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NIRS has a long history of research and development in clini-
cal applications of radiation, especially in the field of nuclear 
medicine including positron emission tomography (PET), single 
photon emission tomography (SPECT) and internal radiation 
therapy. Based on these accomplishments, the Molecular 
Imaging Center (MIC) was established in 2006.  At present, 
research done at the MIC is based on collaboration among 
several diverse areas as follows:
(1) Drug design for target-selective delivery (molecular 

probes), labeling of the molecular probes with suitable 
radioisotopes for diagnosis/therapy, and radionuclide 
production.

(2) Development of three-dimensional quantum photon meas-
urement systems such as PET and SPECT, including their 
hardware and software.

(3) Basic evaluations and clinical applications for diagnosis/
therapy of tumors, psychiatric and neurodegenerative dis-
orders, and aging-related diseases such as inflammatory 
diseases.

The MIC also promotes research on magnetic resonance 
imaging (MRI), X-ray-CT imaging and optical imaging. These 
imaging techniques are an integral part of diagnostic imaging, 
and known as multimodal imaging. Recently, PET-MR has been 
approved for clinical medicine, and development of its clinical 
applications will be a key to further progress in this field.

Molecular Probe Program
1. Radiolabeling technique

We determined a reliable technique for producing [11C]car-
bon disulfide as a useful radioactive agent and constructed 
an automated synthesis system for producing [11C]carbon 
disulfide and synthesizing [11C]disulfram as a PET probe for 
in vivo tumor imaging. To develop PET probes with various 
chemical functional groups, we used [11C]methyl iodide, [11C]
phosgene, [18F]fluoroethyl bromide, and [18F]fluorine ion to label 
more than 10 novel compounds and to evaluate their potential 
applications both in vitro and in vivo. 

2. Development of novel molecular probes 
We developed many novel PET probes for imaging of the 

brain, tumors and sites of inflammatory diseases etc. Among 
them, efficient synthetic methods of [18F]FEDAC, [18F]AMPBB3 
and [11C]MePEPA have been determined. After preclinical 
evaluation, such as safety and dosimetry tests, these probes 
are being evaluated for clinical usefulness.  

3. Production of radionuclides for diagnosis/therapy of tumors
We determined techniques from irradiation to purification of 

Sc-47 and Re-186 and are performing a joint study on separa-
tion and purification of Ac-225 for cell and animal experiments. 
As well, we established an automated system for producing 
Cu-64 of > 300 mCi/day and we transferred amounts of this ra-
dionuclide to several facilities outside NIRS.

4. Production of useful PET radiopharmaceuticals for clinical use
We are routinely producing more than 80 PET radiophar-

maceuticals for clinical studies and for basic research in 
NIRS on cancers and brain functions also. This fiscal year, we 
established rapid and reliable production and quality control 
methods of three new PET radiopharmaceuticals including [11C]
AIB, and we continued to provide documents and necessary 
information on techniques for producing several radiolabeled 
probes to PET facilities outside NIRS. 

At the same time, we have obtained certification to pro-
duce PET radiopharmaceuticals that comply with the 
Japanese Society of Nuclear Medicine GMP standard for PET 
radiopharmaceuticals. 

5. Contribution to the quality control of clinical PET in Japan
We are routinely performing quantitative analysis and provid-

ing certificates for chemical impurities and residual solvents in 
several PET radiopharmaceuticals including [18F]FDG formula-
tions which are produced in about 150 PET facilities in Japan.
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Biophysics Program
The Biophysics Program is aimed at development of the next 

generation PET technologies and the methods for quantitative 
analyses of in vivo imaging.
1. Imaging Physics

The Imaging Physics Team has carried out research and de-
velopment of novel technologies for the next generation PET in-
strumentations and imaging algorithms. A depth-of-interaction 
(DOI) detector is a key device to get any significant improve-
ment in sensitivity while maintaining high spatial resolution. DOI 
measurement has a potential to expand applications of PET 
to new fields because it allows for more flexible detector ar-
rangement. Therefore we produced two innovations, OpenPET 
and “add-on” PET/MRI. OpenPET, which is our original idea 
for an open-type PET scanner, has led to implementation of 
PET imaging during treatment. At the end of this third 5-year 
project, we succeeded in developing a prototype OpenPET 
using the single-ring geometry to show a proof-of-concept of 
in-beam particle therapy imaging. On the other hand, recently 
developed semiconductor photodetectors, often referred to as 
silicon photomultipliers, have led us to develop a combined 
PET/MRI. We succeeded in showing a proof-of-concept of our 
original concept of an add-on PET/MRI, which is a MRI head 
coil with PET detectors. The prototype was applied to an exist-
ing MRI scanner.

2. Imaging Physiology
The Imaging Physiology Team has developed methods for 

the quantitative analyses of in vivo imaging obtained from PET, 
MRI, and optical imaging. In PET human brain studies, a novel 
method for measuring the dopamine release due to neuropsy-
chological tasks was developed. This method shortened the 
scan period and improved the reproducibility of the estimation 
parameter representing the binding of neuroreceptors. In PET 
imaging for Alzheimer’s disease model mouse, we evaluated 
kinetic analysis methods for [11C]PiB, and established a quan-
titative index representing β-amyloid deposition. In the optical 
imaging of mouse, we developed a measurement system of 
two-photon laser scanning microscopy to trace degeneration of 
nerve cells caused by the deposition of tau protein over a long 
period. In addition, in autofluorescence imaging, we proposed 
a method to correct the decrease of fluorescence intensity due 
to the change of blood flow using simultaneously acquired opti-
cal intrinsic signals. This method can provide precise flavin-
related fluorescence signals and should be useful for the evalu-
ation of neural functions in small animals. 

Diagnostic Imaging Program
1. Basic and clinical research studies on pathophysiological 
imaging

We published two papers regarding the prognostic value 
of 18F-FAZA PET/CT in patients with non-small cell lung can-
cer and head and neck cancer, and continued clinical PET 
research using 11C-4DST, a marker of cellular proliferation, in 
patients with lung tumors. By using a metabolome analysis as 
a novel method to screen candidate probes, we succeeded in 
the selection and evaluation of novel PET probes for pancreatic 
cancer. We found that internal radiotherapy using 64Cu-ATSM 
is effective against anti-VEGF Ab-resistant tumor, and we also 
confirmed the effectiveness of α-emitting 211At-labeled antibody 
in the radioimmunotherapy for the mouse model of peritoneal 
dissemination.

2. Development of antibody/peptide probes for targeted imaging 
and therapy of cancers

We proved the therapeutic efficacy of internal radiotherapy 
using a tetramer of cRGD labeled with 64Cu/67Cu in the human 
glioma xenograft model. Human monoclonal antibody against 
α6β4 showing high accumulation in pancreatic cancer was la-
beled with β-emitting 90Y and its therapeutic efficacy was tested 
in the mouse pancreatic cancer xenograft model. We labeled 

an antibody against the tissue factor, a target expressed both 
on cancer cells and cancer stroma, with 111In and succeeded in 
SPECT imaging of orthotopically implanted glioma in mice.

3. Development of MRI-based functional probes and nano-sized 
multi-functional probes and their application in various disease 
models

We published a paper on the development and evaluation 
of a nanoparticle responsive to relatively low dose γ-irradiation. 
The kinetic property of a soft nanoparticle was successfully 
modified by incorporating a quantum dot to show high accumu-
lation in the tumor. A novel functional probe that can evaluate 
mitochondrial function was applied to various disease models 
including Parkinson’s disease and its usefulness was proved in 
the visualization of mitochondrial dysfunction. The resolution of 
MRI was improved by lowing it to 45 µm, and, in combination 
with Mn-containing nano-micelles, we succeeded in detecting 
micrometastasis in the liver and also intratumoral heterogeneity.

Molecular Neuroimaging Program
The Molecular Neuroimaging Program focuses on the patho-

physiology of neuropsychiatric disorders including Alzheimer’s 
disease and depression, the evaluation of drug efficacy and 
the molecular mechanisms of human behavior. From basic re-
search using transgenic mice to clinical studies, we use PET, 
MRI, and laser microscopes to analyze the molecular mecha-
nism of disease onset and progression.

The major topic we pursued in 2015 was basic research to 
clarify the pathophysiology of vocal tics in Tourette syndrome 
which severely impact quality of life. Neural mechanisms un-
derlying vocal tics remain unexplored because no established 
animal model representing the condition exists. We, in col-
laboration with NIH, reported that unilateral disinhibition of the 
nucleus accumbens (NAc) generates vocal tics in monkeys. 
Whole-brain PET imaging identified prominent, bilateral limbic 
cortico-subcortical activation. Local field potentials (LFPs) de-
veloped abnormal spikes in the NAc and the anterior cingulate 
cortex (ACC). Vocalization could occur without obvious LFP 
spikes, however, when phase-phase coupling of alpha oscilla-
tions was accentuated between the NAc, ACC, and the primary 
motor cortex. These findings contrasted with myoclonic motor 
tics induced by disinhibition of the dorsolateral putamen, where 
PET activity was confined to the ipsilateral sensorimotor system 
and LFP spikes always preceded motor tics. We have pro-
posed that vocal tics emerge as a consequence of dysrhythmic 
alpha coupling between critical nodes in the limbic and motor 
networks.

In clinical studies, we continued the multicenter PET study 
of [11C]PBB3 in Japan to investigate the details of the binding 
characteristics of [11C]PBB3 using postmortem human brain. 
More than 200 PET scans have been executed for Alzheimer’s 
disease (AD) patients, non-AD dementia patients and healthy 
volunteers, and the comparison of PET images with histopathol-
ogy of 6 brains derived postmortem are in progress. The quan-
tification method of [11C] PBB3 accumulation with high preci-
sion in local brain regions of AD patients has been established 
using the reference tissue model (MRTMO) and standardized 
uptake value ratio (SUVR). The analysis of PET data from 60 
patients with AD or mild cognitive impairment (MCI) confirmed 
that the increase in [11C]PBB3 accumulation was statistically 
significantly correlated with severity of AD progression, and it 
also revealed that pre-MCI and primary age-related tauopathy 
(PART) had already started even in healthy volunteers. We have 
developed the fluorinated PBB3 derivative and started the ex-
ploratory clinical trial. 
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Striatal mGluR1 of rat accumulating A53T-α-synuclein 
dynamically changed during pathological progression 
of Parkinson’s disease

Tomoteru Yamasaki
E-mail: yamasaki.tomoteru@qst.go.jp

Objectives
Glutamate is the primary neurotransmitter involved in excita-

tory neurotransmission. Among the glutamate receptors, me-
tabotropic glutamate receptor 1 and 5 (mGluR1 and mGluR5) 
are G protein coupled receptors classified into group I of the 
metabotropic glutamate receptor family and related to central 
nervous system (CNS) disorders including Parkinson’s disease 
(PD) [1]. PD is the second most common chronic neurodegen-
erative disorder, following Alzheimer’s disease (AD), and it is 
characterized by akinesia, tremors, rigidity, and poor balance. 
PD is believed to be caused by a combination of environmental 
and genetic factors leading to structural changes in the protein 
α-synuclein (ASN). Aggregation of such abnormal ASN can af-
fect many factors in synaptic transmissions [2]. 

PET is frequently used to monitor in vivo brain activity, and it 
allows for noninvasive assessment of longitudinal changes in 
target molecules. Here, we monitored longitudinal changes in 
striatal mGluR1 and mGluR5 expressions among chronic PD 
model rats with abnormal ASN aggregation by using selective 
radioligands and PET imaging [3].

Materials and methods
1)  Animals

As the PD model animal, Sprague-Dawley (SD) transgenic 
rats expressing human mutant A53T ASN (A53T-Tg) were cho-
sen and purchased from Taconic Biosciences. The keeping of 
the animals and all experiments were approved by the Commit-
tee for the Care and Use of Laboratory Animals of the National 
Institute of Radiological Sciences.

2)  Radioligands 
Three radioligands (Fig.1) were synthesized in the laboratory 

of the Molecular Probe Program and used to monitor mGluR1, 
mGluR5, and dopamine transporter (DAT), a biomarker for do-
paminergic neurons.

Development and Production of PET Probes for Molecular Imaging

3)  Open-field test
To evaluate exploratory activity, the open-field test was 

performed using an acrylic box divided into 16 equal-area 
squares. The locomotion (the number of squares the four paws 
crossed) and rearing were measured as the indexes for general 
motor activities. 

4)  PET assessments
The dynamic emission scans were performed using a small-

animal PET scanner (Inveon; Siemens Medical Solutions). Ac-
quired PET dynamic images were analyzed, reconstructed with 
parametric images scaled by the binding potential (BPND), and 
fused with the MRI template of rat brain. Kinetic models were 
chosen as follows: the Logan reference (for [11C]ITDM) and the 
simplified reference tissue model (for (E)-[11C]ABP688 and [18F]
FEPE2I). Image reconstructions and kinetic analyses were per-
formed by the PMOD software (PMOD Technology).

Major findings
1)  Decline of general motor activities in A53T-Tg rats

Locomotion and rearing scores tended to increase in 4 to 5 
months old (mo) A53T-Tg rats, and then they dramatically de-
creased at older ages (Fig.2). A significant difference between 
noncarrier and A53T-Tg rats was found in locomotion scores (p 

Fig.1 Chemical structures of radioligands used in this study. Fig.2 General motor activities (locomotion: left, rearing: right) in non-
carrier and A53T-Tg rats. *p < 0.05: two-way ANOVA.
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= 0.012). Locomotion and rearing scores in noncarrier rats also 
continually decreased with age during the present experimen-
tal period.

2)  Dynamic changes of mGluR1 during progression of PD pa-
thology

As shown in Fig.3, BPNDs for mGluR1 in the striatum of 4 mo 
A53T-Tg rats were higher than those of noncarrier rats, and 
dramatic decreases were subsequently shown in 8 to 16 mo 
A53T-Tg rats. Meanwhile, there was no difference in BPNDs for 
mGluR5 between noncarrier and A53T-Tg groups. In BPNDs for 
DAT, age-dependent decreases were shown in the striatum of 
A53T-Tg rats. Additionally, striatal signal area sizes also dimin-
ished with age.

3)  High correlation between mGluR1 BPNDs and general motor 
activities

To confirm the relationship between BPNDs and general motor 
activities, scatter plot analyses were performed using each stri-
atal BPND (mGluR1, mGluR5, and DAT) and the general motor 
activities (locomotion and rearing). As shown in Fig.4, BPNDs for 
mGluR1 exhibited the highest correlation with motor activities, 
with correlation coefficients (r) of 0.780 (p < 0.0001) and 0.546 
(p = 0.0008) for locomotion and rearing, respectively. Relatively 
high correlations were also found between locomotion (r = 
0.639, p < 0.0001) or rearing (r = 0.469, p = 0.0034) and BPNDs 
for DAT. In contrast, there was no correlation between BPNDs for 
mGluR5 and motor activities (locomotion: r = 0.007, p = 0.9673; 
rearing: r = −0.110, p = 0.5492). 

Discussion
In the present study, we demonstrated that dynamic changes 

occur in mGluR1, but not mGluR5 levels, in rat brains using a 
chronic-PD-model paradigm through longitudinal PET imaging. 
Interestingly, the changes in mGluR1 expression were strongly 
associated with the progression of PD pathology.

A53T is the most frequent mutation in familial Parkinsonism, 
and results in an earlier onset than that observed in most cases 
of sporadic PD. In this study, motor activities in A53T-Tg rats 
showed declines of approximately 50% at 10 months, and at 16 
months, most A53T-Tg rats exhibited significantly lower motor 
activities. Besides, longitudinal PET studies showed dynamic 
changes with age in BPNDs for [11C]ITDM, but not (E)-[11C]
ABP688, in A53T-Tg rats. Interestingly, striatal [11C]ITDM BPNDs 
were higher in A53T-Tg rats than noncarrier rats prior to onset 
of PD pathology, but subsequently decreased dramatically 
with age. These changes were highly correlated with dynamic 
changes in motor activities. These results suggest that the ob-
served initial mGluR1 expression increase in 4 mo A53T-Tg rats 
was caused by the excessive glutamate release associated 
with abnormal ASN accumulation, and then these abnormalities 
would induce dopaminergic neuron degeneration. 

In conclusion, in this longitudinal PET study, we have dem-
onstrated for the first time that dynamic changes associated 
with PD progression occur in the expression of mGluR1, but 
not mGluR5, in a chronic PD model of rats, that mimics clinical 
pathology. We therefore suggest that mGluR1 is a useful in vivo 
biomarker to further the understanding of pathological mecha-
nisms in PD. These findings may also facilitate the develop-
ment of pharmaceuticals targeting mGluR1 for the treatment of 
PD and many other CNS disorders.
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Fig.3 Representative parametric PET/MRI images for mGluR1 ([11C]
ITDM), mGluR5 ((E)-[11C]ABP688), and DAT ([18F]FEPE2I) at 4, 
8, 12, and 16 months in the striatum of the same noncarrier and 
A53T-Tg rats and dynamic changes in striatal BPNDs in 4 to 16 
mo noncarrier and A53T-Tg rats. *p < 0.05, ***p < 0.001: two-way 
ANOVAs; #p < 0.05, ##p < 0.01: Posthoc analyses.

Fig.4 Scatter plots between general motor activities and each BPND 
(mGluR1, mGluR5, and DAT). The regression lines in each graph 
show the 95% confidence intervals (dotted lines). Respective 
correlation coefficients (r), p values, and R square values are 
given for each scatter plot.
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Quantitative in vivo imaging of astrocytic energy 
metabolism in rat brain with radiolabeled benzyl acetate

Maki Okada
E-mail: okada.maki@qst.go.jp

Introduction 
Astrocytes, one of the glial cells, play important roles to pro-

tect and maintain neurons and they are associated with several 
neuronal diseases. Astrocytes use acetate as well as glucose 
as an energy fuel whereas neurons do not use acetate, which 
indicates acetate might be a specific marker for astrocytic en-
ergy metabolism. Therefore, acetate labeled with stable (13C) 
or radio isotope (11C or 14C) carbon atoms has been used in 
the studies for tracing and imaging of metabolic pathway of 
astrocytic energy metabolism [1-3]. Recently we developed 
11C and 14C labeled benzyl acetate (11C- and 14C-BA), lipophilic 
acetates, to improve the brain uptake, which resulted in higher 
brain uptake as measured by PET [2] and autoradiography 
[1] imaging in rat brain. Acetate enters into brain via a mono-
carboxylic acid transporter; this is the rate-limiting process for 
acetate measurement in brain, whereas benzyl acetate readily 
enters into brain because of its high lipophilicity and that is fol-
lowed by a quick hydrolysis to acetate. Once it has entered the 
brain, acetate is transported to astrocytes selectively through 
the monocarboxylic acid transporter and metabolized to acetyl-
CoA which subsequently enters the tricarboxylic acid (TCA) 
cycle. Acetate has two carbon atoms which have different met-
abolic fates; C-1 (carbonyl) acetate is more readily eliminated 
as carbon dioxide (CO2) than C-2 (methyl) acetate is. In this 
regard, C-1-labeled acetate seems to be a more suitable probe 
for oxidative energy metabolism than C-2-labeled acetate. 
These different characteristics between labeling positions might 
provide a useful marker for different types of neuronal diseases 
associated with abnormal astrocytic energy metabolism.

Kinetics of [1-14C] and [2-14C]BA in mature rat brain
[1-14C] or [2-14C]BA were synthesized by the condensation 

of benzyl alcohol and [1-14C] or [2-14C]acetate under dicy-
clohexylcarbodiimide. The radioactivity derived from [1-14C] 
and [2-14C]BA decreased in a single-exponential manner and 
[2-14C]BA-derived radioactivity was significantly higher than 
that of [1-14C]BA in rat cortex, cerebellum, and pons (Figs. 1 
A–C). The washout rates estimated from the slopes of the lines 
were higher in the rats injected with [1-14C]BA (0.043 ± 0.006, 
0.031 ± 0.005, and 0.028 ± 0.005 in cortex, cerebellum, and 
pons, respectively) compared with [2-14C]BA (0.013 ± 0.003, 
0.022 ± 0.002, and 0.027 ± 0.003), indicating [1-14C]BA was me-
tabolized to [14C]CO2 and exhausted faster than [2-14C]BA. Vari-
ous metabolite studies of stable or radio isotope-labelled ac-
etate showed that acetate is metabolized to amino acids such 
as glutamine, glutamate, aspartate, and gamma-aminobutyric 
acid, as well as CO2. In particular, glutamate and glutamine are 
major metabolites of acetate in brain, which are produced via 

α-ketoglutarate, the intermediate metabolite of the TCA cycle. 
The fates of acetate in brain are 1) metabolization to CO2 and 
release from brain or 2) conversion to amino acids and ac-
cumulation in brain. Therefore, decrease of radioactivity from 
brain is reflected on CO2 exhaustion (in other words, oxygen 
consumption), that is estimated as washout rate and retained 
radioactivity in brain seems to be in the form of amino acids.

The radioactivity derived from lipophilic parent compounds in 
blood obtained by a solvent extraction method was higher in 
[2-14C]BA than in [1-14C]BA as seen in brain (Fig.1 D). Almost all 

Fig.1 The time–radioactivity curves of [1-14C]BA(●) and [2-14C]BA(▲). 
(A) cortex, (B) cerebellum, and (C) pons. (D) The parent com-
pound in the blood. %ID/g: % of injected dose/g tissue. Cited 
from [3].
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the blood radioactivity of [1-14C]BA and [2-14C]BA disappeared 
quickly after injection. Radiometabolite analysis of [1-11C]BA in 
arterial plasma showed radiolabeled acetate, bicarbonate 
ion, glutamine, glutamate, and unknown metabolites but not 
[1-11C]BA even 1 min after injection (Fig.2). The radioactivity 
derived from metabolites detected in arterial plasma was ex-
tremely low and these metabolites seemed to slightly enter into 
brain. These analyses suggested that most of the radioactivi-
ties entered brain in the form of BA immediately after injection. 
Since C-1-labelled acetate metabolized into CO2 within an ear-
lier turn of the TCA-cycle than C-2-labelled acetate, [1-14C]BA 
seems to be a simpler indicator of CO2 production for astrocytic 
metabolism.

Comparison study with immature rat by [1-14C]BA
The cerebral main energy fuel is converted from ketone bod-

ies to glucose during an infant’s development (post neonatal) 
and astrocytic oxidative metabolism might change in the de-
velopment process. We compared the kinetics of [1-14C]BA in 
mature (8-week-old) and immature (3-week-old) rats. The ra-
dioactivity and washout rates of [1-14C]BA in brain tended to be 
lower in immature rats than in mature rats in all regions (Fig.3). 
Although additional detailed studies are needed using various 
age rats, this result implies that astrocytic oxidative metabolism 
is changing during the development process.

The washout rate of [1-14C]BA in status epileptic mod-
el rat by simplified two-time point autoradiography

Astrocytic oxidative metabolism is associated with several 
neuronal diseases such as Alzheimer’s disease, epilepsy, and 
ischemia. We measured the washout rate of [1-14C]BA in status 
epileptic (SE) model rat by a simplified two-time point quantita-
tive autoradiographic method since the radioactivity of [1-14C]BA 
in  normal rat brain decreased in a single-exponential manner. 
In several brain regions, SE model rats showed a higher radio-
activity than control rats, although the washout rates were not 
different between the SE model and control rats in all regions 
studied except for the medial septal nucleus. Although SE 
model rats did not show any significant difference in washout 
rates, this method could be applied to other neuronal disease 
model animals to measure an abnormality resulting from dis-
ease.

Conclusion
We compared the cerebral kinetics of [1-14C]BA and [2-14C]BA 

for quantitative assessment of astrocytic oxidative metabo-
lism. [14C]BA showed single-exponential kinetics regardless of 
the labeling positions, but the washout rate of [1-14C]BA was 
higher than that of [2-14C]BA. Thus, [1-14C]BA appeared to be 
a potential radioprobe for estimating the astrocytic oxidative 
metabolism with washout rate in rat brain. On the other hand, 
C-2-labeled acetate might be a more suitable radioprobe for 
estimating accumulation of amino acids.
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Fig.2 Kinetics of radiometabolites derived from benzyl [1-11C]acetate 
in arterial plasma. %ID/mL: % of injected dose/mL plasma. Cited 
from [3].

Fig.3 The time–radioactivity curves of [1-14C]BA in mature (●) and im-
mature (▲) rats. (A) cortex, (B) cerebellum, and (C) pons. (D) the 
parent compound in the blood. DAR: % of injected dose/g tissue 
× body weight (g)/100. Cited from [3].
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after injection in control and SE model rats. Cited from [3].
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The DOI detector enables novel PET scanners

Taiga Yamaya
E-mail: yamaya.taiga@qst.go.jp

Positron emission tomography (PET) plays important roles 
in cancer diagnosis, neuroimaging and molecular imaging 
research. However potential points remain for which big im-
provements of PET could be made, including spatial resolution, 
sensitivity and manufacturing costs. For example, the sensitivity 
of present PET scanners does not exceed 5%. This means that 
more than 95% of the gamma-rays emitted from a subject are 
not utilized for imaging. Therefore, research on next generation 
PET technologies remains a hot topic worldwide. 

A depth-of-interaction (DOI) detector, for which various po-
sitioning methods have been studied, will be a key device to 
get any significant improvement in sensitivity while maintaining 
high spatial resolution (Fig.1). In order to maintain enough de-
tection efficiency, the scintillation crystals should be 2 cm-3 cm 
long. In conventional detectors, the crystal thickness causes 
uncertainty in position identification, which results in degraded 
spatial resolution at the peripheral area of a field-of-view (FOV). 
On the other hand, the DOI detector can reduce the parallax 
error while maintaining the efficiency. 

We have developed 4-layered DOI detectors based on the 
light sharing method [1][2]. One of the successful proofs-of-
concept was done in the “jPET” project, in which we developed 
a brain prototype PET system with the DOI detectors; almost 
uniform spatial resolution of around 2 mm all over the FOV was 
obtained using iterative image reconstruction with the geo-
metrically defined system matrix [3].

DOI measurement also has a potential to expand PET ap-
plication fields because it allows for more flexible detector ar-
rangement. This paper summarizes our development of some 
novel PET scanners.

OpenPET: a future PET system for therapy imaging
OpenPET is our original idea to realize the world’s first open-

type 3D PET scanner for PET-image guided particle therapy 
such as in situ dose verification and direct tumor tracking. 
The principal of dose verification for particle therapy is based 
on the measurement of positron emitters which are produced 
through fragmentation reactions caused by proton or 12C ion 
irradiation. Even with a full-ring geometry, the OpenPET has 
an open gap between its two detector rings through which the 
treatment beam passes, while conventional positron cameras 
applied to particle therapy imaging have been basically limited 
to planner imaging with lower detection efficiency [4]-[6]. 

Following our initial proposal of the dual-ring OpenPET 
(DROP) in 2008 (Fig.2 (a)) [7], we finally developed a whole-
body prototype of DROP (Fig.2 (b)). The prototype consisted of 
two detector rings, and each detector ring had two sub-rings of 
40 detectors. Each detector consisted of the 16 × 16 × 4 array 

of GSOZ crystals (2.8 × 2.8 × 7.5 mm3). The portable gantry 
had a compact design; each detector ring had a 940 mm outer 
diameter and 171 mm thickness for the detector inner bore of 
640 mm diameter and 113 mm axial FOV. Fig.2 (c) shows imag-
ing results of a 12C beam irradiating a plastic phantom. We also 
succeeded in visualizing a 3D distribution of beam stopping 
positions inside the phantom with the help of radioactive beams 
(11C beam and 10C beam) [8] used as primary beams. 

Helmet-chin PET: a super high-sensitive brain imager
To satisfy a potential demand for brain molecular imaging, 

prototypes of brain dedicated PET scanners have been devel-
oped. However, all previous developments were based on a 
cylindrical geometry, which is not the most efficient for brain im-
aging. Making the detector ring as small as possible is essen-
tial in PET, because sensitivity can be increased with a limited 
number of detectors. With appropriate DOI detectors, which 
reduce the parallax error caused by the thickness of the scintil-
lators, spatial resolution can be maintained, or even improved 
by reducing the angular deviation effect. Therefore, in col-
laboration with ATOX Co., Ltd., we developed the world’s first 
helmet-chin PET, in which DOI detectors are arranged to form a 
hemisphere, for compact, high-sensitivity, high-resolution, and 
low-cost PET imaging [9].

Our basic idea relies on the evidence that the average sen-
sitivity of hemisphere PET is about 1.5-times higher than that of 
cylinder PET of the same radius and height, while the required 
number of detectors is the same for both geometries. In addi-
tion, our use of 12% more detectors for “chin detectors”, which 
are placed like a chin strap, improves sensitivity especially 
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at the central area. In the prototype, 47 block detectors were 
used to form a hemisphere of 25 cm inner diameter and 50 cm 
outer diameter, and 7 block detectors were used for the chin 
strap (Fig.3 (a)). The total number of detectors was about 1/5 of 
the number to be used in whole body PET. Each detector block 
was a 4-layered DOI detector, which was the same as the de-
tectors used for the OpenPET. The data acquisition system was 
developed based on collection of single events. An iterative 
reconstruction method with detector modeling was applied.

Measured sensitivity was 5% at the cerebellum region and 
10% at the parietal region for a standard 400–600 keV energy 
window, which is more than 3 times higher than commercial 
scanners. Averaged FWHM of point sources was 3.0 mm (FBP) 
and 1.4 mm (iterative) (Fig.3 (b)), while commercial scanners 
have 5 mm or worse spatial resolution.
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Fig.1 Comparison between a conventional PET detector (a) and our 
depth-of-interaction (DOI) detector (b). The DOI detector elimi-
nates the parallax error, which is caused by the thickness of the 
crystals in conventional detectors.

Fig.2 A conceptual sketch (a), the prototype (b) and experimental re-
sults (c) of the OpenPET.

Fig.3 A prototype of the helmet-chin PET (a) for which we successfully 
obtained excellent sensitivity and resolution performance (b).
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Development of a novel method for measurement 
of dopamine release in brain activation 
by positron emission tomography
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Background and objectives
[11C]raclopride is an antagonist of dopamine D2 receptors, 

and positron emission tomography (PET) with [11C]raclopride 
has been widely used for evaluating the density of dopamine D2 
receptors in the striatum. In addition, binding of administered 
[11C]raclopride to the dopamine D2 receptors competes with 
endogenous dopamine. Therefore, regional dopamine release 
due to pharmacological challenges or neuropsychological 
tasks can be evaluated indirectly by measuring the changes in 
binding of [11C]raclopride between the baseline and the acti-
vated state using PET.

Methods for measuring the changes in binding of [11C]raclopride 
are roughly divided into two approaches. One is the bolus-plus-
continuous infusion approach (B/I approach). In this method, 
after the bolus injection, [11C]raclopride is administered contin-
uously to maintain the equilibrium state. The parameter binding 
potential (BP) represents the binding of [11C]raclopride to the 
dopamine D2 receptors, and it is estimated by the radioactivity 
ratio of target and reference regions after a time-activity curve 
becomes flat, so the quantification process is simple. However, 
it is often difficult to design an injection protocol to maintain 
the equilibrium state individually. The other approach uses two 
independent PET scans with bolus injection in the baseline and 
activated state (dual-scan approach). In this method, it is not 
necessary to maintain the equilibrium state, so the injection 
protocol is easily designed. However, PET scans with bolus 
injections should be performed twice, before and after the ac-
tivation, so a long study period is required. In addition, scans 
are often performed on separate days, so the physiological 
condition may change. Recently, to shorten the study period 
for the dual-scan approach, a novel method was developed to 
measure the changes in the BP by performing a single-session 
scan in conjunction with multiple injection of [11C]raclopride 
(multiple-injection approach) [1].

In this study, we designed a new PET scan protocol for the 
measurement of dopamine release using the multiple-injection 
approach, and we investigated the feasibility of this proposed 
method. As the first step, we investigated the reproducibility 
of BP obtained by the multiple-injection approach under rest 
conditions, and compared it with that of the conventional B/I 
approach.

Theory of multiple-injection approach
In the conventional dual-scan approach, two PET scans are 

carried out separately as the baseline and activated state, and 
the BP is generally estimated by the nonlinear least-square 
fitting with the model equation derived from the compartment 
model using the cerebellum as a reference region where the re-

ceptor binding is negligible (simplified reference tissue model; 
SRTM) [2]. A second PET scan must be performed after the 
disappearance of the [11C]raclopride administered in the first 
scan, so in general, pharmacological or neuropsychological 
activation and the subsequent second scan are performed a 
few hours after the first PET scan (Fig.1A).

On the other hand, in the multiple-injection approach, the 
first injection is performed at the same time as scanning is 
started, and pharmacological or neuropsychological activation 
is performed 40–60 min after the first injection even though the 
radioactivity has not disappeared. Consecutively, the second 
injection is performed soon after the change of the binding 

Fig.1 PET scan protocol of a conventional approach with dual PET 
scans (A) and the proposed method by a single PET scan with 
dual injections of [11C]raclopride (B).
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condition caused by the activation (Fig.1B). BP of the first in-
jection, as the baseline, is estimated by the usual SRTM using 
data points measured before the activation, and BPND of the 
second injection, as the activated state, is estimated using data 
points measured after the second injection by taking account 
of the residual radioactivity of the first injection at the time of 
the second injection. In this estimation of the second injection, 
BP is estimated from the model equation which is the same as 
the usual SRTM, except that the initial condition at the injection 
time is not zero.

PET human study
To evaluate the reproducibility of BP estimates by the 

multiple-injection approach, PET studies with [11C]raclopride 
were performed on ten healthy volunteers by both the multiple-
injection approach and B/I approach under rest conditions 
(Fig.2). In the multiple-injection approach, BPs of the striatum 
as two rest conditions (BP1 and BP2) were estimated from 
frames for 0 to 40 min and 45 to 85 min using the SRTM that 
takes into account the residual radioactivity of the first injection of
[11C]raclopride after the second injection. Meanwhile, in the B/I 
approach, BP1 and BP2 were estimated from the striatum/cer-
ebellum radioactivity ratio for 40 to 52 min and 68 to 100 min, 
respectively. In both approaches, the reproducibility of BPND 
was evaluated by the mean of the absolute difference (AD) (Eq. 1) 
between BP1 and BP2 for the ten healthy volunteers.

    (1)

Figure 3 shows typical time-activity curves (TACs) for the 
striatum and cerebellum obtained from the multiple-injection 
and B/I approaches. BP1 and BP2 were estimated from these 
curves. As a result, although both approaches gave a small val-
ue for the mean of AD (MAD) between BP1 and BP2, the MAD of 
the multiple-injection approach was slightly smaller than that of 
the B/I approach (Table 1), and it was comparable to the MAD 
of two separate scans with a bolus injection reported previously 
[3]. BP values estimated by the multiple-injection approach 
agreed well with those by the B/I approach.

In the B/I approach, the TACs often had not reached equi-
librium even after 40 min in spite of the continuous infusion of 
[11C]raclopride, resulting in lower reliability of BP estimates. On 
the other hand, in the proposed multiple-injection approach, 
although the nonlinear-least square fitting is required for the 
estimation of BP, the injection protocol is simpler and the scan 
period is shorter. 

Summary
We proposed a multiple-injection approach to estimate the 

changes in the binding of [11C]raclopride due to dopamine 
release from a single session of PET scanning. This approach 
provided reliable BP estimates with high reproducibility, sug-
gesting a possibility of multiple-injection approach for evaluat-
ing the dopamine release due to neuropsychological tasks. 
We are now investigating the sensitivity of changes in the BP 
caused by the neuropsychological tasks using this multiple-
injection protocol.

Multiple-injection
approach B/I approach

BP1 2.26 ± 0.21 2.32 ± 0.11

BP2 2.26 ± 0.22 2.32 ± 0.15

MAD (%) 2.4 ± 1.8 4.0 ± 2.4

Fig.2 Injection protocol of multiple-injection approach (A) and B/I ap-
proach (B) for PET scans with [11C]raclopride for ten healthy vol-
unteers.

Fig.3 Time-activity curves for the striatum and cerebellum obtained by 
multiple-injection approach (A) and B/I approach(B).
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Table 1 Mean value of binding potential for the first and 
second resting state (BP1 and BP2) and mean abso-
lute difference (MAD) between BP1 and BP2 for ten 
healthy volunteers.
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Clinical research on the PET/CT imaging of cancer hypoxia

Tsuneo Saga

Introduction
When cancer tissue outgrows its vascular supply, cancer 

cells are exposed to a hypoxic environment. The presence of 
hypoxic areas within cancer tissue is one of the major causes 
of resistance to treatment such as radiotherapy and anti-cancer 
agents. Furthermore, cancer cells acquire a more aggressive 
nature during their adaptation to the hypoxic environment. The 
information on cancer hypoxia, therefore, is very important for 
the management of cancer patients, such as the selection of 
appropriate treatment strategies depending on the grade of 
hypoxia and radiation treatment planning, in which a higher 
radiation dose is administered to hypoxic areas within the 
cancer tissue. Positron emission tomography/computed to-
mography (PET/CT) using hypoxia-seeking probes is suitable 
for the quantitative evaluation of cancer hypoxia in patients. At 
present two kinds of probes are mainly used for PET imaging of 
hypoxia in cancer patients; one is a nitroimidazole compound 
and the other one is Cu(II)-diacetyl-bis(N 4-methyl-thiosemicar-
bazone) labeled with positron emitting copper radioisotopes. 
F-18 labeled fluoroazomycin arabinoside (FAZA, Fig.1) is a 
second generation nitroimidazole compound designed to have 
improved kinetic properties: faster uptake in hypoxic tissue 
and faster clearance from normoxic tissue. We have performed 
clinical research studies of PET/CT with FAZA in patients with 
lung cancer and head and neck cancer in order to evaluate the 
clinical value of FAZA uptake in tumors focusing on its prog-
nostic impact.

 

FAZA PET/CT for lung cancer patients
Clinical research on lung cancer patients was performed 

in collaboration with the Cancer Institute Hospital, Japanese 
Foundation for Cancer Research. Clinically suspected locally 
advanced non-small cell lung cancer (NSCLC) patients un-
derwent PET/CT with FDG, a marker of accelerated glucose 
metabolism in cancer tissue, and with FAZA. Uptake of PET 
probes in the primary lesion and lymph node (LN) metastasis 
(maximum value of standardized uptake value for FDG and tu-
mor-to-muscle uptake ratio (T/M) for FAZA) was compared with 
the outcome of the patients (progression-free survival: PFS) de-
termined by clinical follow up. Various clinical parameters were 
also compared with the prognosis of the patients. 

Figure 2 shows representative images of CT, FDG PET/CT 
and FAZA PET/CT indicating that intratumoral distribution pat-
terns of FDG and FAZA are not identical to each other. 

In all patients (stage III + stage IV), both the clinical stage 
(stage IV versus stage III, p = 0.017, Kaplan-Meier with log-rank 
test) and FAZA T/M in LN metastasis (T/M > 1.85 versus T/M ≤ 
1.85, p = 0.001) were significant predictors of PFS. In contrast, 
FDG uptake parameters were not significant predictors of PFS. 
In a subgroup of patients with stage III NSCLC who were treat-
ed with chemoradiotherapy (CRT), FAZA T/M in LN metastasis 
was the only significant predictor of PFS (T/M > 1.85 versus T/M 
≤ 1.85, p = 0.016). These results suggest that, in patients with 
advanced NSCLC having LN metastasis, FAZA uptake in LN 
metastasis, not in the primary lesion, is a prognostic indicator; 
these results also emphasize the importance of evaluating the 
character of LN metastasis in the case of advanced NSCLC [1]. 
Fig.3 reproduces CT and FAZA PET images for a patient with 
stage IIIB lung squamous cell carcinoma showing high FAZA 
T/M in LN metastasis who developed a recurrence after CRT 
and died of the disease.

Research on Pathophysiological Diagnosis of Cancer and Other Diseases with Molecular Imaging

Fig.1  Chemical structure of FAZA.
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FAZA PET/CT for head and neck cancer patients
Clinical research studies on head and neck cancer patients 

were performed in collaboration with the Department of Diag-
nostic Radiology and Radiation Oncology, Graduate School of 
Medicine, Chiba University. Patients with head and neck squa-
mous cell carcinoma (HNSCC) underwent FAZA PET/CT before 
being treated with CRT. FAZA uptakes (T/M) in the primary le-
sions and LN metastasis were compared with various clinical 
parameters. FAZA and clinical parameters were then correlated 
with the PFS of the HNSCC patients.

FAZA T/M in the primary lesion showed a significant positive 
correlation with the maximum tumor diameter of the primary 
lesion and was significantly higher in stage IV lesions than in 
stage I – III lesions. Comparison of PET and clinical parameters 
with PFS showed that FAZA T/M in the primary lesion was the 
only significant predictor of PFS (T/M > 1.565 versus T/M ≤ 
1.565, p = 0.010). On the other hand, maximum tumor diameter 
and clinical stage were not significant predictors. These results 
suggest that, although the grade of hypoxia increased with the 
increase in tumor size and disease stage, FAZA uptake is a 
more reliable indicator of tumor hypoxia and is a useful predic-
tor of treatment outcome [2].

Figure 4 reproduces FAZA PET/CT and PET images for a 
patient with high FAZA primary T/M who developed liver metas-
tasis after CRT. 

Conclusion
In conclusion, results from the present clinical studies on 

FAZA PET/CT for lung cancer and head and neck cancer 
patients have shown that the FAZA PET/CT peformed prior 
to treatment can provide important information on prognostic 

stratification of cancer patients that can be used for the se-
lection of appropriate treatment strategies depending on the 
grade of cancer hypoxia.

Fig.4 FAZA PET/CT and PET images of a patient with epipharyngeal 
cancer.

Fig.3 CT and FAZA PET images of a patient with stage IIIB lung squamous cell carcinoma.

Fig.2 CT, FDG PET/CT and FAZA PET/CT images of a patient with large cell carcinoma of the right lung.
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Integrin α6β4-targeted imaging of pancreatic cancer model 
using a radiolabeled or fluorophore-labeled antibody 
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Background and objectives
Pancreatic cancer is a deadly malignancy because of its 

nonspecific symptoms, resulting in delayed diagnosis, and 
limited therapeutic options. The treatment outcomes of this dis-
ease are not yet fully satisfactory and the 5-year survival rate 
is low. Exploration of suitable molecular markers and imaging 
probes to assist in an early and specific diagnosis of pancreat-
ic cancer is still necessary. An experimental imaging technique 
targeting these biomarkers would pave the way toward the de-
velopment of therapeutic strategies and clinical management. 

A family of adhesion molecules, integrins, form various het-
erodimer transmembrane proteins that mediate cell-cell and 
cell-extracellular matrix interactions, and they are involved in 
cancer progression, including adhesion, migration, invasion, 
proliferation, survival, and metastasis [1]. Among the integrins, 
we focused on integrin α6β4 (α6β4). According to the literature, 
α6β4 integrin is often highly expressed in pancreatic cancer 
cells, whereas it is rarely expressed in pancreatitis and normal 
pancreatic cells [2]. In addition, α6β4 overexpression is ob-
served in early stages of pancreatic adenocarcinoma, termed 
as pancreatic intraepithelial neoplasias (PanINs), and has held 
high expectation as an early biomarker [2]. We recently isolat-
ed a fully human monoclonal IgG1 antibody against α6β4, des-
ignated as ITGA6B4, from a large-scale human antibody library 
constructed using a phage-display system and screened using 
living pancreatic cancer cells [3]. In our study, we proposed the 
α6β4 integrin as a good target for pancreatic cancer and we 
realized two molecular imaging modalities using a radiolabeled 
or fluorophore-labeled ITGA6B4, and assessed their potential 
feasibility for pancreatic cancer imaging in an animal model. 
We labeled ITGA6B4 with indium-111 (111In) for single-photon 
emission computed tomography (SPECT) and near-infrared 
(NIR) fluorophore indocyanine green (ICG) for near-infrared 
fluorescence imaging. 

Integrin α6β4 expression in human pancreatic cancer 
cell lines

Various levels of α6β4 integrin expression in four human pan-
creatic cancer cell lines were examined with Western blotting 
and flow cytometry (Fig.1). Western blot analysis demonstrated 
a high expression of β4 and α6 integrin subunits in BxPC-3 and 
AsPC-1 cell lines, a relatively low expression in MIAPaCa-1 and 
PANC-1 cell lines, and negligible expression in a mouse cell 
line A4. These results were consistent with membranous α6β4 
expression measured by flow cytometry after overnight incuba-
tion with fluorescein-ITGA6B4. To provide the proof of concept, 
the BxPC-3 cell line which showed high expression of α6β4 was 
used as a representative α6β4-positive cell line, and the A4 cell 
line was used as its negative counterpart.

Cellular binding and biodistribution of 111In-labeled 
antibody in tumor-bearing mice 

We labeled ITGA6B4 with 111In, using a chelating agent CHX-
A"-DTPA and evaluated its cellular binding. This probe highly 
and specifically bound to BxPC-3 cells but not to A4 cells. 
BxPC-3 cell binding increased in a cell concentration-depend-
ent manner. According to the biodistribution results, 111In-DTPA-
ITGA6B4 accumulation in BxPC-3 tumor was 2.28% ID/g at 1.5 
hours after injection, gradually increased with time and reached 
46.11% ID/g at 96 hours. Meanwhile, 111In-DTPA-ITGA6B4 ac-
cumulation in A4 tumor was 7.35% and 9.90% ID/g at 1.5 and 
96 hours, respectively.

Visualization of tumor by SPECT/CT imaging with 
111In-labeled antibody 

We performed longitudinal SPECT imaging of the mouse 
bearing tumors at 1.5, 24, 48, 72, and 96 hours after injection 

Research on Pathophysiological Diagnosis of Cancer and Other Diseases with Molecular Imaging

Fig.1 1 (A) Expression of β4 and α6 integrin subunits in 4 human pan-
creatic cancer cell lines, examined by Western blotting. Mouse 
cell line A4 was a negative control. (B) Percentages of α6β4 (+) 
cells are compared by flow cytometric analysis
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of 111In-DTPA-ITGA6B4. Markedly higher radioactivity was ob-
served in BxPC-3 tumor compared to A4 tumor. At 48, 72, and 
96 hours, BxPC-3 tumor uptakes were 28.4, 38.8, and 43.2% 
ID/g and A4 tumor uptakes were 10.0, 9.2, and 9.1% ID/g, 
respectively (Fig.2A). The probe accumulation patterns in tu-
mors were in line with biodistribution results. Immediately after 
SPECT imaging at 96 hours after injection, a frozen section of 
BxPC-3 tumor displayed high radioactivity in autoradiography 
(ARG) (Fig.2B) and enhanced α6β4 immunohistochemical (IHC) 
staining in tumor cells, especially at the edge of the tumor–
stromal interface (Fig.2C). No specific radioactivity and α6β4 
staining were observed in the A4 tumor section. Taken together, 
these findings validated the probe specific binding to α6β4.

Visualization of tumor by NIR fluorescence imaging 
with ICG-labeled antibody 

Mice bearing subcutaneous tumors were intravenously in-
jected with ICG-ITGA6B4 and imaged at the indicated time 
points (1.5, 24, 48, 72, and 96 hours after injection). At 24 
hours, the fluorescence intensities (FIs) of both tumors in-
creased, and BxPC-3 tumors were more clearly visualized than 
A4 tumors. The BxPC-3 tumor FI was fairly well retained until 96 
hours, whereas that of A4 tumors decreased during this period 
(Fig.3A). Moreover, in ex vivo imaging of tumors and tissues 
obtained from euthanized mice, BxPC-3 tumor FI was clearly 
identified and observed to be considerably higher than that of 
A4 tumors and other tissues. Post-imaging fluorescence mi-
croscopy of frozen sections confirmed the α6β4 specific binding 
of the probe in BxPC-3 tumors (Fig.3B).

Summary and future expectations
When targeted molecular imaging approaches are used to 

detect and delineate pancreatic cancer lesions from the sur-
roundings, the presence of adequate level of accessible tumor-
specific targets is crucial. And, the expectation for increasing 
the pancreatic cancer cure rate depends on the early detection 
and eradication of preinvasive lesions such as PanINs. As men-
tioned, α6β4 is overexpressed and displays altered localization 

in the early stages of PanIN. Thus, their earlier detection would 
raise the likelihood of a cure. Here, we could demonstrate a 
high expression of α6β4 integrin in certain pancreatic cancer 
cell lines, suggesting that α6β4 integrin is a desirable target 
for the diagnosis of pancreatic cancer, and α6β4 status could 
be detected by NIR imaging and nuclear imaging via ICG-
labeled or radiolabeled antibody against α6β4.The significantly 
increased accumulation of these probes in tumors might be 
specifically associated with α6β4 expression and specific bind-
ing of the probe.

Nowadays, radioimmunotherapy using an antibody labeled 
with an appropriate radioisotope (β– and α emitter) to deliver 
cytotoxic radiation to a target cell is increasingly acknowl-
edged as useful for internal radiotherapy. Thus, a radiolabeled 
antibody directed against α6β4 would also be a favorable can-
didate for a theranostic agent. In like manner, photoimmuno-
therapy is an advanced alternative molecular-targeted cancer 
therapy and an ICG-labeled antibody is attractive because ICG 
is one of the prospective dyes that could be used as an effec-
tive photosensitizer. Moreover, the ICG-labeled probe emits 
fluorescence signals in the NIR range (700–1000 nm). This is 
ideal for in vivo imaging because of the minimal light absorp-
tion, scattering, and autofluorescence in this range. Therefore, 
the ICG-labeled probe could be used in a real-time intraopera-
tive or endoscopic/laparoscopic setting to facilitate the surgi-
cal removal of pancreatic cancer because it can delineate the 
tumor margin. Although radionuclide-based and NIR imaging 
techniques/probes still have their own pros and cons, the ability 
to noninvasively visualize and quantify the high tumor binding 
of our nuclear and optical probes with specific targeting to α6β4 
in a pancreatic cancer model may provide a strong potential 
tool for diagnosis and selection of therapeutic strategies for 
personalized therapy in the future.
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Fig.2 (A) Serial SPECT/CT images of a mouse bearing xenografted target tumor (BxPC-3, pink arrowhead) and nontarget tumor (A4, white ar-
rowhead) (B) At 96 hours, a frozen BxPC-3 tumor section showed high radioactivity on the ex vivo autoradiographic image, whereas A4 
tumor showed no specific radioactivity. (C) Immunohistochemical staining of adjacent sections displayed strong α6β4 staining in BxPC-3 
tumor cells but not in A4 tumor cells.

Fig.3  (A) Serial NIR fluorescence imaging of a representative mouse bearing xenografted target tumor (BxPC-3, pink arrowhead) and non-
target tumor (A4, white arrowhead) (B) At 96 hours after injection, fluorescence microscopy examination of a frozen tumor section was 
done by fusing the ICG fluorescence image (pink) and DAPI nuclear staining image (blue). 
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Summary
•	We	have	established	methods	for	quantification	of	tau	pathol-
ogy	using	 11C-PBB3	considering	entrance	of	 radiometabo-
lites	into	the	brain.

•	With	blood	data,	a	dual-input	graphical	analysis	model	suc-
cessfully	estimated	binding	potential,	BP *ND,	which	reflects	a	
regional	amount	of	tau	pathology.

•	Without	blood	data,	an	original	multi-linear	reference	tissue	
model	 (MRTMO)	offers	suitable	quantification	 for	 11C-PBB3	
when	a	patient	can	be	stably	scanned	for	60	min.

•	If	motion	of	a	patient	hampers	 the	dynamic	data,	SUVR-1	
estimated	from	20-min	scan	data	for	30–50	min	can	be	used	
as	an	alternative	method	for	the	quantification.

Introduction
In	Alzheimer’s	disease	(AD)	and	other	tauopathies,	tau	accu-

mulation	is	a	pathological	hallmark	in	the	brain.	Tau	pathology	
is	closely	related	to	the	neural	death	and	cognitive	dysfunction	
in	those	diseases.	Quantitative	visualization	of	tau	pathology	in	
humans	can	be	a	powerful	tool,	both	as	a	diagnostic	aid	and	a	
monitor	for	potential	therapeutic	interventions.

For	PET	tau	imaging,	we	developed	a	radioligand,	11C-PBB3	
(2-((1E,3E )-4-(6-(11C-methylamino)pyridin-3-yl)buta-1,3-dienyl)	
benzo[d]thiazol-6-ol)	[1].	11C-PBB3	binds	reversibly	to	neurofi-
brillary	tau	tangles	with	high	affinity	and	selectivity	in	vitro,	and	
11C-PBB3	PET	studies	have	reflected	 the	known	pathological	
tau	distribution	at	various	stages	of	AD	patients	in	vivo.

However,	 11C-PBB3	studies	 in	humans	and	mice	 indicated	
that	 11C-PBB3	is	rapidly	converted	to	a	major	radiometabolite	
in	plasma,	and	a	significant	amount	of	the	radiometabolite	has	
been	shown	to	enter	the	mouse	brain,	which	complicates	quan-
titative	PET	data	analysis	[2].

We	established	methods	of	PET	quantification	of	tau	pathol-
ogy	with	11C-PBB3	considering	the	entrance	of	its	radiometabo-
lites	into	the	human	brain.	We	employed	a	dual-input	model	[3]	
that	uses	the	unmetabolized	parent	and	the	radiometabolite	in	
the	plasma	for	input	functions.	We	found	that	a	parameter,	the	
standardized	uptake	value	ratio	minus	1	(SUVR-1),	and	a	refer-
ence	tissue	model	binding	parameter	(BP *ND)	gave	results	 that	
agreed	with	those	of	the	dual-input	model	BP *ND,	supporting	the	
validity	of	these	simplified	models	in	quantifying	tau	pathology	
with	11C-PBB3	PET.

Methods
Seven	AD	subjects	and	seven	healthy	(HC)	subjects	under-

went	dynamic	11C-PBB3	PET	scanning.	Arterial	blood	was	sam-
pled	to	obtain	the	parent	and	metabolite	input	functions.	Quan-
tification	of	11C-PBB3	binding	was	performed	using	dual-input	
models	that	take	the	brain	metabolite	activity	into	consideration,	
traditional	single-input	models	without	such	considerations,	and	
a	reference	tissue	model	(MRTMO)	and	SUVR-1.	The	cerebellar	
cortex	was	used	as	the	reference	tissue	for	all	methods.

Quantification Models
Dual-input model

We	estimated	11C-PBB3	binding	parameters,	BP *ND	 (see	be-
low	for	its	definition),	in	two	ways	using	the	dual-input	graphical	
analysis	model	developed	by	 Ichise	et	al.	 [3].	This	graphical	
model	 is	derived	from	the	dual-input	compartment	model	[3].	
The	graphical	model	has	 the	 following	 two	operational	equa-
tions	both	of	which	allow	estimation	of	BP *ND	when	the	system	
reaches	 transient	equilibrium	between	 the	brain	and	plasma	
compartments:

=	α(t)														+β(t),	and	 	 Eq.1

=αP												+αM												+β(t),	 	 Eq.2

where	Ca
P,Ca

M	and	Cb		are	the	radioactivity	concentrations	of	the	
plasma	parent,	radiometabolite,	and	brain,	respectively.	Ca

P+M	=	
Ca

P	+	Ca
M.	In	Eq.	1,	

α=	[1/(1+δ)]	αP+[δ/(1+δ)]	αM,	 	 Eq.	3
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where	δ	 is	 the	plasma	metabolite/parent	concentration	ratio	at	
equilibrium	[3].	 In	Eqs.	2	and	3,	αP	and	αM	represent	the	total	
distribution	volumes	of	the	parent	(VT

P)	and	radiometabolite	(VT
M),	

respectively.	Assuming	that	 the	non-displaceable	distribution	
volume	of	 the	parent	(V P

ND)	or	 the	radiometabolite	(V M
ND)	 is	 the	

same	 in	 the	 target	and	 reference	 tissues,	BP *ND	and	plasma	
binding	potential	(BPP)	are	calculated	from	the	α	values	of	the	
tau-rich	target	and	tau-free	reference	tissues	as

BP *ND=             =											–1.	 	 	 Eq.	4

Here,	we	define	the	parameter	expressed	by	Eq.	4	as	BP *ND	
with	an	asterisk	 to	distinguish	 it	 from	the	original	definition	of	
BPND,	because	BP *ND	includes	an	additional	metabolite	distribu-
tion	volume	term,	δV M

ND,	 in	the	denominator.	We	consider	BP *ND	
as	an	extension	of	 the	definition	of	BPND	because	this	BP *ND	 is	
also	directly	proportional	to	Bavail	/KD.

Reference tissue model
Reference	 tissue	BP *ND	estimated	without	blood	data	 is	 the	

(tissue	ratio-1)	at	equilibrium	and	 it	 is	 theoretically	equivalent	
to	the	dual-input	BP *ND	given	by											,	if	the	metabolite	enters	
the	brain	[3].	We	used	MRTMO	to	estimate	BP *ND	using	region	of	
interest	(ROI)	data	and	also	to	generate	voxel-wise	parametric	
images	of	BP *ND	using	the	cerebellar	cortex	as	the	reference	tis-
sue.	To	evaluate	the	effect	of	shortening	the	scan	length,	BP *ND	
values	from	parametric	 images	with	 truncated	scan	data	(30,	
40,	50,	and	60	min)	were	calculated	and	compared	to	the	BP *ND	
values	from	the	full	70	min	scan	length.

Standardized uptake value ratio
We	obtained	(SUVR-1)	ROI	values	from	the	summed	PET	im-

ages	for	20–30,	30–50,	and	50–70	min	scan	lengths	normal-
ized	to	the	cerebellar	cortex.

Results
The	dual-input	graphical	model	estimated	 the	binding	pa-

rameter	 (BP *ND)	 stably	 (~0.36	 in	high	binding	 regions).	The	
MRTMO	BP *ND	matched	 the	corresponding	BP *ND	by	 the	dual-
input	graphical	model	 (r 2	=	1.00,	Figs.	1A	and	2).	MRTMO	
parametric	 images	of	 the	60	min	scan	 length	showed	slight	
underestimation	of	BP *ND	values	compared	with	 those	with	70	
min	scan	data.	SUVR-1	values	from	sets	of	30–50	and	50–70	
min	scan	data	slightly	overestimated	MRTMO	BP *ND	values	but	
correlated	very	well	with	them	(r 2	>	0.97,	Figs.	1B	and	2).

Conclusions
The	results	obtained	by	the	dual-input	graphical	model	BP *ND	

were	consistent	with	 those	by	 the	reference	tissue	BP *ND	and	
SUVR-1,	suggesting	 that	 these	parameters	can	accurately	
quantify	binding	of	11C-PBB3	despite	the	entry	of	 its	radiome-
tabolites	into	the	brain.
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Fig.2	 Coronal	parametric	images	of	AD	and	HC	subjects.	The	MRTMO	
was	used	to	estimate	parametric	BP *ND	value	images	in	ADs	(A)	
and	HCs	(B).	SUVR-1	images	were	created	by	averaging	frames	
of	the	PET	images	for	30–50	min	in	AD	(C)	and	HC	(D)	subjects.

Fig.1	 A	Correlation	of	BP *ND	values	estimated	by	the	dual-input	graphi-
cal	model	with	a	combined	plasma	 input	and	reference	tissue	
model.	 The	BP *ND	 estimated	by	 the	MRTMO	 analysis	closely	
matched	the	BP *ND	by	the	dual-input	graphical	model	(r 2	=	1.00).	
B	Correlation	of	BP *ND	estimated	by	MRTMO	and	SUVR-1	with	
the	scan	data	of	various	lengths.	SUVR-1	values	with	50–70	min	
(blue),	30–50	min	(red)	and	20–30	min	(green)	data	were	plotted	
against	BP *ND	values	estimated	by	MRTMO	with	70	min	data.
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Introduction
Tourette syndrome (TS) is a neurodevelopmental condition 

that affects about 1 in 100 school-aged children, as well as a 
significant number of adults. TS is defined by a complex pat-
tern of (semi-)voluntary movements and sounds called “tics”. 
TS patients often suffer from irrepressible attacks of vocaliza-
tion, called vocal tics, that range from simple sounds like throat 
clearing and grunting, to complex vocalization such as swear-
ing (coprolalia), which severely impact quality of life. These 
symptoms are difficult to manage due to a lack of effective 
treatments. Although neural mechanisms underlying motor tics 
have been extensively investigated in macaque monkeys (i.e., 
motor tic models [1]), the mechanisms of vocal tics remain 
unexplored because no established animal model exists. For 
development of new therapies, an animal model that exhibits 
vocal tics is urgently needed to elucidate the neural mecha-
nisms underlying vocal tic generation. Here we report an acute 
non-human primate model of vocal tics and identify the brain 
circuits involved in the symptom by using positron emission to-
mography (PET) imaging to monitor whole-brain activity during 
vocal tics [2]. 

Disinhibition of the nucleus accumbens generates 
vocal tics in monkeys

Vocalization of nonhuman primates is controlled by two 
neural pathways. One pathway includes the anterior cingulate 
cortex (ACC) that belongs to the limbic loop and the other runs 
from the primary motor cortex (M1) that constitutes part of the 
sensorimotor loop. The ACC and M1 are important for vocal 
control because these regions display readiness potentials 
preceding voluntary utterances. As far as we know, no studies 
have generated vocal tics using animal models by affecting the 
sensorimotor loop in a consistent way. We therefore focused 
on the basal ganglia, especially the nucleus accumbens (NAc) 
that has a strong connection to the ACC. We injected a small 
amount of GABA antagonist bicuculline into the NAc in five 
monkeys while being guided by X-ray CT in order to disrupt 
physiological activity in the limbic network (Fig.1). After the 
injection, monkeys made abnormal and repetitive complex 
sounds that were comparable to vocalizations observed in nor-
mal monkeys described as “grunt” calls [3].

Abnormal activation in the limbic loop regions dur-
ing vocal tic manifestation

Next, we aimed at identifying the brain regions following dis-
inhibition of the NAc, and we performed whole-brain PET imag-

ing to measure the regional cerebral blood flow (rCBF) during 
a period of expression of each tic type in the monkeys. rCBF in 
the ACC, amygdala, and hippocampus, which are limbic loop 
regions, was significantly increased in the vocal tic model as 
compared with the motor tic model (Fig.2, top). On the other 
hand, the M1 and cerebellum in the motor tic model were sig-
nificantly activated (Fig.2, bottom). The results were consistent 
with fMRI studies of TS patients that reported the ACC and 

Fig.1 The location of the bicuculline injection cannula targeted as the 
NAc for inducing vocal tics is shown in a CT/MRI fusion image. 
Scale bar is 5 mm. R: right, L: left.

Molecular Imaging Research on Neuropsychiatric Disorders
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amygdala are activated during premonitory urge and tic gen-
eration [4-6].

To investigate the physiological basis for the increased rCBF 
in the limbic regions of the vocal tic model, we recorded local 
field potentials (LFPs) at multiple sites including the NAc, ACC, 
and M1. After the bicuculline injection into the NAc, LFP spikes, 
which were defined as an electrophysiological marker of aber-
rant neuronal discharges, immediately appeared at the injec-
tion site and ACC (Fig.3, upper two rows). LFP spikes in the M1 
were identified even though their amplitude was small (Fig.3, 
middle row). It is significant that LFP spikes in three regions 
had been synchronized. Furthermore, the timing of synchro-
nized spike occurrence matched the timing of vocal tics (Fig.3). 
These findings led us to propose that vocal tics emerged as 
a consequence of dysrhythmic activity between critical nodes 
on the limbic and motor networks including the NAc, ACC, and 
M1. 

Summary
In the present study, we first demonstrated that disinhibition 

of the NAc by injection of bicuculline into the highly localized 
NAc of monkeys generated vocal tics acutely and reversibly. 
PET imaging revealed abnormal activity in the limbic network 
during the period of vocal tic expression. Electrophysiological 
investigations revealed that the LFP spikes in ACC, NAc, and 
M1 had been synchronized and matched the timing of vocal 
tics. We concluded that a key feature of vocal tic expression 
is synchronized dysrhythmia across the limbic network. This 
reproducible model of behaviors in TS provides a way to un-
derstand the detailed mechanism of the disease and a unique 
platform on which to develop new treatments. 

This study was performed in an international collaboration 
(PI: Dr. Kevin McKarin, Korea Brain Research Institute) with re-
searchers at the Primate Research Institute – Kyoto University, 
RIKEN, Kansai Medical University and Tsukuba University.
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Fig.2 Increased regional cerebral blood flow following bicuculline injection into the NAc contrasted with injection into the putamen (Vocal > Motor, top), 
and the following bicuculline injection into the putamen contrasted with that into NAc (Motor > Vocal, bottom). The right top panel shows the 
activation to extend the ACC activation for each condition laid onto sagittal sections. Scale bar is 5 mm. R: right, L: left, A: anterior, P: posterior. 
Modified from [2].

Fig.3 An example of LFP spikes in the NAc, ACC, and M1 recorded 
from the vocal tic model monkey as well as electromyogram 
(EMG) and vocal (audio) recordings. Repetitive abnormal neural 
activities were seen in three regions and vocal tics were evoked 
at the same time (gray shading).
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