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Abstract
Objective To evaluate the reproducibility of cerebral adenosine  A2A receptor  (A2AR) quantification using  [11C]preladenant 
 ([11C]PLN) and PET in a test–retest study.
Methods Eight healthy male volunteers were enrolled. Dynamic 90 min PET scans were performed twice at the same time 
of the day to avoid the effect of diurnal variation. Subjects refrained from caffeine from 12 h prior to scanning, and serum 
caffeine was measured before radioligand injection. Arterial blood was sampled repeatedly during scanning and the frac-
tion of the parent compound in plasma was determined. Total distribution volume (VT) was estimated using 1- and 2-tissue 
compartment models (1-TCM and 2-TCM, respectively) and Logan graphical analysis (Logan plot) (t* = 30 min). Plasma-
free fraction (fP) of  [11C]PLN was measured and used for correction of VT values. Distribution volume ratio (DVR) was 
calculated from VT of target and reference regions and obtained by noninvasive Logan graphical reference tissue model 
(LGAR) (t* = 30 min). Absolute test–retest variability (aTRV), and intra-class correlation coefficient (ICC) of VT and DVR 
were calculated as indexes of repeatability. Correlation between DVR and serum concentration of caffeine (a nonselective 
 A2AR blocker) was analyzed by Pearson’s correlation analysis.
Results Regional time–activity curves were well described by 2-TCM models. Estimation of VT by 2-TCM produced some 
erroneous values; therefore, the more robust Logan plot was selected as the appropriate model. Global mean aTRV was 
20% for VT and 14% for VT/fP (ICC, 0.72 for VT and 0.87 for VT/fP). Global mean aTRV of DVR was 13% for Logan plot and 
10% for LGAR (ICC, 0.70 for Logan plot and 0.81 for LGAR). DVR estimates using LGAR and Logan plot were in good 
agreement (r2 = 0.96). Coefficients of variation for VT, VT/fP, DVR (Logan plot), and DVR (LGAR) were 47%, 47%, 27%, 
and 18%, respectively. Despite low serum caffeine levels, significant concentration-dependent effects on  [11C]PLN binding 
to target regions were observed (p < 0.01).
Conclusions In this study, moderate test–retest reproducibility and large inter-subject differences were observed with  [11C]
PLN PET, possibly attributable to competition by baseline amount of caffeine. Analysis of plasma caffeine concentration is 
recommended during  [11C]PLN PET studies.
Trial registration UMIN000030040.
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Introduction

Cerebral adenosine  A2A receptors  (A2ARs) are involved in 
numerous neuropsychiatric disorders, including Parkinson 
disease, Alzheimer disease, drug addiction, alcohol abuse, 
epilepsy seizures, sleep disorders, and schizophrenia [1]. 
The selective  A2AR antagonist istradefylline was approved 
in Japan in 2013 and US in 2019 as an add-on treatment 
to levodopa/carbidopa treatment in adults with Parkinson 
disease patients experiencing “off” episodes [2].

Noninvasive in vivo imaging of  A2ARs with PET repre-
sents a potentially useful method for monitoring changes in 
 A2AR density during a disease course and for the assessment 
of receptor occupancy of investigated drugs. Several tracers 
for PET imaging of  A2ARs have been developed for use in 
humans. These include xanthine derivatives [7-methyl-11C]-
(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-trimethylxanthine 
 ([11C]TMSX) [3] and [4-O-methyl-11C]-8-[(1E)-2-(3,4-
dimethoxyphenyl)ethenyl]-1,3-diethyl-3,7-dihydro-7-me-
thyl-1H-purine-2,6-dione  ([11C]KW-6002) [4], non-xanthine 
ligands 5-amino-7-(3-(4-[11C]methoxy-phenyl)propyl)-2-(2-
furyl)pyrazolo[4,3-e]-1,2,4-triazole[1,5-c]pyrimidine  ([11C]
SCH442416) [5], 2-(furan-2-yl)-7-(2-(4-(4-(2-[11C]meth-
oxethoxy)phenyl)piperain-1-yl)ethyl)-7H-pyrazolo[4,3-e]
[1,2,4]triazol[1,5-c]pyrimidine-5-amine  ([11C]preladenant; 
 [11C]PLN) [6] and its  [18F]fluoroethoxy derivative 7-(2-
(4-(4-(2-[18F]fluoroethoxy)phenyl)piperazin-2-yl)ethyl)-2-
(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazol[1,5-c]pyrim-
idine-5-amine  ([18F]MNI-444) [7]. Among these,  [11C]PLN 
and  [18F]MNI-444 have the highest target-to-nontarget ratios 
(striatum-to-cerebellum ratio > 5).

Uptake of  [11C]PLN has been evaluated in healthy human 
subjects as well as in receptor occupancy studies of Par-
kinson disease patients [8, 9]. Several outcome measures 
can be used to detect changes in  A2AR binding of  [11C]PLN 
caused by disease progression or therapeutic interventions. 
Test–retest validation of the tracer is fundamentally impor-
tant for evaluating its utility for detecting changes in  A2ARs 
density. The aim of the present study was to evaluate the 
reproducibility of cerebral  A2AR quantification using  [11C]
PLN and PET in a test–retest study. We also analyzed the 
effects of the level of serum caffeine, a nonselective  A2AR 
blocker that is consumed daily, on  [11C]PLN binding.

Materials and methods

Study subjects and eligibility

Eight healthy male volunteers were enrolled in this 
study (mean age ± SD, 26 ± 10 y; range 21 − 51 y). The 

inclusion criteria were as follows: age 20–60 years; male 
sex; able to provide informed consent; and normal medi-
cal history, physical examination, and vital-sign findings. 
The exclusion criteria were liver or kidney dysfunction, 
abnormal central nervous system findings, cardiac fail-
ure, drug or food allergy, or recent smoking history. The 
subjects weighed 55.3 − 93.1  kg (mean weight ± SD, 
65.4 ± 11.6 kg). Although there were no dietary restric-
tions, all subjects were required to refrain from drinking 
caffeinated beverages from the night before PET imaging.

A T1-weighted whole-brain image was acquired for 
each subject for anatomical co-registration, using a GE 
Discovery MR750w 3.0  T scanner (GE Healthcare, 
Wauwatosa, WI) and the following parameters: sagit-
tal three-dimensional (3D) fast spoiled gradient-echo, 
repetition time = 7.6  ms, echo time = 3.1  ms, inversion 
time = 400  ms, matrix = 256 × 256 × 196 voxels, voxel 
size = 1.06 × 1.06 × 1.20 mm. All eight subjects were free 
of somatic and neuropsychiatric illnesses according to their 
medical history and findings of physical examination and 
had no brain abnormalities on MRI.

All experiments were approved by the institutional review 
board of the Tokyo Metropolitan Institute of Gerontology 
and were performed in accordance with the institutional 
review board rules and policies. All subjects gave study-
specific informed consent to participate in the study and all 
experiments were carried out in accordance with the relevant 
guidelines. The study was registered in UMIN-CTR (Trial 
ID: UMIN000030040).

Radiochemistry

Radiosynthesis and quality control of  [11C]PLN were 
performed as described previously [6].  [11C]PLN was 
obtained with radiochemical purity of 98.5% ± 0.3% (range 
97.8–98.9%) and molar activity of 101 ± 17 GBq/μmol 
(range 65–126 GBq/μmol) at the end of synthesis.

Brain PET imaging

Dynamic  [11C]PLN PET scanning was performed twice 
for each subject. The interval between the two scans was 
177 ± 128 days, and scans were obtained at 10:00 in four 
subjects and 14:00 in the remaining four subjects on each 
day to avoid the effect of diurnal variation.

The PET data were acquired using a Discovery PET/com-
puted tomography 710 scanner (GE Healthcare; axial field of 
view = 15.7 cm, spatial resolution = 4.5 mm full width at half 
maximum (FWHM), Z-axis resolution = 4.8 mm FWHM) 
[10].

After low-dose computed tomography scanning to cor-
rect for attenuation,  [11C]PLN (705 ± 46 MBq, 65 ± 19 MBq/
nmol) was injected into the antecubital vein for 1 min as 
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a bolus, and 90-min dynamic scanning was performed 
(20 s × three frames, 30 s × three frames, 60 s × five frames, 
150 s × five frames, and 300 s × 14 frames). Arterial blood 
(0.5 ml each) was sampled at 10, 20, 30, 40, 50, 60, 70, 80, 
90, 100, 110, 120, 135, 150, and 180 s, as well as at 5, 7, 
10, 15, 20, 30, 40, 50, 60, 75, and 90 min. The whole blood 
and separated plasma were weighed, and radioactivity was 
measured with a NaI (Tl) well scintillation counter (BeWell 
Model-QS03 F/B; Molecular Imaging Labo, Suita, Japan). 
To analyze the labeled metabolites, an additional 1.5 ml of 
blood was obtained at 3, 10, 20, 30, 40, and 60 min. Unal-
tered  [11C]PLN in the plasma was analyzed with high-per-
formance liquid chromatography (HPLC), and the metab-
olite-corrected time–activity curve (TAC) of plasma was 
obtained as described previously [6].

Blood analysis

Before injection of the radioligand, 4 ml of arterial blood 
and 4 ml of venous blood were sampled for the evaluation of 
free fraction of  [11C]PLN in arterial plasma (fP) and serum 
caffeine concentration, respectively. fP was determined by 
the ultrafiltration method as described previously [11], and 
caffeine concentrations were determined by liquid chro-
matography mass spectrometry at Bozo Research Center 
(Tokyo, Japan).

Kinetic analysis

The 30 frames obtained in dynamic PET imaging 
(matrix size of 128 × 128 × 47 voxels and voxel size of 
2.0 × 2.0 × 3.27 mm) were reconstructed using a 3D ordered-
subset expectation maximization algorithm (16 subsets, four 
iterations) incorporating time-of-flight information. The 
dynamic images were post-smoothed with a Gaussian fil-
ter (4 mm FWHM). Motion correction was applied to the 
dynamic images with reference to the early phase (0–10 min) 
using the realign method in SPM8 (Wellcome Trust Center 
for Neuroimaging, University College London, UK).

Partially overlapping circular volumes of interest 
(VOIs) of diameter 10 mm were placed on the cerebellar 
cortex as the reference region; on the temporal cortex and 
thalamus as the non-target regions; and on the putamen 
and head of caudate nucleus as the target regions, with ref-
erence to the mean images of the early (0–20 min) phase of 
the PET images and the T1-weighted MR images co-regis-
tered to the mean early-phase PET images (Supplemental 
Fig. 1). VOIs were calculated as Bq/ml or as standardized 
uptake value [SUV, (activity/ml tissue)/(injected activ-
ity/body weight)]. The rotations for co-registration of the 
retest scan images with reference to the test scan images 
were calculated from both static images of the early phases 
(0–10 min) using the coregistration method in SPM8. 

VOIs were positioned on a dynamic image of the test scan, 
and on a dynamic image of the retest scan co-registered 
to the test scan image. Total distribution volume (VT) was 
estimated by 1- and 2-tissue-compartment models (1-TCM 
and 2-TCM, respectively) and by Logan graphical analysis 
(Logan plot) [12] (t* = 30 min) using the TACs for these 
VOIs and the metabolite-corrected TAC of plasma, as 
described previously [6]. Blood delay in each subject was 
calculated using the mean TAC of the overall VOIs, and 
this value was then fixed for each VOI. All models were 
assessed using both a fixed (5%) fractional blood volume 
(vB) and using vB as the fitting parameter. Goodness of fit 
was evaluated using Akaike information criterion (AIC). 
Distribution volume ratio (DVR) was calculated from the 
VT of the target and reference regions and estimated by 
Logan reference tissue method (LGAR) [13] (t* = 30 min). 
The absolute test–retest variability (aTRV) and intra-class 
correlation coefficient (ICC; ICC(1,1) in [14]) of VT and 
DVR were calculated as the index of repeatability. The 
AIC, aTRV, and ICC were calculated as follows:

where RSS, n, and p represent the residual sum of squares 
of the fitting, number of frames, and number of fitted 
parameters;

where Rtest and Rretest represent the results (VT or DVR) of 
the test and retest scan, respectively; and

where BSMSS and WSMSS represent the mean sum of 
squares (MSS) of between-subject (BS) and within-subject 
(WS) differences, respectively.

Correlation between DVR and plasma caffeine concentra-
tion was analyzed by Pearson’s correlation analysis. Outlier 
data of VT (2-TCM) were identified by robust regression 
followed by the outlier identification (ROUT) method [15] 
using GraphPad Prism Ver. 9.1.2 software (San Diego, CA). 
The ROUT method follows three steps. (1) Robust nonlin-
ear regression based on the assumption that scatter follows 
a Lorentzian distribution is used to fit a curve that is not 
influenced by outliers. (2) The residuals of the robust fit are 
analyzed to identify any outliers. This step uses a new out-
lier test adapted from the False Discovery Rate approach of 
testing for multiple comparisons. (3) Outliers are removed 
and ordinary least-squares regression is performed on the 
remaining data.

AIC = n ln

(
RSS

n

)
+ 2p +

2p(p + 1)

n − p − 1
,

aTRV =
||||

Rtest − Rretest

(Rtest + Rretest)∕2

||||
× 100,

ICC =
BSMSS −WSMSS

BSMSS +WSMSS
,
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Results

Subject dosing

Molar activity (MBq/nmol), injected mass (nmol), and 
normalized injected mass (pmol/kg) at the time of injec-
tion were not significantly different between the test and 
retest scans (p = 0.42, 0.43, and 0.46, respectively; paired 
t test). Injected dose (MBq) and normalized injected 
dose (MBq/kg) were significantly higher in the test scan 
than the retest scan (p < 0.01 and p < 0.05, respectively; 
paired t test). The estimated occupancy rate of  A2AR in 
human striatum at the maximum uptake (0.7 ± 0.3 pmol/
ml; range 0.4–1.5 pmol/ml) estimated for an  A2AR den-
sity of 85 pmol/ml [1] was very small (< 1%) and was not 
different between the test and retest groups: 0.9% ± 0.4% 
for the test group and 0.8% ± 0.4% for the retest group 
(p = 0.38, paired t test). Therefore, differences between 
the injected dose and the normalized injected dose did 

not affect the  A2AR measurement of  [11C]PLN. Table 1 
summarizes the dose information for each of the test and 
retest scan groups.

Arterial input function

Figure 1a shows the averaged metabolite-corrected plasma 
radioactivity of the test and retest scans. Peripheral metab-
olism of  [11C]PLN was slow and did not differ significantly 
between the test and retest scans (Fig. 1b) (p = 0.09, paired 
t test). There was no significant difference in fP between 
the test and retest scans (Table 1) (p = 0.52, paired t test). 
The aTRV of fP was 12% ± 10%. The amount of non-spe-
cific binding to the filter was 57% ± 5% in the test scans 
and 60% ± 2% in the retest scans, indicating high retention 
of  [11C]PLN on the filter. There was no significant differ-
ence in serum caffeine concentration between the test and 
retest scans (Table 1) (p = 0.97, paired t test).

Table 1  Dose information for test and retest groups including net injected doses of  [11C]preladenant with corresponding injected mass, molar 
activity, plasma-free fraction, and serum caffeine concentration

Data obtained in healthy male subjects (n = 8), represented as mean ± SD
Significant difference in activity (*p < 0.05, **p < 0.01) between test and retest groups (paired t-test)
MA molar activity, fP plasma-free fraction

Groups Activity (MBq) Injected mass 
(nmol)

MA (GBq/μmol) Normalized 
injected dose 
(MBq/kg)

Normalized 
injected mass 
(pmol/kg)

fP (%) Serum caffeine 
(μg/ml)

Test 728 ± 53** 
(659–809)

13 ± 4 (7–18) 61 ± 19 (38–94) 11 ± 2* (8–14) 203 ± 72 (127–308) 3.3 ± 0.8 (2.3–4.8) 0.69 ± 0.60 
(0.01–1.44)

Retest 682 ± 23 (640–706) 11 ± 6 (8–26) 68 ± 19 (26–82) 10 ± 2 (7–13) 177 ± 93 (108–397) 3.4 ± 0.6 (2.5–4.3) 0.70 ± 0.45 
(0.32–1.75)
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Fig. 1  Metabolite-corrected input function and unmetabolized frac-
tion of  [11C]PLN. a Mean decay-corrected time–activity curves of 
metabolite-corrected plasma in test (open circles), and retest (closed 

circles) subjects. The insert shows extracted values for the first 5 min. 
b Unchanged fraction of  [11C]PLN in test (open circles) and retest 
(closed circles) subjects. Data represent the mean ± SD in 8 subjects
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Brain kinetics

Figure 2 shows representative MR-fused static  [11C]PLN 
images of pseudoequilibrium phase (40–60 min) and para-
metric DVR images for the test and retest scans. According 
to the AIC scores, the best fits were obtained when vB was 
used as the fitting parameter (1-TCM: vB fixed = 438 ± 37 
versus vB fit = 426 ± 33; 2-TCM: vB fixed = 379 ± 25 ver-
sus vB fit = 365 ± 26, p < 0.0001, paired t test). The 2-TCM 
provided significantly lower AIC scores than the 1-TCM 
(1-TCM = 426 ± 33 versus 2-TCM = 365 ± 26, p < 0.0001, 
paired t test) and good quality of visual assessment for fit. 
In some individuals, however, 2-TCM provided implausibly 
large VT estimates with large standard errors of the non-
linear fitting estimations, most commonly in regions of low 
uptake (Supplemental Tables 1 and 2). Due to the unreli-
ability of VT estimation by 2-TCM, the more robust Logan 
plot was used for evaluation. When excluding outliers of VT 
(2-TCM), the VT values from Logan plot (64/80 regions) 
matched well with those from the 2-TCM models (Supple-
mental Fig. 2; VT [Logan plot] = 0.95VT [2-TCM] − 0.01, 
r2 = 0.99).

Tables 2 and 3 list the obtained values of VT (Logan plot), 
VT/fP (Logan plot), DVR, aTRV, and ICC. There was no 
significant difference in VT (Logan plot), VT/fP (Logan plot), 
or DVR between the test and retest scans (p > 0.3, paired t 
test). Global mean aTRV was 20% and 14% for VT and VT/fP, 
respectively. ICC was 0.72 ± 0.13 for VT and 0.87 ± 0.08 for 
VT/fP. Global mean aTRV was 13% and 10% for DVR using 
Logan plot and LGAR, respectively. ICC was 0.70 ± 0.20 for 
DVR (Logan plot) and 0.81 ± 0.07 for DVR (LGAR). The 
test and retest values of VT (Logan plot), VT/fP (Logan plot), 
and DVR were also compared by linear regression analysis 
(Fig. 3). The correlation coefficients of linear regressions 
between the test and retest values were good (r2 ≥ 0.87). 
Among these, VT/fP (Fig. 3b; r2 = 0.95) and DVR (LGAR) 
(Fig. 3d; r2 = 0.92) gave the best correlation. The correlation 
coefficient of linear regressions of DVR between Logan plot 
and LGAR was good (Fig. 4a) (r2 = 0.96). Bland–Altman 
plot revealed slightly positive average difference of DVR 
between LGAR and Logan plot (0.29), meaning that val-
ues obtained with LGAR were slightly higher than those 
obtained with Logan plot (Fig. 4b).

a

b

0

5

DVR

SUV

0
8

tsetertset

Fig. 2  Representative MR-fused images of  [11C]PLN in test and retest conditions. a Static  [11C]PLN images in the pseudoequilibrium phase 
(40–60 min). b Parametric DVR images

Table 2  Test–retest variability and reproducibility of VT and VT/fP (Logan plot)

Data obtained in healthy male subjects (n = 8), represented as mean ± SD
VT total distribution volume, fP plasma-free fraction, aTRV absolute test–retest variability, ICC intra-class correlation coefficient, CV coefficient 
of variation

Brain region VT VT/fP

Test CV (%) Retest CV (%) aTRV (%) ICC Test CV (%) Retest CV (%) aTRV (%) ICC

Cerebellar cortex 0.73 ± 0.48 65 0.76 ± 0.42 55 21 ± 13 0.87 22.9 ± 15.3 67 23.9 ± 17.6 74 16 ± 13 0.96
Temporal cortex 0.69 ± 0.49 70 0.74 ± 0.41 56 25 ± 16 0.79 21.2 ± 13.2 62 23.1 ± 17.1 74 20 ± 14 0.91
Thalamus 0.75 ± 0.64 86 0.75 ± 0.43 57 27 ± 16 0.76 22.3 ± 14.9 67 23.4 ± 17.0 73 21 ± 14 0.90
Putamen 2.86 ± 0.71 25 2.81 ± 0.51 18 12 ± 12 0.60 87.3 ± 10.0 11 82.5 ± 13.5 16 8 ± 7 0.79
Caudate 2.16 ± 0.47 22 2.12 ± 0.39 18 13 ± 13 0.56 66.1 ± 7.0 11 62.3 ± 10.2 16 8 ± 7 0.77
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Inter-subject variations (coefficient of variation: CV) was 
47% ± 24% for VT, 47% ± 29% for VT/fP, 27% ± 27% for DVR 
(Logan plot), and 18% ± 14% for DVR (LGAR) (Tables 2 
and 3). Although serum caffeine concentrations were low 
(0.70 ± 0.52 μg/ml; range, 0.01–1.75 μg/ml), significant con-
centration-dependent effects on  [11C]PLN binding to the target 
regions (Pearson’s correlation coefficient: p < 0.01; putamen: 
r2 = 0.49, caudate: r2 = 0.47) were observed (Fig. 5).

Discussion

In the previous first-in-human study, 2-TCM was chosen as 
the method of choice for analysis of TACs and estimation 
of VT [6]. In the present study, 2-TCM also provided bet-
ter fit than 1-TCM, but implausibly large VT estimates with 
large standard errors were observed in some individuals. 
These occurred most commonly in regions of low uptake 
and were caused by the gradual uptake of radioactivity in 

Table 3  Test–retest variability and reproducibility of DVR

Data obtained in healthy male subjects (n = 8), represented as mean ± SD
DVR distribution volume ratio with reference to cerebellum, aTRV absolute test–retest variability, ICC intra-class correlation coefficient, CV 
coefficient of variation, LGAR  Logan reference tissue method

Brain region DVR (Logan plot) DVR (LGAR)

Test CV (%) Retest CV (%) aTRV (%) ICC Test CV (%) Retest CV (%) aTRV (%) ICC

Temporal cortex 0.94 ± 0.07 7 0.96 ± 0.04 4 5 ± 5 0.41 0.94 ± 0.03 3 0.94 ± 0.02 2 1 ± 1 0.73
Thalamus 0.98 ± 0.17 17 0.97 ± 0.09 9 6 ± 7 0.71 0.94 ± 0.07 8 0.94 ± 0.06 6 2 ± 2 0.91
Putamen 4.96 ± 2.09 42 4.63 ± 2.06 45 21 ± 12 0.83 5.57 ± 1.63 29 5.27 ± 1.68 32 18 ± 8 0.80
Caudate 3.80 ± 1.67 44 3.52 ± 1.59 45 21 ± 12 0.83 4.37 ± 1.39 32 4.10 ± 1.36 33 18 ± 9 0.81

Fig. 3  Correlation of outcome 
measure values between the 
test and retest scans. Test–retest 
values are shown for VT (a), 
VT/fP (b), DVR (Logan plot) (c), 
and DVR (LGAR) (d)
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the brain, which makes it difficult to estimate k4 (close-to-
zero). Erroneously high VT values were found in 16 regions 
of low uptake in 6/16 scans (Supplemental Fig. 3). The 
gradual uptake affected the VT values even from the Logan 
plot, which was more robust in VT estimation. The VT of cer-
ebellar cortex (reference region) was over-estimated in these 
scans, whereas DVR was under-estimated (Logan plot) in 
target regions (DVR of around 2 to 4 in Fig. 4). The effects 
were offset or diminished DVR from LGAR. Mean metabo-
lism of  [11C]PLN was significantly more rapid in these six 
scans than in the well fitted 2-TCM scans (p < 0.05, paired 
t test of the mean value of each time point) (Supplemental 
Fig. 4). A previous study in rats found significant amounts 
of radiolabelled metabolite of  [11C]PLN in the brain [16]. 
Because the radiolabelled metabolite profile in human 

plasma is identical to that in rodents, peripherally generated 
radiolabelled metabolites may penetrate the human brain. 
Due to the above-mentioned convergence issues, which were 
also experienced in a previous study [6], we did not further 
investigate 2-TCM as an analytical method.

We then evaluated Logan plot as a more robust method 
for estimation of VT values. When excluding outliers of VT 
(2-TCM), the VT values from Logan plot (64/80 regions) 
matched well with those from the 2-TCM models. Normali-
zation of VT (Logan plot) applied with fP improved the global 
mean aTRV and ICC values, and good aTRV (8%) and ICC 
(≥ 0.77) were observed for the target regions. In contrast, 
non-target regions showed moderate aTRV (16%–21%) but 
higher ICC (≥ 0.90). Although fP was consistently low, nor-
malization of VT by fP was effective for improving variability 
and reliability in  [11C]PLN measurement.

In this study, we selected the cerebellar cortex as the 
reference region for quantification of DVR. The cerebel-
lum has at least a tenfold lower  A2AR density than that of 
striatum (ca. 85 nM) [1]; thus, it is theoretically possible 
to measure their density using  [11C]PLN (Ki = 1.1  nM; 
results in Bmax/Ki ~ 7.7). In vivo, however,  [11C]PLN bind-
ing was detected only in tissues with high  A2AR density 
regions. Because only the free fraction of the radioligand 
in tissue (fND) can bind to the receptor, the specific in vivo 
binding of the ligand  (BPND) can be approximated as 
 BPND = fND × (Bmax/Kd) [17]. As K1/k2 = fP/fND, fND was cal-
culated as 0.04 from the mean K1/k2 value of 0.68 in 2-TCM 
and mean fP value of 0.03. Taking these consideration into 
account, it is difficult to measure in vivo density of  A2AR 
regions that have low density, such as the cerebellum, using 
 [11C]PLN  (BPND ~ 0.3). Furthermore, the cerebellum has 
been used as the reference in previous studies of  [11C]PLN 
in rodents [16], non-human primates [18], and also humans 

Fig. 4  Comparison of DVR data 
calculated by Logan plot and 
LGAR. a Correlation of LGAR 
versus Logan plot. b Bland–Alt-
man plots with 95% confidence 
intervals represent the differ-
ence in DVR versus mean DVR 
for Logan plot versus LGAR 
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centration (μg/ml). Negative linear regression was observed for cau-
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(DVR [LGAR] = −  2.2 caffeine [μg/ml] + 6.9). No correlation was 
found between DVR and serum caffeine concentration (μg/ml) in the 
non-target regions (temporal cortex and thalamus)
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[6]. We found good agreement in terms of DVR between 
invasive (Logan Plot) and non-invasive (LGAR) methods of 
quantification (r2 = 0.96), and low bias associated with inevi-
table over-estimation of VT values in the reference region.

Global mean aTRV and ICC of DVR were improved by 
applying non-invasive LGAR. Moderate aTRV (18%) and 
high ICC (≥ 0.8) were observed in target regions, whereas 
good aTRV (≤ 2%) and moderate (0.7) to high ICC (0.9) 
were observed in non-target regions. Furthermore, the cor-
relation coefficient of linear regressions between the test 
and retest values was good (r2 = 0.92). These results and the 
finding of the smallest CV for non-invasive LGAR among 
the outcome measures confirm non-invasive LGAR as the 
analytical model of choice.

In this test–retest study, the mean scan interval was about 
25 weeks with a large SD of 18 weeks. These scan interval 
conditions may have been the reason for the moderate aTRV 
of DVR in the target regions. However, there was no signifi-
cant effect of the length of test–retest scan intervals on aTRV 
of DVR. Similarly, a previous study has reported no effect of 
a longer mean scan interval of 23 weeks and a large SD of 
10 weeks on test–retest reproducibility of  [18F]PBR111 [19].

We found a large CV for DVR, particularly in the target 
regions, and the CV was larger than found in our previous 
studies [6, 8]. There was significant negative correlation 
between  [11C]PLN binding in the target regions and serum caf-
feine concentration. In contrast, the non-target regions (lower 
 A2AR density regions) were not affected by these lower levels 
of serum caffeine concentration. We found no effect of diur-
nal variation in the start time of scans on the target regions 
(Supplemental Table 3). Although the differences were very 
small, significantly lower uptake was observed in the after-
noon groups for the non-target regions: temporal cortex and 
thalamus. We speculate that the large CV in the target regions 
was generated by differences in individual serum caffeine 
concentrations. Although the subjects were not allowed any 
caffeine intake for at least 12 h prior to PET scanning, low but 
significant amounts of caffeine were still present in the serum. 
The caffeine concentrations measured in the present study 
were the same as the baseline serum caffeine concentrations 
(0.88 μg/ml, 4.5 μM) previously reported in subjects who had 
been caffeine restricted for over 12 h [20]. From our results, 
the maximum blocking dose of  [11C]PLN binding by serum 
caffeine can be estimated as ≥ 3 μg/ml (≥ 15 μM) by linear 
extrapolation analysis. Considering caffeine affinity to human 
 A2AR (Ki = 10 μM) [21], the dose-dependent blocking effects 
on  [11C]PLN binding in our observed serum caffeine concen-
trations are reasonable. Pharmacokinetic analysis of a single 
shot of a typical caffeinated beverage (160 mg) revealed peak 
plasma caffeine concentration of 3–4 μg/ml (15–20 μM) [22]. 
Because caffeine has a long half-life in healthy adult humans 
(4–5 h) [23], stricter limitations (e.g., caffeine restriction of 
at least > 36 h [24]) are needed for reliable measurement of 

 A2AR with  [11C]PLN PET. Correction of DVR with serum caf-
feine concentrations is a challenging issue that requires further 
investigation in future studies.

Conclusions

In this study, moderate test–retest reproducibility and large 
inter-subject differences in  [11C]PLN PET were observed. 
These variances might be attributable to competition from 
endogenous  A2AR binding ligands such as caffeine. Further 
analysis of the effect of serum caffeine concentration on data 
interpretation is recommended in future studies .
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