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11C-PBR28 is a second-generation translocator protein (TSPO) tracer
with characteristics supposedly superior to the most commonly used

tracer for neuroinflammation, (R)-11C-PK11195. Despite its use in clin-

ical research, no studies on the imaging properties and pharmacoki-

netic analysis of 11C-PBR28 in rodent models of neuroinflammation
have been published yet. Therefore, this study aimed to evaluate 11C-

PBR28 as a tool for detection and quantification of neuroinflammation

in preclinical research and to compare its imaging properties with
(R)-11C-PK11195. The herpes simplex encephalitis (HSE) model was

used for induction of neuroinflammation in male Wistar rats. Six or 7 d

after virus inoculation, a dynamic 11C-PBR28 or (R)-11C-PK11195 PET

scan with arterial blood sampling was obtained. Pharmacokinetic
modeling was performed on the PET data and analyzed using volumes

of interest and a voxel-based approach. Volume-of-interest– and

voxel-based analysis of 11C-PBR28 images showed overexpression of

TSPO in brain regions known to be affected in the HSE rat model.
11C-PBR28 was metabolized faster than (R)-11C-PK11195, with a

metabolic half-life in plasma of 5 and 21 min, respectively. Overall,
11C-PBR28 was more sensitive than (R)-11C-PK11195 in detecting
neuroinflammation. The binding potential (BPND) of 11C-PBR28 was

significantly higher (P , 0.05) in the medulla (176%), pons (146%),

midbrain (101%), hippocampus (85%), thalamus (73%), cerebellum

(54%), and hypothalamus (49%) in HSE rats than in control rats,
whereas (R)-11C-PK11195 showed a higher BPND only in the medulla

(32%). The BPND in control animals was not significantly different be-

tween tracers, suggesting that the nonspecific binding of both tracers is

similar. 11C-PBR28 was more sensitive than (R)-11C-PK11195 in the
detection of TSPO overexpression in the HSE rat model, because more

brain regions with significantly increased tracer uptake could be found,

irrespective of the data analysis method used. These results suggest
that 11C-PBR28 should be able to detect more subtle changes in

microglial activation in preclinical models of neuroinflammation.
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Microglia are the resident macrophages of the central ner-
vous system (1). These immune cells are activated by inflammatory

stimuli, such as pathogens or neuronal damage, and initiate a cascade

of inflammatory responses. When microglia are activated, the expression

of the 18-kDa translocator protein (TSPO) (2) on the outer mitochon-

drial membrane is increased. This increase in TSPO expression is also

observed in infiltrating macrophages and activated astrocytes, cell types

that both participate in the neuroinflammatory response. Under normal

conditions TSPO expression in the brain is low. Therefore, TSPO over-

expression can be used as a neuroinflammatory biomarker, which can be

measured with noninvasive imaging techniques such as PET (3).
The oldest and most commonly used PET tracer for the detection of

neuroinflammation is the TSPO ligand (R)-11C-PK11195, which has
been used in clinical and preclinical studies of various diseases and to
evaluate new treatment strategies. However, this PET tracer has some
limitations, including a low signal-to-noise ratio, poor bioavailability in
brain tissue, high nonspecific binding, high variability in the pharma-
cokinetics and metabolism between subjects, high binding to plasma
proteins, and low sensitivity to visualize mild inflammation (4–6).
To overcome some of the drawbacks associated with (R)-11C-

PK11195, second-generation TSPO PET tracers such as 11C-PBR28
have now been applied in clinical studies. 11C-PBR28 has better in-
trinsic characteristics for a PET tracer than (R)-11C-PK11195, such as
a higher affinity (Ki 5 0.2 vs. 0.8 nM) and lower lipophilicity
(LogD 5 3.01 6 0.11 vs. 3.95 6 0.18) (7). Consequently,
11C-PBR28 shows a higher TSPO-specific signal, which is beneficial
for the follow-up of treatment strategies and the detection of mild
neuroinflammation. Despite its superior imaging characteristics, 11C-
PBR28 is still not the ideal TSPO tracer because of its sensitivity to
the genotype of a single nucleotide polymorphism in the human TSPO
gene (rs6971), with allele frequency of about 30% in Caucasians (8).
Other second-generation high-affinity TSPO ligands, such as 18F-
FEPPA (9), 18F-PBR06, 18F-PBR111, 18F-DPA-714, 11C-DPA-113, and
11C-DAA1106 (10–12), are also to some extent sensitive to this poly-
morphism, which is a major limitation for their use in clinical studies.
To our knowledge, there are no studies that have demonstrated

the presence of TSPO polymorphism in rodents. Therefore, 11C-
PBR28 could be an attractive PET tracer for preclinical imaging
studies in animal models of neuroinflammation. However, only 2
studies have evaluated 11C-PBR28 for PET imaging of neuroinflam-
mation in rodent models (13,14). None of those studies compared
the 11C-PBR28 imaging results with those of (R)-11C-PK11195.
The aim of the present study was to evaluate 11C-PBR28 as a

TSPO PET tracer for preclinical imaging in the herpes simplex
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encephalitis (HSE) model (15). In this rat model, neuroinflamma-
tion is caused by intranasal inoculation of the herpes simplex virus
type 1 (HSV-1) (15,16) and does not require a surgical procedure
that could damage the integrity of the blood–brain barrier. The in
vivo pharmacokinetics and metabolism of 11C-PBR28 were inves-
tigated and compared with (R)-11C-PK11195.

MATERIALS AND METHODS

Rats

Male outbred Wistar-Unilever rats (age, 6–8 wk; weight, 2996 25 g)

were obtained from Harlan. The rats were allowed to acclimatize for at
least 7 d before the start of the experiment. Rats were housed individ-

ually in Makrolon cages, containing a layer of wood shavings. The room
was kept on constant temperature (21 6 2�C) with a 12–12 h light–dark

regimen. Water and commercial chow were available ad libitum.
All animal experiments were performed according to the Dutch Law for

Animal Welfare and were approved by the Institutional Animal Care and
Use Committee of the University of Groningen (DEC 6264A and 6264C).

Animal Model

An HSV-1 strain was obtained from a clinical isolate, cultured in Vero
cells, and assayed for plaque-forming units per milliliter. Rats were

slightly anesthetized with 5% isoflurane mixed with medical air, and
50 mL of phosphate-buffered saline containing 1 · 107 plaque-forming

units of HSV-1 were pipetted into each nostril (15). The same procedure
was applied to control rats using phosphate-buffered saline without the

virus. Clinical symptoms were scored daily by the same observer.

Study Design

Rats were randomly divided in the control group (n 5 6) and HSE

group (n 5 6). 11C-PBR28 PET scans with arterial blood sampling
were obtained on day 6 or 7 after inoculation. The (R)-11C-PK11195

PET data were acquired in a previous study using identical methods
(16) but completely reanalyzed for this study.

Tracer Synthesis
11C-PBR28 was synthesized following a previously described proce-

dure (17), with slight modifications. The precursor was dissolved in 300 mL

of dimethyl-sulfoxide instead of acetonitrile, and 10 mg of potassium
hydroxide were used as base instead of sodium hydride. The use of

potassium hydroxide required the addition of 200 mL of 0.1 M hydro-
chloric acid after the reaction for neutralization. A filtration step was

added before high-performance liquid chromatography purification. The
final product (pH 6.5–7) was obtained in 39% 6 6% radiochemical

yield (corrected for decay), with a radiochemical purity of 100% and
a specific activity of 196 6 35 GBq/mmol.

PET Imaging with Arterial Blood Sampling

Rats were anesthetized with isoflurane in medical air (5% for induction,
2%–3% for maintenance). A cannula was placed in the femoral artery for

blood sampling, and another was inserted in the femoral vein for tracer
injection. The rats were placed into the PET camera (Focus 220; Siemens

Medical Solutions Inc.) with their head in the field of view. Body tem-
perature was maintained with heating pads, and heart rate and oxygen

saturation were monitored during the scan. A transmission scan was
acquired using a 57Co point source for attenuation and scatter correction.
11C-PBR28 (68 6 21 MBq; 0.67 6 0.11 nmol) was injected over 1 min,
using an automatic pump at a speed of 1 mL/min, and a 91-min dynamic

PET scan was acquired.
During the first 60 min of the scan, 16 blood samples of 0.1 mL were

taken at 10, 20, 30, 40, 50, 60, 90, 120, 180, 300, 450, 600, 900, 1,800,
2,700, and 3,600 s after tracer injection. After collection of the blood

samples, the same volume of heparinized saline was injected to prevent
large changes in blood pressure. A 25-mL aliquot of whole blood was

taken from each sample for radioactivity measurement (whole-blood
curve). The remainder of the sample was centrifuged at 13,000 rpm

(16,000g) for 8 min, and 25 mL of plasma were taken for radioactivity

measurement. The radioactivity in blood and plasma was measured
with a g-counter (LKB-Wallac) and corrected for decay.

Tracer Displacement

Displacement of 11C-PBR28 was evaluated by administration of an

excess of PK11195 during the PET scan. Thus, unlabeled PK11195

(5 mg/kg) in 200 mL of dimethyl-sulfoxide was intravenously injected over
a period of 1 min via the venous cannula at 61 min after tracer injection. PET

acquisition was continued for another 30 min without blood sampling.

Metabolite Analysis

The percentage of intact tracer in plasma was measured for blood
samples (0.6 mL) collected at 3, 5, 7.5, 10, 15, 30, 45, or 60 min after tracer

injection. Two or 3 samples were collected from each animal. Immediately
after collection, the blood samples were placed on ice to inhibit tracer

metabolism (18). Centrifugation and collection of the plasma sample were
performed as described above. Plasma was diluted and mixed with an equal

volume of acetonitrile. The samples were centrifuged for 3 min at 5,300 rpm
(3,000g). The supernatant was filtered through a Millipore Millex-HV filter

(4 mm; pore size, 0.45 mm) and analyzed by high-performance liquid chro-
matography using an Alltima RP-C18 column (5 mm, 10 · 250 mm) and a

mobile phase consisting of acetonitrile/water (50/50) at a flow of 5 mL/min.
Fractions of 30 s were collected and measured in the g-counter.

The metabolite data of all animals were grouped to generate a single
population curve, because no statistical difference in tracer metabolism

and in parent fraction of each tracer between the groups was found. The

data points of the percentage of intact tracer versus time were fitted with
a 1-phase exponential function. The individual plasma radioactivity

values were corrected for the percentage of intact tracer and used
together with the whole blood for pharmacokinetic analysis.

PET Image Reconstruction and Preparation

The list-mode data from the first 60 min of the emission scan were

reconstructed into 21 frames (6 · 10, 4 · 30, 2 · 60, 1 · 120, 1 · 180,
4 · 300, and 3 · 600 s). For the displacement study, the last 31 min of

the PET scan were reconstructed into 19 frames (1 · 60, 6 · 10, 4 ·
30, 2 · 60, 1 · 120, 1 · 180, and 4 · 300 s). Emission sinograms were

iteratively reconstructed (2-dimensional ordered-subset expectation
maximization, 4 iterations and 16 subsets) after being normalized

and corrected for attenuation and decay of radioactivity.
PET images were analyzed using PMOD 3.5 software (PMOD

Technologies Ltd.). The scans were automatically registered to tracer-
specific PET templates (19). Volumes of interest (VOIs) of several brain

regions were constructed on the basis of previously defined structures (19).

The brain radioactivity concentration was calculated from the VOIs to gen-
erate time–activity curves and expressed as SUVs: (tissue activity concen-

tration [MBq/g] · body weight [g])/(injected dose [MBq]). The 50- to 60-
min time frame was used for VOI- and voxel-based statistical analysis (20).

Pharmacokinetic Analysis

Pharmacokinetic modeling analysis was performed in PMOD, using the
whole-blood and metabolite-corrected plasma curves as input functions.

Visual inspection showed a better fit for Logan graphical analysis, con-
firming the reversible behavior of the tracer (21), using a t* of 15 min, and

the Logan analysis was used to calculate the distribution volume (VT). In
addition, the reversible 2-tissue-compartment model (2TCM) was calcu-

lated with the equation

dC1ðtÞ
dt

5 K1CpðtÞ 2 ðk2 1 k3ÞC1ðtÞ1 k4C2ðtÞ
dC2ðtÞ
dt

5 k3C1ðtÞ 2 k4C2ðtÞ;

where Cp, C1, and C2 represent the tracer concentration in plasma and

tissue compartments 1 and 2, respectively. A fixed blood volume of
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3.6% (22) was used for the calculation, and VT and nondisplaceable
binding potential (BPND calculated as k3/k4) were obtained (23).

Statistical Analysis

Results are presented as mean6 SD. Statistical analysis was performed

using IBM SPSS Statistics 20. Differences between groups were analyzed
by independent-sample t tests and considered to be significant with a P

value of less than 0.05, without correction for multiple comparisons.
Voxel-based analysis was performed using SPM12 (Wellcome Trust

Centre for Neuroimaging) and SAMIT toolbox (19). Images were
smoothed with a 1.2-mm isotropic gaussian kernel. Statistical analysis

was performed using a 2-sample t test design (control vs. HSE) without
global normalization. For evaluation of group differences, T-map data

were interrogated at a P value of less than 0.005 (uncorrected) and an
extent threshold of 200 voxels. Only those clusters with a P value of less

than 0.05 corrected for familywise error were considered significant.
The magnitude of difference between groups was assessed using the

Cohen’s d effect size index, calculated for VOI analysis as

d 5 ðmean   HSE 2 mean    controlÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSD   HSE2 1SD    control2Þ=2

q

and for voxel-based analysis as d 5 ð2T 2 valueÞ= ffiffiffiffiffi
df

p
.

RESULTS

VOI-Based Analysis

The uptake of 11C-PBR28 in several brain
regions of HSE rats corresponded with the
distribution pattern of the viral infection
(Fig. 1) (15). VOI-based analysis showed sig-
nificantly higher whole-brain 11C-PBR28 up-
take in HSE rats than in control rats (144%,
P 5 0.032, Table 1). Analysis of individual
brain regions revealed an increased uptake of
11C-PBR28 in the pons (1150%, P5 0.016),
medulla (1144%, P 5 0.015), and hypothal-
amus (144%, P 5 0.034).

Voxel-Based Analysis

Voxel-based analysis showed a large cluster
with a significantly higher 11C-PBR28 uptake

in the HSE group than in the control group (Fig. 2; Table 2). This
cluster included bilaterally the pons, medulla, midbrain, hippocam-
pus, cerebellum, and hypothalamus.

Displacement

The time–activity curves of the medulla and frontal cortex are
shown in Figure 3, representing an infected and a noninfected
brain region, respectively. Injection of 5 mg/kg of PK11195 at
60 min caused an initial increase in tracer uptake in all brain
regions due to the release of 11C-PBR28 from peripheral organs
with TSPO expression, such as lungs, heart, glands, and blood
vessels (15). 11C-PBR28 uptake in the medulla of HSE rats
was significantly lower 10 min after PK11195 injection than just
before displacement (51% and 68% at 10 and 30 min after dis-
placement, respectively, P , 0.05). No significant reduction in
11C-PBR28 uptake in the medulla of control rats was observed.
Moreover, injection of PK11195 did not significantly reduce
11C-PBR28 uptake in the frontal cortex of HSE or control rats.

TABLE 1
11C-PBR28 Uptake (50–60 Minutes), Expressed as SUV

(Mean ± SD), Obtained by PET Imaging of Control and HSE
Groups

Brain region Control HSE d

Amygdala 0.45 ± 0.08 0.56 ± 0.10

Cerebellum 0.64 ± 0.11 0.98 ± 0.37

Frontal cortex 0.53 ± 0.05 0.73 ± 0.24

Hippocampus 0.42 ± 0.06 0.56 ± 0.14

Hypothalamus 0.42 ± 0.10 0.61 ± 0.14* 1.56

Medulla 0.64 ± 0.11 1.56 ± 0.52* 2.45

Midbrain 0.44 ± 0.06 0.76 ± 0.30

Pons 0.50 ± 0.11 1.25 ± 0.44* 2.34

Septum 0.47 ± 0.05 0.53 ± 0.08

Striatum 0.38 ± 0.06 0.43 ± 0.08

Thalamus 0.41 ± 0.04 0.54 ± 0.13

Whole brain 0.52 ± 0.07 0.75 ± 0.17* 1.77

*P , 0.05.

d 5 Cohen’s effect size.

FIGURE 1. Transaxial 11C-PBR28 (A) and (R)-11C-PK11195 (B) PET

images (30–60 min) of head of control rat and HSE rat. Arrow shows

increased uptake in region of pons and medulla.

FIGURE 2. 11C-PBR28 voxel-based analysis results displayed as glass brain (A), showing areas

with significantly higher uptake in HSE group than in control group (B) (P , 0.05 familywise error

corrected at cluster level).
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Tracer Metabolism

Metabolite analysis revealed that 11C-PBR28 was metabolized
faster than (R)-11C-PK11195 (Fig. 4), with 50% of plasma radio-
activity consisting of metabolites at 5 and 21 min after injection of
11C-PBR28 and (R)-11C-PK11195, respectively. The whole-blood
and metabolite-corrected plasma curves showed that 11C-PBR28
presented higher whole blood, but substantially lower plasma ac-
tivity, after correction for metabolites than (R)-11C-PK11195.

Kinetic Modeling

For both 11C-PBR28 and (R)-11C-PK11195, the VT obtained
from the 2TCM showed an excellent correlation (r2 5 0.95 and
0.98, respectively; P , 0.001), with the VT obtained from Logan
graphical analysis (Fig. 5). VT values of 11C-PBR28 were approx-
imately 5-fold higher than those of (R)-11C-PK11195, irrespective
of the group or brain area.
Because 11C-PBR28 and (R)-11C-PK11195 are receptor tracers,

BPND was chosen as the main outcome parameter. No statistical
differences were found between the BPND of 11C-PBR28 and
(R)-11C-PK11195 in any brain regions of control rats. For both

tracers, whole-brain BPND was significantly higher in HSE rats
than in controls (Table 3). The BPND of 11C-PBR28 was signifi-
cantly higher in several brain regions of HSE rats than in control
rats, in particular in the medulla (1176%, P , 0.001), pons
(1146%, P , 0.001), midbrain (1101, P 5 0.001), hippocampus
(85%, P , 0.05), thalamus (173%, P , 0.05), cerebellum
(154%, P , 0.05), and hypothalamus (149%, P , 0.05). In
contrast, (R)-11C-PK11195 showed a significantly higher BPND

only in the medulla (132%, P , 0.01) of HSE rats as compared
with controls.

Correlation Between Tracer Uptake Parameters

To assess whether a simplified procedure without blood
sampling could be applied to quantify tracer uptake, the SUVs of
11C-PBR28 and (R)-11C-PK11195 in different brain regions were
correlated with the VT and BPND obtained from Logan and 2TCM
kinetic analysis, respectively (Fig. 6). The SUVs of 11C-PBR28
showed a moderate correlation (r2 5 0.463, P , 0.001) with
BPND values. In contrast, a strong correlation was found between
the SUV and VT of 11C-PBR28 (r2 5 0.87, P , 0.001). For
(R)-11C-PK11195, only modest correlations were found between
the SUV and the BPND (r2 5 0.133, P , 0.001) and between the
SUV and the VT (r2 5 0.143, P , 0.001).

DISCUSSION

11C-PBR28 is a second-generation PET tracer for TSPO imaging
that has already been applied in clinical studies but surprisingly
has not been fully evaluated in a rodent model of neuroinflammation
yet. In this study, the performance of 11C-PBR28 for the preclin-
ical imaging of neuroinflammation was evaluated with the HSE
model, with (R)-11C-PK11195 tracer used for comparison pur-
poses. In the HSE model, nasal infection with HSV-1 induces
strong activation of microglia 6–7 d after infection, in particular
in the pons and medulla (15,16,24). 11C-PBR28 was able to detect
the activation of microglia in more brain regions and proved to
be more sensitive than (R)-11C-PK11195. This difference be-
tween tracers might be due to the higher affinity of 11C-PBR28

for TSPO than (R)-11C-PK11195. VOI-based
analysis of predefined brain regions demon-
strated an increased 11C-PBR28 uptake in the
medulla, pons, and hippocampus in HSE
rats when compared with controls. The en-
hanced 11C-PBR28 uptake in these brain
regions could be displaced by administration
of PK11195 (5 mg/kg), resulting in tracer
concentrations that were comparable to con-
trols. This demonstrates that the increased
uptake of 11C-PBR28 in the infected brain
areas represents increased specific binding
to TSPO and is not solely due to other in-
flammatory phenomena, such as increased
cerebral blood flow (13).
Voxel-based analysis, compared with

VOI-based, has the capacity to identify
affected brain region not limited to pre-
defined regions. In this study, voxel-based
analysis showed more brain regions with
increased 11C-PBR28 uptake than VOI-
based analysis. Besides the medulla, pons,
and hypothalamus, significantly increased
11C-PBR28 uptake was found in the midbrain,

TABLE 2
Brain Regions Showing Increased 11C-PBR28 Uptake in

Voxel-Based Analysis

Brain region No. of voxels T value (mean ± SD) d

Medulla 6,886 4.58 ± 0.81 3.05

Pons 5,241 4.46 ± 0.80 2.97

Midbrain 2,485 3.76 ± 0.42 2.51

Hippocampus 1,041 3.83 ± 0.49 2.55

Cerebellum 886 3.55 ± 0.26 2.37

Hypothalamus 623 3.65 ± 0.33 2.43

d 5 Cohen’s effect size.

FIGURE 3. 11C-PBR28 time–activity curves of medulla and frontal cortex from HSE and control

groups. Rats were injected with PK11195 60 (5 mg/kg) min after tracer injection to displace bound

tracer from TSPO. Ctrl 5 control.
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hippocampus, and cerebellum. These results indicate that voxel-
based analysis is a more sensitive method to detect focal neuro-

inflammation.
For the pharmacokinetic modeling, blood sampling and metab-

olite analysis were performed for both tracers. 11C-PBR28 proved

to be metabolized substantially faster than (R)-11C-PK11195.

However, only polar metabolites of 11C-PBR28 were formed

and these radioactive metabolites practically do not enter the

brain, as demonstrated by Briard et al. (7). At 30 min after in-

jection, 97.6% of the radioactivity in the brain consisted of intact

tracer, with the small percentage of metabolites in the brain

likely originating from the blood compartment. Interestingly,

the activity of 11C-PBR28 in plasma is much lower than in whole

blood. This might be explained by the presence of TSPO recep-

tors in red blood cells, which can bind the tracer. This binding

seems to be more important for the second-generation TSPO

FIGURE 4. Percentage of metabolites present in plasma (A) and whole blood (B), and metabolite-corrected plasma curves (C) of 11C-PBR28 and

(R)-11C-PK11195.

FIGURE 5. Correlation of VT of individual brain regions determined by 2TCM

and Logan graphical analysis for 11C-PBR28 (A) and (R)-11C-PK11195 (B).

TABLE 3
11C-PBR28 and (R)-11C-PK11195 Binding Potential (Mean ± SD) of Control and HSE Rats

11C-PBR28 (R)-11C-PK11195

Brain region Control HSE d Control HSE d

Amygdala 1.24 ± 0.12 2.03 ± 0.48* 2.3 1.67 ± 0.35 1.84 ± 0.54

Cerebellum 1.94 ± 0.34 3.00 ± 0.70* 1.9 2.10 ± 0.53 2.09 ± 0.57

Cortex frontal 1.55 ± 0.45 2.61 ± 0.93 1.90 ± 0.61 2.01 ± 0.59

Hippocampus 1.08 ± 0.26 2.00 ± 0.63† 1.9 1.42 ± 0.30 1.83 ± 0.63

Hypothalamus 1.12 ± 0.27 1.69 ± 0.34* 1.9 1.63 ± 0.35 1.42 ± 0.50

Medulla 1.43 ± 0.26 3.95 ± 0.55‡ 5.9 1.74 ± 0.30 2.30 ± 0.25† 2.0

Midbrain 1.12 ± 0.27 2.26 ± 0.52‡ 2.8 1.62 ± 0.60 2.20 ± 0.81

Pons 1.30 ± 0.42 3.19 ± 0.42‡ 5.0 1.88 ± 0.45 2.05 ± 0.66

Septum 1.19 ± 0.42 1.87 ± 0.55 1.67 ± 0.35 1.49 ± 0.57

Striatum 1.04 ± 0.24 1.87 ± 0.55 1.22 ± 0.29 1.30 ± 0.53

Thalamus 1.05 ± 0.24 1.81 ± 0.60* 1.7 1.29 ± 0.30 1.68 ± 0.43

Whole brain 1.53 ± 0.36 2.63 ± 0.47† 2.6 1.48 ± 0.33 1.73 ± 0.60

*P , 0.05.
†P , 0.01.
‡P , 0.001.

d 5Cohen’s effect size.
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tracers with higher affinity for TSPO (e.g., 11C-PBR28) than for
(R)-11C-PK11195 (25).
The 2TCM is considered the most suitable model for

pharmacokinetic analysis of the receptor ligands 11C-PBR28
(26) and (R)-11C-PK11195 (27). BPND was used as the main
outcome because it represents the specific binding of the tracer
to the TSPO receptor. 11C-PBR28 was able to detect a statisti-
cally significant increase in BPND in affected brain regions,
such as the medulla, pons, cerebellum, midbrain, thalamus,
hippocampus, and hypothalamus. In contrast, the BPND of
(R)-11C-PK11195 was significantly increased only in the me-
dulla of HSE rats. Comparison of the BPND of both tracers in
control animals showed no significant difference, suggesting
that binding of both tracers under normal physiologic condi-
tions is similar (16). VT values of 11C-PBR28 calculated by
Logan analysis and 2TCM were highly correlated but seem less
suitable as outcome parameters because of their high intersubject
variability (Supplemental Table 1; Supplemental Fig. 1 [supple-
mental materials are available at http://jnm.snmjournals.org])
(14,28), which may be attributed to variations in the K1/k2
(perfusion may be altered in neuroinflammatory processes) or
to variations in plasma availability of 11C-PBR28 (20). Conse-
quently, VT comparison between groups was not performed in
the current study. A possible limitation of the current study is
the lack of measurement of the plasma free fraction (fP). How-
ever, previously high variability in fP was found (25%–35%)
(29), increasing the intersubject variability in VT. Consequently,
the added error by including fP was greater than the correction
it represented.

To simplify the imaging procedure while retaining reliable
quantitative information, the VT and BPND values were correlated
with SUVs, which can easily be obtained without blood sampling.
SUVs of 11C-PBR28 showed a moderate correlation with BPND

but are strongly correlated with VT. This can be explained by the
fact that SUV and VT can both be influenced by different factors
(e.g., the delivery of the tracer or the cerebral blood flow), whereas
BPND is only dependent on specific receptor binding and its release.
Therefore, SUVs might better reflect the total VT than the binding
potential for 11C-PBR28. For (R)-11C-PK11195, the SUV showed a
poor correlation with both BPND and VT.

CONCLUSION

The present study demonstrated that 11C-PBR28 was able to
detect TSPO overexpression in the encephalitic rat brain model.
The most sensitive analysis methods to detect infected brain
areas were either voxel-based analysis of static scans or the
assessment of BPND by full pharmacokinetic analysis of dynamic
PET data. 11C-PBR28 has a better sensitivity toward areas with
overexpression of TSPO than (R)-11C-PK11195. 11C-PBR28 not
only detected more brain regions with neuroinflammation, but
also showed a larger increase in BPND in infected areas than
(R)-11C-PK11195. A higher sensitivity for detection of TSPO
overexpression implies that milder neuroinflammation and
smaller changes might be better detected; therefore, disease
processes and novel treatment strategies could be better moni-
tored in preclinical models.
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