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Introduction

The human brain is the most complex organ which acts 
as the center of the nervous system. It is very vulnerable 
to central nervous system (CNS) diseases such as 
neurodegenerative disorders including Alzheimer’s disease 
(AD), Parkinson’s disease (PD) and multiple sclerosis 
and also susceptible to psychiatric conditions including 
schizophrenia and depression. Although the neural 
mechanisms behind these brain dysfunctions are being 
studies in neuroscience field, how these cells interact with 
one another and the detailed molecular or subcellular 
processes underlying the neurological disorders are yet not 
well understood (1).

Traditionally, the mechanism of the CNS disorders can 
be investigated in the late stage or through postmortem 

analysis. However, the emerging molecular neuroimaging 
techniques such as magnetic resonance imaging (MRI), 
X-ray computed tomography (CT), positron emission 
tomography  (PET)  and  s ing le  photon  emis s ion 
computed tomography (SPECT) have made it possible to 
noninvasively identify the fundamental biological processes 
of the CNS diseases. In particular, the advantages of 
molecular imaging lie in that the sophisticated biological 
processes and specific pathways in a given disease can be 
elucidated at the cellular and molecular levels in human 
and other living systems (2). In addition, molecular imaging 
can provide the information of clinical changes before 
the pathological features occurred, making it possible 
to diagnose the diseases at early stage and to help in 
therapeutic trials of many CNS disorders (3).

Though there are several molecular imaging modalities 
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available, however, in this review, we will focus on PET/
SPECT techniques due to their extensive applications in 
clinical neurosciences. We begin by a brief introduction 
of the PET and SPECT together with their strengths 
and limitations. Then the major applications of the 
two modalities in the field of CNS disorders such as 
neurodegenerative disorders (AD and PD) are discussed. 
Finally we will talk about the future trends in this specific 
field.

PET/SPECT molecular neuroimaging

PET and SPECT have made a significant contribution for 
many years as to evaluate the physiological function and 
biochemical changes of molecular targets. Both techniques 
are based on the measurement of the radionuclide’s decay, 
during which a positron or a γ-ray will be emitted and thus 
generate photos. PET and SPECT have many advantages 
such as high sensitivity, good spatial resolution and limitless 
penetration depth, leading to their vital role in molecular 
imaging for both preclinical and clinical studies. In this 
section, we will first give a brief introduction to the classical 
molecular neuroimaging modalities. Then, the major 
clinical applications of PET and SPECT along with their 
molecular probes in AD and PD will be provided.

Classical modalities for molecular neuroimaging

Table 1 briefly lists some of the general characteristics of 
representative molecular imaging techniques include CT, 
MRI, radionuclide imaging, optical imaging and ultrasound 
imaging. Among those, the optical molecular imaging 
technologies have not been employed for exploring human 
brain (4).

Positron emission tomography (PET)

PET records pairs of high energy γ-rays emitted indirectly 
from the decay of a radioisotope such as 11C, 13N, 15O and 
18F which are introduced into the subject. The positrons 
emitted from radioisotopes travel a few millimeters through 
the surrounding tissue and then their kinetic energy lose 
rapidly. Later, they move slowly and interact with electrons 
to generate two 511 keV γ-rays (known as the annihilation 
radiation), travelling at nearly opposite directions (5). 
PET needs to employ the huge and high-cost cyclotron to 
produce most of the isotopes (6). The radioisotopes must 
be made at the site and introduced to the subject quickly 

since they have a short half-life (the time it takes for 50% 
of the radioactivity to decay) such as 18F: t1/2 =109.8 minutes 
or even ultra-short half-life such as 11C: t1/2 =20.3 minutes 
and 15O: t1/2 =2.04 minutes (Table 2) (7). In addition, some 
of isotopes e.g., 68Ga and 82Rb can be generated using a 
generator. Among all of radioisotopes, the 15O, 11C and 18F 
are the most extensively used isotopes for brain imaging. 
Three-dimensional images of functional processes in brain 
are finally constructed from PET detectors by computer 
analysis.

PET is a high-performance molecular imaging tool widely 
used in clinical utility, preclinical arenas and basic research 
in the field of neurology, cardiology and particular neuro-
oncology due to its excellent sensitivity of 10−11-10−12 mol/L  
and limitless depth of penetration. PET scanning with the 
metabolic tracer [18F]-2-fluoro-2-deoxy-D-glucose ([18F] 
FDG) is widely used in the clinic oncology for detecting the 
tumor, staging the cancer and monitoring therapy. [18F] FDG 
is a glucose analog first synthesized by Ido et al. (8) which is 
transported by glucose-using cells and phosphorylated by 
hexokinase. It is used extensively as an important biomarker 
of cancer because the faster metabolism of glucose in cancer 
cells as compared with normal cells can be measured.

PET can be also used to explore the human brain 
disorders and diseases. Actually, a normal brain needs 
to consume large quantity of glucose, however, in a 
pathological brain of AD, the metabolism of glucose as well 
as oxygen will significantly decrease. Hence, the [18F] FDG 
may be an effective marker to successfully identify the AD 
and to make early diagnosis with frontotemporal dementia.

In addition to its clinical utility, PET can also be applied 
in preclinical trials to study in vivo pharmacology and in small 
animal models. Nowadays, the miniaturized PET scanner 
that is small enough has been available for imaging rodents. 
For example, a Rat Conscious Animal PET (RatCAP) has 
been constructed which can allow small animal free of 
anesthesia to be scanned. The specifically designed PET 
scanner refers to as microPET and has spatial resolution of 
1-2 mm and sensitivity of 10−11-10−12 mol/L.

Single photon emission computed tomography (SPECT)

SPECT is very similar to PET in its use of radioactive 
tracer and detection of γ-rays. However, unlike PET the 
radioisotopes used for SPECT emit only a single γ-ray 
during decay that is measured directly. Moreover, SPECT 
scans are significantly less expensive than PET scans partly 
due to that the nuclides used in SPECT have a longer half-
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life and are relatively easily obtained than PET.
The γ emitting isotopes for SPECT include 99mTc  

(t1/2 =6 hours), 123I (t1/2 =13.3 hours), and 111In (t1/2 =2.8 days)  
which are heavy radioisotopes and decay via a single photon 
emission (Table 3). SPECT utilize a γ camera to detect 
γ photons. To acquire SPECT images from numerous 
positions, the γ camera is rotated around the subject and 
projections are acquired at defined points during the 
rotation. The collimator in γ camera is a lead or tungsten 
which rejects many photos that not propagated along the 
axis at right angles in order to make sure the origin of 
emission can be discerned. The disadvantage of this is that 
collimator absorbs most of the photons, resulting in that the 
sensitivity of SPECT is several orders of magnitude lower 
than of PET. Furthermore, the spatial resolution of SPECT 
is depended on the collimation errors, which are lower than 
the clinical PET. However, for microSPECT, the spatial 
resolution can be relatively very high. The microSPECT 
designed for imaging small animals can be more widely 
used in preclinical studies such as neurology, oncology and 
drug development in small animal model. For example, 
Beekman et al. have developed a new rodent SPECT 
instrument named U-SPECT-I whose spatial resolution 
can reach at submillimeter in 2005 (9). Amazingly, the same 
research group has set up a second generation machine 
called U-SPECT-II whose spatial resolution is less than 
half a millimeter (10). What’s more, the longer half-life 
radionuclides used in SPECT make it possible to perform 
longitudinal scans.

It’s worth noting that PET cannot be able to distinguish 
between two different radioisotopes when injected 
simultaneously owing to isotopes that are positron emitters 
give rise to two γ-rays with the same energy. SPECT, on 

the other hand, dose have some multiplexing capabilities 
because multiple nuclides produce γ-rays with different 
energies, thus enabling it to image different targets 
simultaneously (11). For example, Hijnen et al. (12) has 
conducted a dual-isotope experiment using a microSPECT 
system and has quantified the biodistribution and tumor 
uptake of the angiogenesis tracer cyclic arginine-glycine-
aspartate (cRGD) via SPECT. Recently, Hapdey et al. (13) 
has worked out a generalized spectral factor analysis (GSFA) 
method for simultaneous 99mTc/123I SPECT, proving that 
simultaneous 99mTc/123I imaging obtained through GSFA can 
also be of similar quantitative accuracy compared to those 
using sequential and scatter-free 99mTc/123I imaging in brain 
SPECT.

PET/SPECT with molecular imaging agents in 
CNS diseases

The CNS disorders can arise from trauma, infections, 
degeneration, structural defects, blood flow disruption, 
autoimmune disorders, tumors and stroke. There are 
various types of CNS diseases and conditions, including 
neurodegenerative diseases such as AD, PD and essential 
tremor, neurological disorders including attention deficit-
hyperactivity disorder (ADHD) and autism, inflammatory 
demyelinating diseases such as multiple sclerosis and genetic 
disorders such as Huntington’s disease.

It is believed that the molecular imaging approaches 
have played a promising role in evaluating the physiological 
mechanisms and pathomechanisms of CNS disorders in 
living brain of animal models and experimental human 
models. The molecular imaging agent is of great important 
during the course of molecular imaging study. The agents 

Table 2 Most common used PET radioisotopes

Radionuclides 11C 13N 15O 18F 64Cu 68Ga 82Rb 166Ho

Energy (keV) 511

T1/2 20.39 m 9.97 m 2.04 m 109.77 m 13 h 67.63 m 1.27 m 27 h

PET, positron emission tomography; m, minutes; h, hours.

Table 3 Most common used SPECT radioisotopes

Radionuclides 67Ga 67Cu 99mTc 111In 123I 153Sm 159Gd 166Ho 177Lu

Energy (keV) 93 185 140 245 159 103 363 80 208

T1/2 3.26 d 3 d 6.06 h 2.83 d 13.2 h 47 h 20 h 26 h 7 d

SPECT, single photon emission computed tomography; d, days; h, hours.
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also can be termed imaging probes, tracers, contrast agent 
and radiolabeled probes. Ideally, a molecular agent is 
expected to rapidly bind to or interact with its target and 
rapidly clear from tissue and have excellent metabolic 
stability. There are multiple molecular imaging agents 
including small molecules, peptides, affibodies, aptamers, 
antibodies and nanoparticles. Among these agents, the small 
molecules play a significant role in imaging an enormous 
range of molecular targets especially in CNS targets 
due to their small size so that they can cross blood brain 
barrier, enter in the biological system and clear from tissue 
at a very fast speed. Generally speaking, small molecule 
imaging agents can be divided into two key types, one is the 
molecule that is high affinity for ion channels, transporters 
or specific receptors such as peripheral benzodiazepine 
receptor (PBR), another is molecular that can be capable 
reflecting the metabolism or enzymatic activity. In this part, 
we focus on small molecules and their applications in two 
major CNS diseases such as AD and PD. Table 4 lists several 
examples of small molecules used in PET/SPECT in some 
CNS disorders.

PET/SPECT molecular imaging in AD

AD, the most common type of dementia which accounts for 
60% to 80% of all cases of dementia, is histopathologically 
characterized by plaques accumulation of abnormally 

folded beta-amyloid (Aβ) and abnormal aggregation of 
intra-neuronal neurofibrillary tangles (NFTs) contained 
hyperphosphory la ted  tau  prote in .  Recent ly,  the 
inflammatory mechanism, oxidative stress, lipid dysfunction 
and neuronal degradation have been supposed to be closely 
associated with the neurodegenerative process of AD. It is 
assumed that the excessive accumulation of Aβ in the brain 
form the insoluble plaques, leading to NFT formation, 
synaptic dysfunction and neuronal loss. This hypothesis 
known as the amyloid cascade hypothesis has provided 
the excellent insight into the molecular mechanisms 
underlying the AD pathogenesis. Amyloid deposits may 
serve as an early and inevitable event in AD pathogenesis. 
In vivo imaging of Aβ in AD patients would be therefore 
of great significance for the early diagnosis and illustration 
of pathophysiology underlying AD and also the future 
development of feasible therapy protocols. 

In the past decades, several radiological contrast 
compounds suitable for amyloid imaging have been 
developed using different strategies, among which the 
small molecular imaging was so far the most successful one. 
The specifically binding compounds were developed from 
radiolabelled Aβ antibodies and peptide fragments (30-32), 
then small molecules of Congo red, stilbene, thioflavin and 
acridine for PET and SPECT (33,34) as well as amyloid-
binding compounds applicable for MRI are further developed 
(35,36). However, compounds that are able to provide high 

Table 4 Several imaging agents used in PET/SPECT in some CNS disorders

Reference Imaging agent PET/SPECT CNS disorder

Shoghi-Jadid et al., 2002 (14) 18F-FDDNP PET AD

Brooks et al., 1990 (15) 18F-FDOPA PET PD

Mintun et al., 2006 (16); Klunk et al., 2004 (17) 11C-PIB PET AD

Farde et al., 1990 (18); Hirvonen et al., 2008(19) 11C-raclopride PET PD, schizophrenia, depression

Banati et al., 2000 (20); Groom et al., 1995 (21) 11C-PK11195 PET AD, MS, Huntington’s disease

Savic et al., 1995 (22) 11C-flumazenil PET Epilepsy

Kadir et al., 2006 (23) 11C-nicotine PET AD

Versijpt et al., 2003 (24) 123I-iodo-PK11195 SPECT AD

Arlicot et al., 2008 (25) 123I-CLINDE SPECT AD, MS, Huntington’s disease

Booij et al., 1998 (26) 123I-FP-CIT SPECT PD

Winogrodzka et al., 2003 (27) 123I-β-CIT SPECT PD

Kung et al., 1996 (28) 99mTc-TRODAT SPECT PD

Friedland et al., 1997 (29) 99mTc-10H3 SPECT AD

PET, positron emission tomography; SPECT, single photon emission computed tomography; CNS, central nervous system; AD, 

Alzheimer’s disease; PD, Parkinson’s disease; MS, multiple sclerosis.
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selectivity detection for Aβ and tau depositions have not been 
utilized for clinical study (37-39). 

PET imaging of amyloid in AD with 18F-FDDNP
To date, five main radiological compounds including 
2-(1-(6-[(2-[18F]fluoroethyl)(methyl)amino]-2-naphthyl)
ethylidene)malononitrile (18F-FDDNP), 18F-BAY94-9172, 
11C-SB-13, 11C-BF-227 and Pittsburgh Compound-B 
(11C-PIB) are available as amyloid plaques imaging probes 
for clinical study. Both the 18F-FDDNP and the 11C-PIB 
have been routinely adopted by AD patients and the uptakes 
can be observed in their brains by PET.

18F-FDDNP is a small molecule that binds to both prion 
plaques and NFTs in human AD brain tissues according 
to previous investigations on autopsy. Though it remains 
inconclusive whether 18F-FDDNP possesses high sensitive 
for the early detection of the underlying pathologies of 
AD (40), it is the first molecular probe that can non-
invasively detect the location of NFTs and Aβ plaques  
in vivo. For example, Shoghi-Jadid and his colleagues 
used 18F-FDDNP as a molecular imaging probe of PET 

to exhibit the abnormal amyloid deposition in living AD  
brain (14). In their study, nine subjects with seven of them 
are probable AD and others are possible AD together with 
seven healthy controls (HC) are injected intravenously with 
18F-FDDNP. The relative residence time (RRT) in region of 
interests related to AD is measured and a region with high 
density of NFT and Aβ plaques is expected with high RRT 
value. 18F-FDDNP was shown to have a higher RRT in 
hippocampus, temporal, parietal, occipital and frontal areas 
in AD than that in healthy subjects. The hippocampus-
amygdala-entorhinal regions were reported to have the 
longest RRT. In Figure 1, the 18F-FDDNP-PET, MRI, and 
FDG-PET images are provided to show the difference 
between a representative AD patient and a HC.

PET imaging of amyloid in AD with 11C-PIB
The most widely validated amyloid-imaging PET 
r a d i o t r a c e r  c o m p o u n d  i s  N - m e t h y l - [ 1 1C ] 2 - ( 4 ’ -
methylaminophenyl)-6-hydroxybenzothiazole termed 
Pittsburgh Compound-B (PIB). Previous studies have 
showed that when PIB was intravenous injected in mouse 

Figure 1 The 18F-FDDNP-PET, MRI, and FDG-PET images for a representative AD patient (the top row) and an HC (the bottom row). 
The 18F-FDDNP images were acquired by summing frames 12-14, corresponding to 25-54 minutes post-18F-FDDNP injection. The FDG 
images were obtained by summing frames corresponding to 20-60 minutes post-FDG administration. The arrows display that brain areas 
with FDG low glucose metabolism are matched with the localization of NFTs and Aps resulting from 18F-FDDNP binding. Reproduced 
with the permission from ref. (14). PET, positron emission tomography; MRI, magnetic resonance imaging; AD, Alzheimer’s disease; HC, 
healthy control; NFTs, neurofibrillary tangles; Aps, β-amyloid plaques.
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models of AD, the compound was able to enter the brain 
rapidly and clear rapidly from normal brain tissue (41,42). 
Recently, Klunk et al. (17) utilized 11C-PIB to exhibit the 
retention of PIB in living brain regions of AD patients. 
This work involves in 16 patients with mild AD and nine 
HC. All the subjects were injected about 300 MBq of 
PIB intravenously and also 18FDG with 200-300 MBq for 
measurement of the regional cerebral glucose metabolism. 
Their findings showed that PIB in HC subjects rapidly 
entered and cleared in brain areas including all cortical 
and subcortical gray matter as well as cerebella cortex. 
Compared to those from HC subjects, the PIB showed 
a marked retention in AD patients in regions such as 
frontal cortices, temporal and parietal cortices, portions of 
occipital cortex, and the striatum. However, the uptake and 
clearance of PIB was almost the same between HC subjects 

and AD patients in cerebellum and white matter which 
both lack of fibrillar amyloid plaques. PIB accumulation 
in cortical areas in AD patients was more significant than 
that from HC subjects, indicating that increased significant 
amyloid deposition resulted in increased retention of PIB 
in these areas in AD. Overall, this study strongly provides 
new insight that PIB retention may serve as an excellent 
indicator of amyloid deposits in living subjects. Figure 2 
shows the topographical pattern of PIB retention in both 
AD patients and HC.

PET imaging of neuroinflammation in AD with  
11C-PK11195
Microglial activation may be strongly associated with 
brain’s inflammatory and immune response to neuronal 
degeneration in AD. Molecular imaging has been capable 
to investigate the neuroinflammation pathophysiological 
process in AD. The examination of activated microglia 
using PET may serve as an in vivo marker of CNS 
disorder activity.  The activated microglia will  be 
greatly increased with the expression of the PBR. The 
1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-
3-isoquinoline carboxamide (PK11195) is a prototype 
synthetic ligand used specifically for PBR (43,44). Labeled 
with carbon-11, PK11195 can be used as a PET tracer 
for the measurement of neuroinflammation. For example, 
Cagnin et al. (43) have employed the 11C (R)-PK11195 
to explore the microglial activation in the early stages 
of AD. They studied eight AD patients and 15 healthy 
subjects using PET combined with MRI. All participants 
were injected the 11C (R)-PK11195 with a mean of 360 
MBq. Their results showed that for healthy subjects, the 
11C (R)-PK11195 binding was lower in all regions except 
the thalamus if compared to that from the background. 
Interestingly 11C (R)-PK11195 binding also exhibited 
a significant age-related increase. In contrast, for AD 
patients, significantly elevated regional 11C (R)-PK11195 
binding was found in temporoparietal cortex, fusiform 
gyrus, amygdala, posterior cingulate cortex (see Figure 3). 
18FDG-PET findings showed that regions with increased 
amount of 11C (R)-PK11195 binding showed decreased 
cerebral glucose metabolism consumption (see Figure 4).  
This study has provided in vivo  evidence that the 
activated microglia was strongly correlated with classical 
inflammatory diseases and the anti-inflammatory agents, 
which may be useful in treating AD. Further, the study has 
demonstrated that in vivo measurement of the PBR can 
help to identify the AD pathogenesis at the early stage.

Figure 2 PIB standardized uptake value (SUV) images of PIB 
retention in a 79-year-old AD patient (right) and a 67-year-old 
HC (left). PIB and 18FDG images were obtained within 3 days of 
each other. The SUV PIB images summed over 40-60 minutes are 
displayed in top and the 18FDG rCMRglc images (μmol/min/100 mL) 
are shown in bottom. The lack of PIB retention in the entire gray 
matter and nonspecific PIB retention in the white matter of the HC 
are showed in the top left column. The normal 18FDG uptake is seen 
in the bottom left column. The high PIB retention of the AD patient 
is seen in the frontal and temporoparietal cortices (top right). A typical 
pattern of 18FDG hypometabolism of AD patient is shown in the 
temporoparietal cortex (arrows; bottom right) along with preserved 
metabolic rate in the frontal cortex. Reproduced with the permission 
from ref. (17). PIB, Pittsburgh Compound-B; AD, Alzheimer’s 
disease; HC, healthy control.
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Figure 3 11C (R)-PK11195 binding in HC and AD patients. No significant 11C (R)-PK11195 binding in cortex was found in HC [(A,C) T1-
weighted MRI images; (B,D) MRI-PET fusion images]; however, in AD with severe dementia (E-H), widespread cortical 11C (R)-PK11195 
binding was found mainly in the left MTG/ITG; in AD with moderate dementia (I-L), substantial 11C (R)-PK11195 binding was found 
mainly in the left PCG. Reproduced with the permission from ref. (43). HC, healthy controls; AD, Alzheimer’s disease; MRI, magnetic 
resonance imaging; PET, positron emission tomography; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; PCG, posterior 
cingulate gyrus.

Figure 4 Results of cerebral glucose metabolism with 18FDG-PET. (B) Indicates the PK11195 images co-registered and fused to MRI; (C) 
stands for subtraction MRI obtained half to one year after the 11C (R)-PK11195 PET scan; in AD patient 8, regions such as temporal lobe 
(B) with high 11C (R)-PK11195 binding have subsequently undergone atrophy (C) after half a year. The white arrow shows volume loss 
of hypointense areas; (D) reveals bilateral hypometabolism done within 1 month of 11C (R)-PK11195 PET scan compared with healthy 
controls, particularly in left temporal lobe. All image volumes have been coregistered into same space. Reproduced with the permission from 
ref. (43). PET, positron emission tomography; MRI, magnetic resonance imaging; AD, Alzheimer’s disease.
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SPECT imaging of neuroinflammation in AD with 
123I-iodo-PK11195
It should be noted that the application of the above 
mentioned 11C (R)-PK11195 is limited to the PET system 
and an in-house cyclotron which produced the short half-
lived positron-emitting radioisotopes. Previous work 
has demonstrated that the 123I-iodo-PK11195 is a more 
appropriate and high-affinity agent for PBR to detect brain 
lesions by SPECT (45). Recently, Versijpt et al. has used 
123I-iodo-PK11195 with SPECT to firstly investigate the AD 
inflammation in vivo by measuring the uptake of 123I-iodo-
PK11195 when compared with normal individuals (24).  
Ten AD patients and nine HC were included in their study. 
Increased mean uptake of 123I-iodo-PK11195 in AD was 
identified in various areas including frontal, temporal, parietal 
and occipital areas, indicating that the inflammatory process 
in AD may spread widely and dispersedly (see Figure 5).  
Overall, though it remains largely unknown whether 
123I-iodo-PK11195 SPECT would be strong enough to 
detect pathological changes at a very early stage of the 
disease, this study has proved that 123I-iodo-PK11195 could 
serve as a cellular marker of disease activity to indicate the 
inflammatory pathology in AD.

PET/SPECT imaging in PD

PD also known as idiopathic Parkinsonism is the second 
most common progressive neurodegenerative disorder 
after AD, which characterized by movement-related 
symptoms including tremor at rest, rigidity, bradykinesia 
(slowness of movement) and postural instability and 
also by non-motor symptoms including autonomic 
dysfunction, neuropsychiatric problems such as cognition 
impairments, behavior and mood alterations. The disease 

is pathophysiologically characterized by brain cell death 
in the pars compacta of the substantia nigra, neuronal 
loss accompanied with microglia activation and the Lewy 
bodies. The hallmark of PD pathology is a progressive 
degeneration of the nigrostriatal dopaminergic neurons 
(46,47). Molecular imaging like PET and SPECT of the 
dopaminergic system have been extensively employed to 
detect the functional and neurochemical changes of PD and 
other neurodegenerative parkinsonian disorders.

PET studies in PD with 11C-PK11195, 11C-CFT and 
18F-dopa
PET studies with 11C-PK11195 for PBR have been 
used to help measure the activated microglia and better 
understand the ongoing neurodegenerative process and 
disease activity in PD patients. Recently, two PET studies 
have been conducted to measure the microglia activation 
using 11C-PK11195 and to assess the presynaptic dopamine 
transporter (DAT) availability using 11C-CFT (48) and 
18F-dopa (49). DAT is a membrane protein implicated in the 
high-affinity uptake of dopamine which can be a potential 
marker for the integrity of nigrostriatal projections (46). 
Ouchi et al. have examined the levels of 11C-PK11195 and 
11C-CFT binding potentials (BPs) in ten early-stage drug-
naïve PD patients and ten age-matched normal subjects 
simultaneously (48). Their studies for the first time 
showed that the 11C-PK11195 binding in the midbrain 
was extensively increased in AD patients if compared to 
that from the healthy subjects. What’s more, the midbrain  
11C-PK11195 BP in AD was found to be significantly 
negatively related with 11C-CFT BP in the putamen and 
positively associated with the motor severity. In contrast, 
the 11C-PK11195 BP was showed to have an age-dependent 
increase in the midbrain and thalamus in healthy subjects. 

Figure 5 (A) Grouped mean ± standard error of 123I-iodo-PK11195 uptake values; (B) and (C) represents the 123I-iodo-PK11195 uptake 
values for the left prefrontal and the right mesiotemporal area, respectively. Reproduced with the permission from ref. (24).
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Overall, this study supports the idea that the loss of 
dopaminergic nigrostriatal projection played an important 
role in the degeneration process in the early stage of PD.

Another study using 18 PD patients and 11 HC using 
11C-PK11195 and 18F-dopa PET demonstrated a more 
widespread microglia activation (49). It is concluded that 
18F-dopa PET was the first neuroimaging modality suited 
for measuring the integrity of presynaptic dopamine (46,50). 
Gerhard et al. (49) have found that the mean 11C-PK11195 
BP value in the basal ganglia including the striatum, 
pallidum and thalamus and the cortex involving precental 
gyrus, frontal lobe, cingulate gyrus and left hippocampus 
was higher in PD patients than normal group. Apart from 
the inverse correlation showed in thalamus and cingulate 
cortex, there was no significant correlation between the 
levels of basal ganglia microglial activation and diseased 
severity or putamen 18F-dopa uptake. In addition, eight PD 
patients were examined with 11C-PK11195 PET and four 
of them also underwent with 18F-dopa PET scan after 18-
28 months. No significant 11C-PK11195 signal changes 
occurred during 2 years, suggesting that the microglia are 
activated early in PD process and then remain stable (49). 
The 11C-PK11195 binding and the mean regional BP values 
in a PD patient and a HC are illustrated in Figure 6.

SPECT imaging of DAT binding in PD
It should be noted that one of the advantages of the SPECT 
over PET is its high spatial resolution and the tracers for 

SPECT are industrial produced and relative long half-live. 
Brain SPECT imaging of DAT using various radiotracers 
has become very sensitive to examine the nigrostriatal 
degeneration of PD and help improve the early diagnosis 
of the disease since the DAT imaging is abnormal at the 
early stage of PD (47). The specific SPECT radiotracers 
for DAT include Iodine-123-β-carbomethoxy-3β-[4-
iodophenyltropane] (123I-β-CIT), (Iodine-123-N-[3-
fluoropropyl]-2β-carbomethoxy-3β-[4-iodophenyl]) 
(123I-FP-CIT) and 99mTc-TRODAT-1.

123I-β-CIT is a cocaine derivative radiotracer which 
binds with high affinity to dopamine and serotonin 
transporters with a prolonged time of striatal uptake at 14-
24 hours post injection. Many studies have indicated that 
123I-β-CIT SPECT enables to quantitatively measure the 
concentration of striatal DATs, which can be helpful in 
diagnosis of PD (27). A number of studies have showed 
a correlation between the decreased striatal 123I-β-CIT 
binding and the symptom severity in PD (51-54). A prior 
study has demonstrated that the sensitivity and specificity 
of 123I-β-CIT SPECT are age-related. Particularly, in 
younger PD patients with their age less than 55 years, the 
123I-β-CIT SPECT are 100% sensitive and specific for the 
diagnosis (55). In addition, patients with hemiparkinsonism 
demonstrated greater uptake reduction of 123I-β-CIT in 
the stratum contralateral side to symptom side as well as 
ipsilateral side when compared with those from the healthy 
subjects (53,56,57). 123I-β-CIT SPECT could be of great 
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value in detecting PD at a very early stage or even the 
presymptomatic stage. Nonetheless, 123I-β-CIT suffers from 
a potential disadvantage that it takes a prolonged time of 
striatal uptake kinetics after its injection. In this regard, 
the 123I-FP-CIT which is an analogue of 123I-β-CIT could 
take within hours to maximal striatal uptake following its 
administration.

123I-FP-CIT has been applied for investigating the 
dopaminergic nigrostriatal neurons degeneration in the 
early stage of PD. For example, Spiegel et al. reported 
that both affected and unaffected striatal 123I-FP-CIT 
binding ratios were associated significantly with the motor 
score of the Unified PD rating scale. In contrast, FP-CIT 
distribution showed no significant correlation with age, 
disease duration or gender of the patients (58). However, 
another study has found contradicted results that the uptake 
of FP-CIT in the striatum, caudate and putamen were 
related with disease duration (59). More recently, Filippi 
et al. have described a bilateral DAT loss in early PD with 
one-side clinical symptoms and preclinical DAT loss in the 
ipsilateral striatal binding using semi-quantitative 123I-FP-
CIT SPECT, suggesting that semi-quantitative analysis 
may be helpful to the early diagnosis of PD as well as 
the bilateral dopaminergic damage (60). What’s more, a 
European multicenter, prospective and longitudinal study 
with SPECT using 123I-FP-CIT has reported that the mean 
sensitivity of 123I-FP-CIT SPECT for diagnosis of PD was 
78.0% and the mean specificity was 96.8% (61). Over all, 
SPECT with 123I-labeled DAT ligands might be very useful 
in the diagnosis of PD in the preclinical and asymptomatic 
stage. Nonetheless, few 123I-labeled ligands have been 
widely applied for DAT imaging due to their relatively high 
cost and limited availability.

In contrast, the relative low-cost and easy obtainable 99mTc-
labeled tracers with an optical energy and half-life could be 
more widely used for routine DAT imaging (62). There are 
many 99mTc-labeled ligands of DAT based on cocaine or 
tropane derivative (28,63,64). Among those, a 99mTc-labeled 
tropane derivative, [2-[[2-[[[3-(4-chlorophenyl)-8-methyl-
8-azabicyclo[3,2,1]oct-2-yl]methyl](2-mercaptoethyl)
amino]ethyl]amino]ethane-thiolato(3-)-N2,N2’,S2,S2]
oxo-[1R-(exo-exo)](TRODAT-1), which is the first 99mTc-
labeled ligand available for DAT imaging has been found 
to show advantage and promise in human study. A number 
of studies have suggested that the 99mTc-TRODAT-1 
is an ideal radiotracer that binds with high affinity to 
the DATs. Researches have indicated that the 99mTc-
TRODAT-1 SPECT is valuable and feasible to assess the 

integrity of dopamine neurons for the diagnosis of PD, 
they found that the TRODAT uptake in the striatum was 
significantly decreased in PD patients (62,64). A prior study 
investigated patients with Clinically Unclear Parkinsonian 
Syndromes (CUPS) using 99mTc-TRODAT-1 SPECT has 
found that the sensitivity and the specificity was 100% 
and 70% respectively, indicating that the TRODAT-1 
may be helpful in the diagnosis of even preclinical stage of 
PD patients (65,66). Another study aimed to evaluate the 
diagnosis accuracy of 99mTc-TRODAT-1 SPECT showed a 
remarkable reduction of mean TRODAT uptake value in 
the caudate, anterior and posterior putamen in early PD 
patients compared to normal individuals. Statistical analysis 
using the mean of ipsilateral and contralateral posterior 
putamen as region of interest can achieve a maximal 
sensitivity of 79% and specificity of 92%. The results 
may shed light on that the TRODAT SPECT imaging 
can accurately distinguish mild PD patients from healthy 
subjects, suggesting the TRODAT be a valuable technique 
to improve the diagnosis of patients with early signs and 
symptoms of PD (67).

Conclusions

In conclusion, molecular imaging methods have enabled 
in vivo assessment of molecular processes related to the 
CNS disorders combined with high specific molecular 
probes. PET and SPECT are useful and reliable tools for 
clinical molecular neuroimaging. The unique ability of 
the nuclear molecular imaging to image in vivo changes in 
brain biochemistry such as Aβ deposition, neurotransmitter 
turnover and metabolism is able to help us better 
understand the pathology mechanisms underlying CNS 
diseases. Compared to PET, it is difficult for SPECT 
to obtain a reliable quantification. Besides, the image 
resolution of SPECT is also limited for the visualization 
of basal ganglia. However, SPECT is more practical as a 
routine procedure than PET. Progress in the sensitivity and 
spatial resolution and the variety of the molecular probes 
available for PET and SPECT will help further identify 
the biomarkers for biochemical processes of CNS diseases. 
Overall, the PET and SPECT imaging of brain function 
showed their tremendous promises for improving early 
diagnosis and treatment of CNS diseases.
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