 ± 57 g) and four healthy male C57bl/6J mice (25.0 ± 0.5g)
from Charles River Laboratories (Sulzfeld, Germany) were used for the PET measurements.
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The animals were housed in a thermo regulated (~22°C) and humidity-controlled facility
under a 12 h/12 h light/dark cycle with access to food and water ad libitum.

All animal experiments were conducted according to the appropriate Swedish regulations
with the approval of the Animal Research Ethics Committee of the Swedish Animal Welfare
Agency (Northern Stockholm Region) and were performed according to the guidelines of Kar-
olinska Institutet regarding working with experimental animals (Dnr.: N210/10).

Study design
The study was divided in two parts. In the first part arterial sampling was performed in four
rats to allow for quantification of [11C]PBR28 binding and comparison with the SUV. In the
second part four rats and four mice were used to determine the test-retest variability of the
SUV, with a 7-day interval between the scans.

Radiochemistry
[11C]PBR28 (N-acetyl-N-(2-[11C]methoxybenzyl)-2-phenoxy-5-pyridinamine) was synthe-
sized through partial modification of a previously described method [13]. In short, [11C]CH4

was released from the target and collected in a Porapak Q trap cooled with liquid nitrogen. Fol-
lowing collection the [11C]CH4 was released from the trap by heating with pressurized air and
subsequently [11C]CH4 was mixed with vapors from iodine crystals at 60°C followed by a radi-
cal reaction occurred at 720°C. After the reaction, [11C]CH3I was collected in a Porapak Q trap
at room temperature and the unreacted [11C]CH4 was recirculated for 3 min. [11C]CH3I was
released from the Porapak Q trap by heating the trap using a home-produced oven to 180°C.
[11C]methyl triflate was prepared by sweeping [11C]CH3I vapour through a heated glass col-
umn containing silver-triflate-impregnated graphitized carbon. The radiosynthesis of [11C]
PBR28 was obtained by trapping [11C]methyl triflate at room temperature in a reaction vessel
containing precursor desmethyl PBR28 (0.3–0.6mg, 0.9–1.8 μmol) and tetrabutylammonium
hydroxide (1.0 M in MeOH, 2 μL) in acetone (300μL). After the reaction, the mixture was di-
luted with 500 μL of HPLC eluent before being injected to the HPLC system to purify [11C]
PBR28. The final product was isolated and formulated in phosphate buffered saline (pH = 7.4)
containing less than 10% ethanol. The radiochemical purity was> 95% and specific activity at
time of injection was 673 ± 426 GBq/μmol (n = 8) in mice, and 2378 ± 5034 GBq/μmol (n = 8)
in the rat. The precursor and standard were supplied by PharmaSynth AS, Tartu, Estonia.

In vivo imaging with small animal PET
The animals were anesthetized with isoflurane (induction 4–5%mixed with oxygen and mainte-
nance 1.5–2%mixed with air/oxygen (50/50)) at a flow rate of 1 L/min and a cannula was in-
serted into the tail vein for the injection of [11C]PBR28. After the cannulation, the rats were
positioned into the nanoScan PET/MRI or nanoScan PET/CT (Mediso Ltd., Budapest, Hungary)
[14,15] in a transaxial position with their heads in the centre of the field of view. A bolus injec-
tion of [11C]PBR28 was given via the canula in the tail vein at start of the PET measurement.
The injection was followed by a saline flush. An emission scan of 63 minutes was acquired for all
animals. The average injected radioactivity was 23 ± 5 MBq for the rats and 9.9 ± 1.6 MBq for
the mice. The injected mass was 0.05 ± 0.03 μg (n = 8) in rats and 0.011 ± 0.011 μg (n = 8)
in mice.

The PET data was acquired in list mode and was reconstructed into 25 timeframes (4x10 s,
4x20 s, 4x60 s, 7x180 s, 6x360 s) with MLEM reconstruction (20 iterations). Image data were
not corrected for attenuation or scatter. For each animal a T1-weighted MRI scan (Isotropic
FSE sequence, TR/TE: 2000/84.1) was made for anatomical reference.
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Arterial blood sampling
Arterial blood sampling was performed during the PET scan in the first group of four rats. In
addition to the insertion of the cannula in the tail vein, another cannula was inserted into the
femoral artery. For the rats, sixteen arterial blood samples of 0.1 ml were taken for measure-
ment of radioactivity in plasma and blood using a gamma counter. Four samples of 0.5 ml
blood were taken for radiometabolite analysis at 4, 20, 40 and 60 minutes after injection.

Radiometabolite analysis
To determine the percentages of radioactivity in plasma that corresponded to unchanged [11C]
PBR28 and its radioactive metabolites, reversed-phase HPLC was used. Plasma obtained after
centrifugation of 0.5 ml blood at 2,000 g for 2–4 min was mixed with acetonitrile (0.35 ml) and
centrifuged for 4 min. The acetonitrile extraction ratio was 93.5% ± 1.8% at 4 min, 87.8% ±
0.5% at 20 min, 85.2% ± 1.1% at 40 min and 78.9% ± 2.4% at 60 min. The supernatant was
mixed with 2 ml of water and analysed using radio-HPLC. The radio-HPLC system used con-
sisted of an interface module (D-7000; Hitachi: Tokyo, Japan), a L-7100 pump (Hitachi), an in-
jector (model 7125, with a 5.0-mL loop; Rheodyne: Cotati, USA) equipped with a μ-Bondapak
C18 column (300 x 7.8 mm, 10 mm; Waters: New England, USA), and an ultraviolet absorp-
tion detector (L-7400, 254 nm; Hitachi) in series with a 150TR; Packard (housed in a shield of
50 mm thick lead) equipped with a 550 μL flow cell. Acetonitrile (A) and ammonium formate
(100 mM) (B) were used as the mobile phase at 6.0 mL/min, according to the following gradi-
ent: 0–4 min (A/B), 40:60! 80:20 v/v; 4.1–6 min(A/B), 80:20 v/v; 8 min (A/B), 40:60 v/v.
Peaks for radioactive compounds eluting from the column were integrated and their areas were
expressed as a percentage of the sum of the areas of all detected radioactive compounds (decay-
corrected to the time of injection on the HPLC).

Data Analysis
The reconstructed dynamic PET measurements were manually aligned with the corresponding
MRI scans. The MRI and PET scans were then normalized to the rat or mice brain MRI tem-
plate available in PMOD (PMOD 3.2 Zurich, Switzerland). Eight regions of interest were de-
fined using the available template in PMOD, i.e. the striatum, hippocampus, hypothalamus,
midbrain, thalamus, cerebral cortex, brainstem and cerebellum. Time-activity curves were gen-
erated for each region of interest. For all animals the regional brain uptake values were express-
ed as SUV and were calculated for 57–63 minute after injection, i.e. the last time-frame. The
time used for calculating the SUV was based on the tissue-to-plasma ratio obtained from the
first part of the study. From 15–50 minutes the tissue-to-plasma ratio is declining, and the esti-
mated equilibrium state is reached at 50–60 minutes after injection. However, it can be benefi-
cial for future studies to use a shorter scan time, i.e. to allow for scanning of more animals per
batch of [11C]PBR28 and to improve counting statistics. The SUV was therefore also calculated
for the time-frame of 39–45 minute after injection, In both cases the SUV was calculated ac-
cording to Eq 1, and it was assumed that 1 cm3 of brain tissue equals 1 g.

SUV ¼ tissue activity concentration ðBq=cm3Þ
injected dose ðBqÞ = body weight ðgÞ ð1Þ

For the first groups, the arterial samples and percentage of metabolites were used to deter-
mine the metabolite corrected plasma-input function. Two-tissue compartment modelling
(2-TCM) and Logan graphical analysis [16] were used to calculate the volume of distribution
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(VT), using the metabolite corrected plasma curve as input. For the Logan analysis data was fit-
ted from 21 minutes after injection (t� = 21 min).

For the test-retest study the test-retest variability was calculated using Eq 2.

TRV ¼ jtest value � retest valuej
ðtest value þ retest valueÞ= 2 � 100 ð2Þ

Additionally the interclass correlation coefficient (ICC) was calculated as an index of the re-
liability of the test-retest measurement using Eq 3, where MS = mean sum of squares,
BS = between-subjects, WS = within-subjects, and df = degrees of freedom. It combines the in-
formation of the difference between and within the test and retest scan. The ICC values were
interpreted as follows: 0–0.2 indicated slight agreement, 0.3–0.4 indicated fair agreement, 0.5–
0.6 indicated moderate agreement, 0.7–0.8 indicated substantial agreement, and>0.8 indicated
almost perfect agreement between the test and retest measures [17].

ICC ¼ MSBS�MSWS
MSBSþ ðdfWS �MSWSÞ ð3Þ

Statistical analysis
All data are expressed as mean ± standard deviation. Statistical analysis was performed using
PASW for Windows, version 18.0. One-way ANOVA was used for the between group compar-
isons. For statistical analysis of the time-activity curves the general linear model repeated mea-
sure was used. Correlations were analyzed by using Pearsons’s correlation coefficient.
Significance was reached when the p value was<0.05.

Results

Small animal PET of [11C]PBR28
Representative small animal PET images of a rat and mouse brain are displayed in Fig 1. The
time-activity curve of the total brain in non-sampled rats and mice (Fig 2) show that the uptake
(SUV) was maximum around 1 min after injection for both rats and mice. From around 40
minutes after injection [11C]PBR28 uptake remained relatively stable over time, although a
small decrease could still be observed. When comparing the time-activity curves between rats
and mice, [11C]PBR28 uptake seems to be higher in mice throughout the entire duration of the
scan but this did not reach statistical significance (p = 0.057). However, a statistical significant
difference in the interaction between time and the group was found (p> 0.001), showing that
the change in [11C]PBR28 uptake over time was different for rats and mice.

Regional differences in [11C]PBR28 uptake (SUV) were observed (Fig 3). In rats, the highest
uptake was observed in the cerebellum, brainstem and cerebral cortex, followed by the hypothal-
amus. Highest uptake in mice was found in the hypothalamus, followed by the brainstem, cere-
bellum and cerebral cortex. For both rats and mice the lowest uptake was found in the striatum,
hippocampus, midbrain and thalamus. When comparing [11C]PBR28 uptake between rats and
mice, a statistically significant higher uptake was found in the hypothalamus (p< 0.001) and
brainstem (p< 0.011) of mice.

Kinetic modeling of [11C]PBR28 in rats
Arterial blood sampling was performed so that a metabolite-corrected plasma input curve
could be generated. The blood and plasma time-activity curves (Fig 4A) show that uptake
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peaked around 20 seconds after injection of [11C]PBR28. Uptake in blood was found to be
higher than in plasma. On average the plasma/blood ratio of radioactivity was 0.2 at 20 seconds
after injection and gradually increased to a ratio of 1.0 at 60 minutes after injection.

Blood samples for metabolite analysis were taken at 3–4 time points: at 4, 20, 40 and 60 min-
utes (the 40 minute sample was only taken in one of the four rats) after injection of [11C]
PBR28. [11C]PBR28 was rapidly metabolized in the rats (Fig 4B). At 4 minutes after injection
40.7 ± 9.0% of the parent compound was left, meaning that about 60% was metabolized. At 20
minute after injection only 8.2 ± 2.6% of the parent compound was left, which was reduced to
3.7% (n = 1) at 40 minutes after injection and to 2.9 ± 1.5% at 60 minutes after injection.

The curve of the percentage of parent compound over time showed a two-phase decay.
2-TCM and Logan analysis (Fig 5) fitted the data for three of the four rats and one rat was

therefore excluded from the data. For 2-TCM the tissue and blood/plasma data obtained for 60
minutes was used. 2-TCM with a shorter time (i.e. 30 and 40 minutes) was explored, but re-
sulted in a higher variability in the VT (data not shown).

The total brain VT obtained from 2-TCM and Logan analysis were found to be, respectively,
47.3 and 43.1 on average. For the individual brain areas, the VT ranged from 35.8 to 63.6 for
2-TCM and from 34.4 to 54.0 for Logan analysis (Table 1). When comparing the VT values

Fig 1. Representative PET images of a rat and a mouse of the test-retest part of the study, co-
registered with the MRI scan. PET images of a representative rat and mouse are shown overlaying the
individual MRI measurements.

doi:10.1371/journal.pone.0125917.g001
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obtained from 2-TCM and Logan analysis for the eight different brain regions, a high correla-
tion was found (r2 = 0.99). A similar high correlation was found when comparing all the values
of the individual rats were taken for the eight brain regions (r2 = 0.90).

The SUV of the time-frame of 57–63 minutes was calculated for the sampled rats and it was
correlated to the VT (Fig 6). A high correlation between the average VT for eight different brain
regions and the average SUV was found; r2 = 0.92 for 2-TCM (p<0.001) and r2 = 0.94 for
Logan analysis (p<0.001). The individual correlations for each rat ranged from 0.87–0.95
(slope of 0.0099 to 0.0160) for 2-TCM and from 0.91 to 0.98 for Logan analysis (slope of
0.0148 to 0.1540). Additionally, a high correlation between the VT and the SUV was found

Fig 2. Total brain time-activity curves of [11C]PBR28 for rats andmice (SUV). The time-activity curves represent the average uptake of the eight scans
that were performed in both four rats and mice for the test-retest part of study, in which no arterial sampling was performed.

doi:10.1371/journal.pone.0125917.g002

Fig 3. [11C]PBR28 uptake (SUV) in eight different brain regions at 63 minutes after injection, for both rats andmice. The SUV values represent the
average of the eight scans that were performed in both four rats and mice for the test-retest part of study, in which no arterial sampling was performed. *
p<0.05.

doi:10.1371/journal.pone.0125917.g003
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when all the values of the individual rats were taken for the eight brain regions, instead of the
average; r2 = 0.92 for 2-TCM (p<0.001) and r2 = 0.95 for Logan analysis (p<0.001).

For 2-TCM the individual correlations between VT and SUV (n = 3 per correlation) ranged
from 0.83 to 1.00 for six out of eight brain regions, with a slope of 0.0094 to 0.0145. For the
Logan analysis the individual correlations for 6 out of 8 brain area ranged from 0.95 to 1.00,
and the slopes of the relation ranged from 0.0127 to 0.0194. For both the 2-TCM and Logan
analysis the thalamus (2-TCM, slope of 0.0064, r2 = 0.21; Logan analysis, slope of 0.0088, r2 =
0.75) and the cortex (2-TCM, slope of -0.0039, r2 = 0.15; Logan analysis, slope of -0.0011, r2 =
1.00) showed a deviant correlation.

Fig 4. Blood and plasma time activity curves (A), the percentage of [11C]PBR28 in plasma (B) and the
tissue-to-plasma ratio (C) in rats.

doi:10.1371/journal.pone.0125917.g004
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When the SUV of the time-frame of 39–45 minutes was compared to the VT obtained from
2-TCM and Logan analysis, similar correlation were found as for the time-frame of 57–63 min-
utes (data not shown). When comparing the average for the eight different regions, the rats in-
dividually or the values for all rats and the eight regions together, a high correlation between
the SUV and VT was found: r

2 = 0.91 to 0.98 for 2-TCM (p<0.001) and r2 = 0.94 to 0.99 for
Logan analysis (p<0.001). The individual correlations for six out of eight brain regions

Fig 5. Correlation between VT obtained with two-tissue compartment modeling (2-TCM) and Logan
analysis. Logan plots (A) and the correlation between VT of [

11C]PBR28 as calculated using 2-TCM and
Logan graphical analysis [16], for the averages of eight brain regions (B) and for the individual values for each
rats for the eight brain regions (C).

doi:10.1371/journal.pone.0125917.g005
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(excluding the thalamus and cortex because of the deviant correlation) ranged from 0.62 to
1.00 for 2-TCM and from 0.77 to 1.00 for Logan analysis.

Test-retest variability of the SUV in mice and rats
The test-retest variability of the SUV of the time-frame of 57–63 minutes for the eight different
brain regions in rats ranged from 7.7 ± 3.5 for the hippocampus to 20.4 ± 15.4 for the hypothal-
amus (Table 2). In mice, the test-retest variability ranged from 6.9 ± 4.7 for the hippocampus
to 23.6 ± 15.6 for the striatum. In addition to the test-retest variability the interclass correlation

Table 1. VT of [
11C]PBR28 in various brain structures in rats calculated using two-tissue compartment modelling (2-TCM) and Logan graphical

analysis [16].

VT 2-TCM (n = 3) VT Logan(n = 3)

Striatum 37.4 ± 3.8 34.5 ± 3.2

Hippocampus 41.1 ± 3.1 38.7 ± 1.6

Hypothalamus 58.3 ± 19.6 51.3 ± 13.1

Midbrain 40.9 ± 5.7 36.2 ± 5.0

Thalamus 35.8 ± 1.9 34.2 ± 2.7

Cerebral cortex 45.3 ± 1.4 41.5 ± 1.3

Brainstem 56.7 ± 8.8 49.7 ± 4.2

Cerebellum 63.6 ± 6.7 54.0 ± 1.9

doi:10.1371/journal.pone.0125917.t001

Fig 6. Correlation between VT and SUV of [11C]PBR28 in rats.Correlation between VT of [11C]PBR28 as calculated using two-tissue compartment
modeling (2-TCM) (A+B) and Logan graphical analysis (C+D) [16], and the SUV of [11C]PBR28, for the averages of eight brain regions (A+C) and for the
individual values for each rats for the eight brain regions (B+D).

doi:10.1371/journal.pone.0125917.g006
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coefficient (ICC) was calculated (Table 2). For rats the ICC was lowest for the brainstem (0.58)
and highest for the hippocampus (0.88). The ICC for mice was found to be lower than for rats,
and was lowest for the hypothalamus (0.01) and highest for the hippocampus (0.61). For the
mouse striatum and cerebral cortex the ICC could not be determined due to violation of as-
sumptions, i.e. a negative average covariance among the test and retest scan.

For the SUV of the time-frame of 39–45 the test-retest variability was comparable to the
time-frame of 57–63: for rats it ranged from 12.2 ± 7.9 to 22.0 ± 3.6 and for mice from 8.6 ± 6.9
to 19.6 ± 14.5. The ICC values for rats were found to be comparable to the time-frame of 57–63
(0.59 to 0.82), but for mice the values were found to be higher (0.28 to 0.63).

Discussion
The present study have demonstrated that SUV is a reliable outcome measure for [11C]PBR28
in rats. The SUV showed a high and statistical significant correlation with the VT obtained
with 2-TCM and Logan analysis. The test-retest variability was similar for rats and mice, and
showed a good reproducibility.

For practical reasons, the use of the SUV as an outcome measure in small animal studies
using TSPO ligands is preferred over quantification, as it does not require blood sampling.
Blood sampling in rodents limits performing longitudinal studies, as the blood sampling proce-
dure generally requires termination of the rodent after the scan. Especially in studies on TSPO
expression in neuroinflammation, there is a need to perform longitudinal experiments to assess
disease progression and the efficacy of treatment. But to determine whether the SUV can be
used as an outcome measure, it has to be compared to quantitative outcome measures, such as
the volume of distribution (VT) or the binding potential (BPND). For clinical studies with [11C]
PBR28 the two-tissue compartment model is generally used for calculation of the VT and
BPND. In a first study on TSPO quantification in rats with cerebral ischemia, Imaizumi et al.
[9] showed that the VT was well identified with the two-tissue compartment model. We there-
fore also selected the VT as the outcome measure for quantification in the present study and
calculated the VT with the 2-TCM and Logan graphical analysis [16]. There was a high correla-
tion between the VT’s obtained with 2-TCM and Logan analysis, showing the feasibility of both
methods in rats. The values for VT were found to be higher than those reported by Imaizumi
et al. [9]. They reported a VT value of 13.5–21.5 for the striatum at the non-ischemic side after
a bolus injection of 6 minutes. Although the values for the striatum were found to differ be-
tween both studies, they are both higher than VT values reported in human studies [18]. The

Table 2. Test-retest variability (TRV) and interclass correlation coefficient (ICC) of [11C]PBR28 for rats andmice that were scanned twice, with an
interval of 7-days.

Rats Mice

TRV ICC TRV ICC

Striatum 13.6 ± 4.8 0.69 23.6 ± 15.6 ND

Hippocampus 7.7 ± 3.5 0.88 6.9 ± 4.7 0.32

Hypothalamus 20.4 ± 15.4 0.59 23.0 ± 17.6 0.01

Midbrain 12.3 ± 15.8 0.86 15.1 ± 6.3 0.02

Thalamus 13.7 ± 9.2 0.71 7.6 ± 4.6 0.71

Cerebral cortex 16.7 ± 9.2 0.81 13.4 ± 11.6 ND

Brainstem 17.7 ± 7.8 0.58 13.2 ± 9.1 0.31

Cerebellum 11.5 ± 7.4 0.72 13.7 ± 6.4 0.29

doi:10.1371/journal.pone.0125917.t002
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high values for VT are related to the low plasma availability of [11C]PBR28 at the estimated
equilibrium. The low plasma availability and the assumed low binding to TSPO in healthy rats
together suggest that the high VT is mainly explained by high non-specific binding in brain tis-
sue. This could hamper the detection of small increases in TSPO expression in disease models.
Currently the number of small animal studies with [11C]PBR28 are limited and this therefore
remains to be investigated.

The high correlation between the VT and SUV in the present study is consistent with the
findings of a high correlation between the VT and SUV of [11C]PBR28 in baboons [19]. How-
ever, they found that the slope of the relation between VT and SUV showed a high variation
across different PET measurements. Additionally, the correlation decreased when the VT in-
creased as a consequence of LPS injection (i.e. inducing neuroinflammation) because the SUV
remained static. In our study in rats we have found that the slope of the relation between VT

and SUV was consistent amongst the three rats and amongst brain regions. We have not in-
cluded a disease model with increased TSPO expression in our study, but based on previous
findings on the use of SUV for TSPO ligands it is expected that there will be an increase in the
SUV in neuroinflammation [20] rather than the SUV remaining static as reported by Yoder
et al. [19]. If the correlation with the VT will be similarly high in a disease model as in control
rats remains to be investigated.

For the comparison with the VT and SUV it has to be taken into account that the SUV ob-
tained from the rats of which blood samples were taken during the scan, can be affected by the
large amount of blood (about 13%) taken for the determination of the blood- and plasma-
input curves and radiometabolites. Indeed, the SUV of the sampled rats was about 30% higher
(data not shown) than the SUV of the non-sampled rats from the test-retest study. A higher
SUV in sampled rats is in contrast to what was expected. Because of the blood samples taken
the amount of blood, and thus the amount of available [11C]PBR28, is reduced, which should
result in a lower SUV. The higher SUV could perhaps be explained by lower plasma protein
binding in the sampled rats and/or a higher release from peripheral tissue.

Ideally a comparison between VT and SUV should also be obtained for mice. However, sam-
pling in mice is challenging due to practical limitations. An average weight mouse has around
1.5 ml total blood and from that only a very small amount (i.e. less than 0.15 mL) could be
taken due to ethical regulations on one occasion. This means that about 10 μL per sample
could only be taken to have sufficient time points and it would not be possible to also obtain
measurements of activity in plasma. To perform metabolite analysis as well a separate group of
mice should then be included and an average metabolite curve of those should then be used
during the data analysis. This can induce variations, hampering the proper comparison be-
tween the VT and SUV.

When comparing the SUV of [11C]PBR28 between rats and mice, significantly higher SUV
was found in the hypothalamus and brainstem of mice. This could be due to species differences
in the regional expression of TSPO in rats and mice, but can also be attributed to the limited
spatial resolution for the small animal PET system. Spill-over from regions with high uptake
outside the brain could affect the SUV of brain regions. Regions which are located at the base
of the skull, like hypothalamus and brainstem, are more prone to partial volume effects (PVE).
This effect is larger in mice than in rats as the brain is much smaller, while the resolution of
PET is unchanged. Despite of the difference in the hypothalamus and brainstem uptake be-
tween mice and rats, the distribution of SUV across brain regions is similar.

For both rats and mice the test-retest variability was good, as for most of the brain regions
the test-retest variability was lower than the variability between subjects (i.e. than the relative
standard deviation). For the rats the ICC values indicated moderate (2 of the 8 brain regions),
substantial (3 of the 8 brain regions) or excellent (3 of the 8 brain regions) agreement, showing
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that in rats the reliability of the test-retest measurement was good. For the mice the ICC values
indicated substantial agreement for the thalamus and a fair or slight agreement for the other
brain regions, showing a poor reliability of the test-retest measurement. As the test-retest vari-
ability of the mice was good, the low ICC values are related to the larger variability between
subjects.

In conclusion, we have shown that SUV can be used as an outcome measure in longitudinal
[11C]PBR28 PET studies in healthy rodents. The next step is to determine the reliability of the
SUV in rodents with neuroinflammation.
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