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In recent years, a companion diagnosis for prediction of
the effectiveness and the side effects after administration of
drugs has become very important to decide a therapeutic
strategy. In USA, Food and Drug Administration (FDA)
recommends the development of the companion diagnos-
tic agent simultaneously with a new drug development.
Nuclear medicine imaging using positron emission tomogra-
phy (PET) or single photon emission computed tomography
(SPECT), which visualizes target molecules, is able to detect
biological and biochemical changes in the earlier phases of
diseases differing from an anatomical imaging using X-ray
computed tomography (X-ray CT) or magnetic resonance
imaging (MRI). Radiolabeled tracers for the nuclearmedicine
have great potential to provide a lot of information about
pathology of individual patients depending on characteristics
of each tracer and could be the companion diagnostics.
Accordingly, molecular imaging and imaging-based therapy
using radiolabeled tracers must contribute to the realization
of personalized medicine.

11 selected papers are published in this special issue. Most
of them deal with important topics in nuclear medicine.
Below is a brief introduction to some of these papers in this
special issue.

In cerebral imaging, imaging of tau protein is useful for
presymptomatic diagnosis andmonitoring of the progression

of Alzheimer’s disease because the presence of neurofibrillary
tangles, composed of hyperphosphorylated tau protein, is
well correlated with neurodegeneration and cognitive decline
in Alzheimer’s disease. H. Watanabe et al. summarized tau
imaging probes for PET and SPECT.

In oncology, molecular targeted therapies using drugs,
such as tyrosine kinase inhibitors andmonoclonal antibodies,
become the mainstream in cancer therapy. It is important
to estimate the target molecule status in cancer tissues and
predict therapeutic efficacy. M. Yoshimoto et al. introduced
new radiolabeled tyrosine kinase inhibitors and antibodies
for theragnostic imaging and their clinical application in
molecular targeted therapy.

In the point of view from early detection of response to
therapy, apoptosis imaging could be useful because apoptosis
occur before anatomical change at posttreatment and could
contribute to personalized medicine. K. Ogawa and M. Aoki
introduced radiolabeled compounds for molecular imaging
of apoptosis (cell death), their applications, and utility in
medicine.

Hypoxic regions in tumors are known to be resistant to
chemotherapy and radiotherapy. Hypoxia-inducible factor-1
(HIF-1) expressed in hypoxic regions regulates expression of
genes related to tumor growth, angiogenesis, metastasis, and
therapy resistance. Thus, imaging of HIF-1-active regions in
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tumors is of great interest. M. Ueda and H. Saji summarized
the current status of HIF-1 imaging in preclinical and clinical
studies.
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As the world’s population ages, the number of patients with Alzheimer’s disease (AD) is predicted to increase rapidly.The presence
of neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau protein, is one of the neuropathological hallmarks of AD
brain. Since the presence of NFTs is well correlated with neurodegeneration and cognitive decline in AD, imaging of tau using
positron emission tomography (PET) and single-photon emission computed tomography (SPECT) is useful for presymptomatic
diagnosis andmonitoring of the progression ofAD.Therefore, novel PET/SPECTprobes for the imaging of tau have been developed.
More recently, several probes were tested clinically and evaluated for their utility. This paper reviews the current state of research
on the development and evaluation of PET/SPECT probes for the imaging of tau in AD brain.

1. Introduction

Alzheimer’s disease (AD) is the most common form
of irreversible dementia of the elderly. The number of
AD patients was estimated at 26.6 million worldwide
in 2006. As the world’s population ages, the prevalence
of AD is predicted to grow fourfold, to 106.8 million
in 2050 [1, 2]. Senile plaques (SPs), composed of 𝛽-
amyloid (A𝛽) peptides, and neurofibrillary tangles (NFTs),
composed of hyperphosphorylated tau proteins, are two
neuropathological hallmarks of AD brain [3, 4]. However,
there is no simple and definitive diagnostic method to
detect SPs and NFTs in the brain without postmortem
pathological staining of brain tissue. Therefore, the
quantitative evaluation of SPs and NFTs in living brain
by noninvasive techniques such as positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT) could lead to the presymptomatic
detection of AD [5–7]. Much efforts have been discussed
on the development of A𝛽 imaging probes, and some of
them, such as (E)-4-(N-methylamino)-4-(2-(2-(2-[18F]-flu-
oroethoxy)ethoxy)ethoxy)-stilbene ([18F]florbetaben) [8, 9],

(E)-4-(2-(6-(2-(2-(2-[18F]-fluoroethoxy)ethoxy)ethoxy)pyr-
idin-3-yl)vinyl)-N-methylaniline ([18F]florbetapir) [10–12],
and 2-(3-[18F]-fluoro-4-methylaminophenyl)benzothiazol-
6-ol ([18F]flutemetamol) [13, 14], were approved by the US
Food and Drug Administration (FDA).

Although SPs are often found in the brains of both
AD and healthy controls, NFTs in the hippocampus and
entorhinal cortex are well correlated with neurodegeneration
and cognitive decline [18, 19]. Furthermore, the formation
and deposition of NFTs occur in the early stage of AD.
Therefore, imaging of tau, which is the main constituent
of NFTs, by PET/SPECT is useful for the presymptomatic
diagnosis and monitoring of the progression of AD. 2-(1-
(2-(N-(2-[18F]-Fluoroethyl)-N-methylamino)naphthalene-
6-yl)ethylidene)malononitrile ([18F]FDDNP), which is
the first PET probe to visualize AD pathology, has been
demonstrated to be effective in the measurement of in vivo
brain cortical accumulation of both SPs and NFTs in living
subjects [20–22]. Since this probe has lower binding affinity
and lack of selectivity for tau aggregates, novel probes that
show high selectivity for tau aggregates have been strongly
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Figure 1: Chemical structures of quinoline derivatives for the imaging of tau [15–17].
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Figure 2: 18F-THK5105 PET images from 60 to 80min after
injection in a healthy control subject (72 years old, CDR 0, MMSE
29) and a patient with Alzheimer’s disease (68 years old, CDR 1.0,
MMSE 20). Reproduced from [23] with permission, copyright 2014
Oxford University Press.

desired. In this review, we summarize the current situation
in the development of imaging probes for tau.

2. Quinoline Derivatives for Imaging of Tau

Okamura and coworkers screened >2000 small molecules in
order to develop novel probes for imaging A𝛽 and tau aggre-
gates. In this search, they identified that the quinoline scaffold
selectively binds to tau aggregates (Figure 1).Therefore, some
compounds were tested for the in vivo imaging of tau in brain
[15]. Among them, 2-[(4-methylamino) phenyl]quinoline
(BF-158) showed high affinity for tau aggregates in vitro
and clearly stained NFTs in the hippocampal section of AD
brain. Furthermore, by in vitro autoradiography in AD brain
sections, the distribution pattern of [11C]BF-158 correlated
well with tau immunostaining in the adjacent section. The
authors suggested that these results indicated the binding of
[11C]BF-158 for NFTs in the AD brain. However, 11C is a
positron-emitting isotope with a short 𝑡

1/2
(20min), which

limits its clinical application. Therefore, they attempted to
develop novel quinoline derivatives, labeled with 18F, having
a longer 𝑡

1/2
(110min).

First,Fodero-Tavoletti andcoworkersdeveloped6-(2-[18F]-
fluoroethoxy)-2-(4-aminophenyl)quinolone ([18F]THK-523)
for the quantitative imaging of tau aggregates in the human
brain [16, 29]. This probe showed selective affinity for tau

aggregates in vitro. By in vitro autoradiography in AD
brain sections, the distribution of [18F]THK-523 did not
conform with those of 2-(4-[11C]-methylaminophenyl)-
6-hydroxybenzothiazole ([11C]PIB) [30, 31] and 2-(2-[2-
[11C]-dimethylaminothiazol-5-yl]ethenyl)-6-(2-[fluoro]et-
hoxy)benzoxazole ([11C]BF-227) [32], which are A𝛽 imaging
probes. Furthermore, the distribution of [18F]THK-523
in AD brain section closely resembled the findings upon
Gallyas silver staining and tau immunostaining. On the basis
of these results, [18F]THK-523 was tested clinically [33].
However, the pharmacokinetics and binding characteristics
of [18F]THK-523 might not reach the necessary optimal
levels for PET probes.

Therefore, Okamura and coworkers developed 6-[(3-
[18F]-fluoro-2-hydroxy)propoxy]-2-(4-dimethylaminophe-
nyl)quinoline ([18F]THK-5105) and 6-[(3-[18F]-flu-
oro-2-hydroxy)propoxy]-2-(4-methylaminophenyl)quino-
line ([18F]THK-5117) for use as novel tau imaging PET
probes (Figure 1) [17]. By in vitro binding assays, these
compounds displayed higher affinity to tau aggregates than
THK-523. By in vitro autoradiography in AD brain sections,
the distributions of [18F]THK-5105 and [18F]THK-5117
coincided with Gallyas-Braak staining and tau immuno-
staining but not with the distribution of [11C]PIB and A𝛽
immunostaining. In the biodistribution studies in normal
mice, these probes showed higher uptake to mouse brain at
2min after injection than [18F]THK-523. In addition, the
clearance of these derivatives from normal brain was also
higher than that of [18F]THK-523. These results suggest that
[18F]THK-5105 and [18F]THK-5117 are suitable compounds
for clinical application. Therefore, first, [18F]THK-5105
was tested clinically and evaluated in terms of whether it
could selectively bind to tau aggregates in living patients
with AD [23]. The results of this study suggested that
[18F]THK-5105 is useful for the noninvasive evaluation of tau
pathology in humans (Figure 2). In addition, clinical study
of [18F]THK-5117 is also ongoing.

3. Benzoimidazopyrimidine and
Pyridoindole Derivatives for Imaging
of Tau

Zhang and coworkers designed and synthesized a novel class
of compounds, benzo[4, 5]imidazo[1, 2-a]pyrimidines, for
in vivo imaging of tau in brain (Figure 3) [24]. Among
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Figure 3: Chemical structures of benzoimidazopyrimidine and pyridoindole derivatives for the imaging of tau [24, 25].

S

N
N

N N

S

N
N

N N

O
3

S

N N

HO

[125I]

18F125I

[18F]FPPDB [11C]PBB3

11CH3

NH

PDB-3

Figure 4: Chemical structures of benzothiazole derivatives for the imaging of tau [26–28].

numerous compounds, 4-(benzo[4, 5]imidazo[1,2-a]pyr-
imidin-2-yl)-N-(2-(2-(2-fluoroethoxy)ethoxy)ethyl)aniline
(T557) was identified as having good tau binding properties.
However, imaging studies of [18F]T557 in rodents showed
poor brain uptake. Therefore, they developed 2-(4-(2-[18F]-
fluoroethyl)piperidin-1-yl)benzo[4, 5]imidazo[1,2-a]pyrimi-
dine ([18F]T808) as a novel imaging probe for tau. By in vitro
autoradiography in AD brain sections, this probe localized
in the tau-rich sections with considerable selectivity and
specificity. Compared with [18F]T557, [18F]T808 rapidly
crossed the blood brain barrier, followed by rapid clearance,
suggesting little nonspecific binding in mice.

Xia and coworkers developed a novel class of 5H-
pyrido[4,3-b]indoles and evaluated their binding affinity
toward tau and their selectivity over A𝛽 aggregates (Figure 3)
[25]. Through several rounds of lead optimization, 7-
(6-fluoropyridin-3-yl)-5H-pyrido[4,3-b]indole (T807) was
identified as a novel imaging probe for tau. The results of
in vitro autoradiography in AD brain sections suggested
that [18F]T807 bounded to NFTs of human AD brain with
high specificity and weak or no interaction with SPs. In a
biodistribution study in normalmice, [18F]T807 showed high
brain uptake and rapid clearance from brain. In addition,
[18F]T807 was metabolically stable in mice and [18F]T808
underwent slow yet acceptable de[18F]-fluorination. On the
basis of these results, [18F]T807 and [18F]T808 were tested
clinically. These preliminary results suggested that [18F]T807
and [18F]T808 have promise for the in vivo imaging of tau in
AD patients [34, 35].

4. Benzothiazole Derivatives
for Imaging of Tau

Recently, Honson and coworkers screened to determine
the feasibility of distinguishing tau aggregates from A𝛽

aggregates with a library containing 72,455 compounds
[36]. They found that a phenyldiazenyl benzothiazole
(PDB) derivative showed high binding affinity for tau
aggregates with twofold selectivity over A𝛽 aggregates. Based
on these findings, we designed novel radioiodinated
PDB derivatives and evaluated their utility for the
imaging of tau in AD brain (Figure 4) [26]. Among
them, (E)-4-((6-iodobenzo[d]thiazol-2-yl)diazenyl)-N,N-
dimethylaniline (PDB-3) showed high and selective binding
affinity for tau aggregates in vitro. However, [125I]PDB-3
showed poor pharmacokinetics in normal mouse brain.
Therefore, we developed (E)-4-((6-(2-(2-(2-[18F]-fluoro-
ethoxy)ethoxy)ethoxy)benzo[d]thiazol-2-yl)diazenyl)-N,N-
dimethylaniline ([18F]FPPDB), which is a novel probe for
the imaging of tau, to improve the in vivo pharmacokinetics
of PDB-3 (Figure 4) [27]. [18F]FPPDB showed higher initial
brain uptake and faster clearance from brain than [125I]PDB-
3. However, compared with PDB-3, FPPDB displayed less
selectivity between tau and A𝛽 aggregates. In addition, by
in vitro autoradiography in human AD brain sections, the
distribution of [18F]FPPDB corresponded with that of in
vitro immunohistochemical staining against phosphorylated
tau, but it also matched to immunohistochemical staining
against A𝛽. Therefore, further structural optimization based
on PDB scaffold is necessary to develop more useful probes
for the in vivo imaging of tau in AD brains.

More recently, Maruyama and coworkers developed
novel tau imaging probes, phenyl/pyridinyl-butadienyl-
benzothiazole/benzothiazolium derivatives, for the imaging
of tau in AD brain (Figure 4) [28]. Among them, 2-((1E,
3E)-4-(6-(methylamino)pyridin-3-yl)buta-1,3-dienyl)ben-
zo[d]thiazol-6-ol (PBB3) clearly stained tau aggregates in tau
model mouse brain sections and human AD brain sections.
By ex vivo autoradiography, PBB3 selectively labeled the
brain stem and spinal cord of tau model mice harboring
neuronal tau inclusions. These accumulations could be
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Figure 5: Accumulation of [11C]PBB3 in the hippocampal formation of AD patients revealed by in vitro autoradiography (a) and in vivo PET
(b). Reproduced from [28] with permission, copyright 2014 Elsevier.

detected with a micro-PET system in vivo. In addition, by
in vitro autoradiography in AD hippocampus, a notable
difference in the distribution between [11C]PBB3 and
[11C]PIB was observed in the tau-rich sections (Figure 5(a)).
Since these results suggested that [11C]PBB3 is a useful
PET probe for the imaging of tau, they conducted an
exploratory clinical PET study for patients with probable AD
and healthy controls (Figure 5(b)). The result of this study
supported the potential utility of [11C]PBB3 for clarifying
correlations between the distribution of tau deposition and
the symptomatic progression of AD.

5. Other Probes for Imaging of Tau

Rojo and coworkers prepared two benzimidazole derivatives,
astemizole and lansoprazole, to evaluate their interactions
with tau aggregates [37]. Since these compounds showed
high and specific affinity with tau aggregates, radiolabeled
astemizole [38] and lansoprazole [39, 40] derivatives were
reported. In particular, [18F]N-methyl lansoprazole is the
lead compound for progression into clinical trials because
this probe showed rapid brain uptake in nonhuman primates,
favorable kinetics, low white matter binding, and selectivity
for binding to tau aggregates over A𝛽 aggregates. In addition,
some compounds were also developed as novel PET and
SPECT probes for the imaging of tau [41–44].

6. Conclusion

In the past decade, novel PET and SPECT probes for the
imaging of tau were developed and evaluated for their utility.
Among them, several compounds including [18F]THK-523,
[18F]THK-5105, [18F]T807, [18F]T808, and [11C]PBB3 were
tested clinically. The results showed their feasibility for
imaging tau aggregates for the diagnosis of AD.Therefore, we
hope that further studies of these probes should lead to novel
methods for presymptomatic diagnosis andmonitoring of the
progression of AD.
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l-Glutamate and its receptors (GluRs) play a key role in excitatory neurotransmission within the mammalian central nervous
system (CNS). Impaired regulation of GluRs has also been implicated in various neurological disorders. GluRs are classified into
two major groups: ionotropic GluRs (iGluRs), which are ligand-gated ion channels, and metabotropic GluRs (mGluRs), which are
coupled to heterotrimeric guanosine nucleotide binding proteins (G-proteins). Positron emission tomography (PET) and single
photon emission computed tomography (SPECT) imaging of GluRs could provide a novel view of CNS function and of a range of
brain disorders, potentially leading to the development of new drug therapies. Although no satisfactory imaging agents have yet
been developed for iGluRs, several PET ligands for mGluRs have been successfully employed in clinical studies.This paper reviews
current progress towards the development of PET and SPECT probes for GluRs.

1. Introduction

l-Glutamate is the primary endogenous excitatory neuro-
transmitter and glutamate receptors (GluRs) are implicated
in a range of neurological functions within the mammalian
central nervous system (CNS). Two distinct groups of GluRs
have been identified: ionotropic receptors (iGluRs) and
metabotropic receptors (mGluRs). iGluRs form ligand-gated
ion channels and are classified into three subtypes based
on their pharmacological properties: NMDA (N-methyl-d-
aspartate receptors,NMDARs),AMPA (𝛼-amino-3-hydroxy-
5-methylisoxazole-4-proprionic acid) receptors, and kainate
receptors [1]. mGluRs are coupled to heterotrimeric guano-
sine nucleotide binding proteins (G-proteins) and include
eight receptor subtypes, classified into three groups accord-
ing to their sequence homology, signal transduction, and
pharmacological profiles; group I includes mGluR1 and
mGluR5, group II includes mGluR2 and mGluR3, and
group III includes mGluR4, mGluR6, mGluR7, and mGluR8
[2]. Impaired regulation of GluRs may be involved in the
pathophysiology of various brain disorders [3, 4]. Positron

emission tomography (PET) and single photon emission
computed tomography (SPECT) imaging for GluRs are con-
sidered to be powerful tools for the evaluation of excitatory
neurotransmission in the living brain, the study of the
pathophysiology of related neurological disorders, and the
quantification of GluR drug occupancy in vivo. To date, no
specific radioligands for in vivo visualization of iGluRs have
been identified. In contrast, there are several promising clini-
cally useful PET ligands formGluRs.This review summarizes
current progress towards the development of PET and SPECT
probes for GluRs, with a particular focus on NMDARs and
mGluRs.

2. NMDARs

The NMDARs are iGluRs that play key roles in processes
involving excitatory neurotransmission, including learn-
ing, memory, and synaptic plasticity [5, 6]. Dysregulation
of NMDARs has been identified in various neurologi-
cal diseases, including epilepsy, ischemia, stroke, Parkin-
son’s disease, Alzheimer’s disease, Huntington’s disease, and
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schizophrenia [4, 7, 8]. Activation of these receptors requires
binding of glutamate and glycine and removal of Mg2+
blockade by membrane depolarization. NMDAR channel
opening results in calcium influx into cells, followed by Ca2+-
dependent signal transduction cascades that modulate many
aspects of neuronal function [1, 9]. Functional NMDARs are
composed of twoNR1 subunits, together with either twoNR2
subunits or a combination of NR2 and NR3 subunits [10–
12]. NR1 subunits are ubiquitously distributed throughout
the brain. There are four types of the NR2 subunit (NR2A,
NR2B, NR2C, and NR2D), with distinct distributions in
the brain [13]. NR3 subunits can be activated by glycine
alone. NR3A is expressed in the cortex and brainstem, while
NR3B is distributed in the forebrain and cerebellum [14].
The glutamate binding site is present on the NR2 subunit,
whereas the glycine binding site is located on NR1 or NR3
[11, 15, 16]. Polyamines are allosteric potentiators of NMDARs
containing NR2B subunits, presumably through recognition
of the NR1 and NR2B dimer interface [17]. It is known
that aliphatic cyclic amine groups strongly inhibit NMDAR
activity in a noncompetitive and voltage-dependent manner
[18, 19]. Negative modulators of NR2B, including ifenprodil
and its derivatives, have been found to bind at the interface
between the NR1 and NR2B subunits [20]. The main strategy
for development of PET and SPECT ligands is the struc-
tural modification of NMDA receptor antagonists, including
channel blockers, glycine site antagonists, andNR2B negative
modulators. Because most competitive antagonists of the
glutamate binding site have shown low selectivity and poor
blood-brain barrier (BBB) permeability [1, 21], there are no
reported radioligands interacting with this region of the
NMDAR.

2.1. Imaging Probes for the NMDAR Channel Blocker Binding
Site. Open channel blockers of NMDARs, such as (+)-10,
11-dihydro-5-methyl-5H-dibenzo[a,d] cyclohepten-5,10-diy-
ldiammonium maleate (MK-801) and phencyclidine (PCP)
derivatives, have been reported to bind to NMDARs in an
activation-dependent manner [22, 23]. Thus, numerous
in vivo imaging agents have been developed to interact
with the PCP binding site, as this enables evaluation
of the distribution of functional NMDARs in the brain
under normal and pathological states. These agents include
PCP, MK-801, ketamine, memantine, and diarylguanidine
derivatives. [18F]1 (Figure 1), a PCP derivative with an
IC
50

of 61 nM for the ion channel site, showed an in vivo
distribution that was consistent with NMDAR expression.
Furthermore, coinjection of 1.7 𝜇mol/kg of the high-affinity
ion channel blocker, cis-2-hydroxymethyl-r-1-(N-piperidyl)-
1-(2-thienyl)cyclohexane (cis-HPTC), resulted in a reduction
in the regional cerebral distribution of [18F]1. However, this
tracer was unsuitable for use as an NMDAR PET radioligand
because of its high nonspecific binding in the brain [24]. A
3-[11C]cyano analog of MK-801 ([11C]MKC, Figure 1) has
been reported as a PET ligand with excellent affinity for the
channel blocker site (𝐾

𝑑
= 8.2 nM).This tracer showed highly

specific binding and heterogeneous in vitro distribution in rat
brain slices that was similar to the expression of NMDARs.

In PET studies, [11C]MKC showed a rapid and high uptake
into the brains of rhesus monkeys, with higher accumulation
in the frontal cortex than in the cerebellar cortex. However,
these distribution patterns correlated closely with regional
cerebral blood flow and blocking with NMDAR antagonists
did not affect the regional brain distribution of this tracer
[25]. PCP and MK-801 analogs showed high nonspecific
in vivo binding, probably due to their high lipophilicity.
Diarylguanidines have been identified as highly potent
NMDAR channel blockers, with less hydrophobicity than
PCP and MK-801. Therefore, several radiolabeled diarylgua-
nidine analogs have been reported as PET or SPECT ligands.
N-(1-naphthyl)-𝑁-(3-iodophenyl)-𝑁-methylguanidine
(CNS 1261, Figure 1) has been developed as a high-affinity
SPECT ligand for the ion channel site (𝐾

𝑖
= 4.2 nM) with

moderate lipophilicity (logD = 2.19). In ex vivo autoradio-
graphic studies, [125I]CNS 1261 showed 2.4–2.9-fold higher
uptake by the hippocampus than by the cerebellum in normal
rat brains. This accumulation pattern was consistent with the
pattern of NMDAR expression. In addition, investigation
of [125I]CNS 1261 binding in a mouse model of cerebral
ischemia revealed that [125I]CNS 1261 showed 2-fold higher
uptake by the caudate nucleus in the ischemic hemisphere,
as compared to the same region of the nonischemic
hemisphere (Figure 2). This suggested that [125I]CNS 1261
bound selectively to activated NMDARs [26]. Based on this
positive result, several clinical SPECT studies employing
[123I]CNS 1261 have been performed. In healthy volunteers,
no significant difference in the total distribution volume (𝑉

𝑇
)

was observed between the NMDAR-rich regions (striatum,
hippocampus, and frontal cortex) and the NMDAR-poor
cerebellum [27, 28]. Numerous reports have suggested
that hypofunction of NMDARs is associated with the
pathophysiology of schizophrenia [29, 30]. It is reported
that drug-free patients with schizophrenia showed reduced
binding of [123I]CNS 1261 in the left hippocampus relative
to the whole cortex, compared with healthy controls [31].
In contrast, a separate study demonstrated that 𝑉

𝑇
values

of [123I]CNS 1261 in drug-free or typical antipsychotic-
treated schizophrenia patients did not differ significantly
from those observed in the control group [32]. Therefore,
these reports did not provide evidence to support the
proposal that NMDARs could be imaged by SPECT using
[123I]CNS 1261. N-(2-chloro-5-thiomethylphenyl)-𝑁-(3-
[11C]methoxy-phenyl)-𝑁-methylguanidine [11C]GMOM
(Figure 1) is a 11C-labeled diarylguanidine derivative with a
high affinity for the ion channel site (𝐾

𝑖
= 5.2 nM). In PET

studies conducted in baboons, [11C]GMOM showed BBB
permeability. However, brain distribution of [11C]GMOM
was almost homogeneous and preadministration of
MK801 did not significantly change the regional 𝑉

𝑇
[33].

Another diarylguanidine derivative, N-(2-chloro-5-(methy-
lmercapto)phenyl)-𝑁-[11C]methylguanidine monohydroc-
hloride ([11C]CNS 5161, Figure 1), had excellent affinity
for the ion channel site (𝐾

𝑖
= 1.9 nM). [3H]CNS 5161

showed a heterogeneous in vivo distribution in rat brain
and a cortex/cerebellum ratio of 1.4. Pretreatment with
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Figure 1: Chemical structure of imaging probes for channel blocker binding site of NMDARs.
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Figure 2: Ex vivo autoradiograms of [125I]CNS 1261 in the caudate nucleus (white arrow) and cerebral cortex (black arrow) of rat brain
(a). Quantified regional isotope levels normalized to cerebellum (b). The animals were injected with [125I]CNS 1261 15min after permanent
occlusion of the middle cerebral artery (left hemisphere) and sacrificed 120min later [26].

NMDA increased the hippocampus/cerebellum ratio to
1.6–1.9, while MK801 reduced the ratios to close to 1.0 [34].
Clinical PET studies using [11C]CNS 5161 indicated that
the largest uptake occurred in the putamen and thalamus
and the lowest uptake was observed in the cerebellum, but

relatively low levels of radioactivity were detected in the
NMDAR-rich hippocampus [35]. Further investigations are
necessary in order to provide consistent evidence that these
diarylguanidines can be used as PET or SPECT radioligands
for the channel blocker binding site of theNMDAR. Recently,
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[18F]GE-179 (Figure 1), a high-affinity channel blocker (𝐾
𝑖
=

2.4 nM) [36], was radiolabeled and used for PET imaging in
healthy human subjects. Although this tracer showed high
brain uptake, the𝑉

𝑇
of each region was correlated to cerebral

blood flow rather than the levels of NMDAR expression.
Further characterization of [18F]GE-179 may be necessary
with in vivo PET studies using NMDAR-activated models
[37].

2.2. Imaging Probes for the NMDAR Glycine Binding Site. A
number of antagonists of the NMDAR glycine binding site
have been developed as anticonvulsant and neuroprotective
drugs [38]. Several radiolabeled cyclic amino acid deri-
vatives, such as [11C]-3-[2-[(3-methoxyphenylamino) carbo-
nyl]ethenyl]-4,6-dichloroindole-2-carboxylic acid ([11C]
3MPICA, Figure 3) and [18F]2, have excellent binding
affinities for the glycine binding site (𝐾

𝑖
= 4.8 and 6.0 nM,

resp.). However, they showed poor in vivo BBB permeability
and had brain accumulation patterns that were inconsistent
with those of theNMDAR [39, 40]. Since the lowbrain uptake
of the cyclic amino acid derivatives was due to the highly
polar charged carboxylate group, 4-hydroxyquinolones
(4-HQs), which are carboxylic bioisosteres, have been
investigated as high-affinity antagonists of the glycine
binding site. 3-[3-(4-[11C]methoxybenzyl)phenyl]-4-hydr-
oxy-7-chloroquinolin-2(1H)-one ([11C]L-703,717, Figure 3)
has been developed as one of the most potent glycine site
antagonists with a 4-HQ backbone (IC

50
= 4.5 nM versus

[3H]L-689,560) [41, 42]. In vivo experiments in mice showed
poor initial brain uptake of [11C]L-703,717 {0.32−0.36
percent injected dose per gram of tissue (% ID/g) at 1min}
and high levels of radioactivity in the blood. Since warfarin
administration caused a dose-dependent enhancement of the
initial brain uptake of [11C]L-703,717, this tracer may have a

high affinity for plasma protein warfarin binding sites. The
accumulation of [11C]L-703,717 in the cerebrum was lower
than that observed in the cerebellum at 30min (0.20% ID/g
versus 0.65% ID/g).This distribution patternwas inconsistent
with that of NMDAR expression. It should be noted that
treatment with nonradioactive L-703,717 (2mg/kg) only led
to a significant reduction in the accumulation of [11C]L-
703,717 in the cerebellum [43]. In order to improve the
BBB permeability of [11C]L-703,717, an acetyl derivative
of L-703,717 ([11C]AcL703, Figure 3) was developed as a
prodrug radioligand. Initial brain uptake of [11C]AcL703 at
1min was 2-fold higher than that of [11C]L-703,717. In rat
brain tissues, approximately 80% of [11C]AcL703had been
metabolized to [11C]L-703,717 by 20min after injection.
In ex vivo studies, [11C]AcL703 showed higher uptake in
the cerebellum than in the cerebrum, consistent with the
findings using [11C]L-703,717 [44]. Although a clinical PET
study of [11C]AcL703 was performed in healthy volunteers,
cerebellar NMDARs could not be visualized by PET due to
poor BBB penetration [45]. Other radiolabeled 4-HQs (3
and 4, Figure 3) with lower lipophilicity than [11C]L-703,717
have been developed as high-affinity radioligands for the
glycine site (𝐾

𝑖
= 7.2 and 10.3 nM). However, [11C]3 and

[11C]4 did not exhibit a significant increase in brain uptake,
as compared with [11C]L-703,717 [46]. The 4-HQs are
acidic (p𝐾

𝑎
≦ 5) [42] and this may result in strong binding

affinity for serum albumin and low BBB penetration. Thus,
several amino 4-HQ derivatives with lower p𝐾

𝑎
values were

synthesized and evaluated as new PET radioligands for the
glycine site. Methylamino derivatives of 4-HQs, 5 and 6
(Figure 3), showed high affinity for the glycine site (𝐾

𝑖
=

11.7 nM and 11.8 nM, resp.). Although the amine derivatives
showed a much lower plasma protein binding ratio than
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the methoxy analogs, [11C]6 still displayed poor uptake into
the brain [47]. Further structure-activity relationship studies
are necessary to develop PET ligands for the glycine site
with significantly improved BBB penetration. Furthermore,
the brain distribution of imaging agents interacting with the
glycine site can be greatly influenced by endogenous agonists.
The NMDAR coagonists, glycine and d-serine, are present
in the brain at micromolar levels. Glycine is ubiquitously
distributed in the brain, while d-serine is predominantly
found in the forebrain [48, 49]. Levels of d-serine are
reportedly very low level in the cerebellum, because of the
high expression level of an enzyme (d-amino acid oxidase,
DAO) that can degrade d-serine [50]. Consistent with the
above reports, the [11C]L-703,717 signal in the cerebellum
was diminished in mutant ddY/DAO-mice, which have
high cerebellar d-serine levels (Figure 4). The refore, the
low accumulation of [11C]L-703,717 in forebrain regions
may reflect the strong inhibition caused by the high level
of endogenous d-serine. Similarly, the higher uptake of
[11C]L-703,717 in the cerebellum might be due to reduced
binding inhibition by d-serine [51].

2.3. Imaging Probes for the NR2B Negative Modulator Binding
Site. NMDARs containing the NR2B subunit play a key role
in various diseases, such as Parkinson’s disease, Alzheimer’s
disease, and neuropathic pain. NR2B negative modulators
have been developed for the treatment of these conditions
[17, 52]. Ligands targeting NR2B, including ifenprodil, are
thought to bind at the interlobe cleft of the NR2B subunit
[53]. CP-101,606 is a potent NMDAR antagonist that is
highly selective for NR2B subunit-containing receptors, with
𝐾
𝑑
values of 10 nM [54]. Because CP-101,606 was identified

as a potent NR2B negative modulator (𝐾
𝑖
= 10 nM), a

11C-labeled CP-101,606 derivative ([11C]7, Figure 5) was
developed as a PET ligand for the NR2B subunit [55]. In
vitro binding of [11C]7 in rat brain slices was extremely high
in the forebrain regions and very low in the cerebellum,
with excellent specific binding (Figures 6(a) and 6(b)). This
distribution pattern matched the NR2B subunit expression
pattern [56]. However, in vivo studies in mice and monkeys
demonstrated that this tracer showed homogeneous brain
distribution and no specific binding of [11C]7 was observed
(Figure 6(c)) [55]. A benzylpiperidine derivative, [11C]8
(Figure 5), has been developed as a selective high-affinity
PET ligand for NR2B-containing NMDARs (IC

50
= 5.3 nM).

An in vivo study in rats showed poor brain uptake of [11C]8
and a localization that was inconsistent with the NR2B
expression pattern [57]. [11C]EMD-95885 (Figure 5), a
benzylpiperidine derivative with a high affinity for NR2B
(IC
50

= 3.9 nM), has been synthesized and evaluated. In
vivo experiments in rats showed 59-fold higher brain uptake
of [11C]EMD-95885 than of [11C]8. Although [11C]EMD-
95885 displayed homogeneous binding in brain tissues,
a substantial reduction in brain uptake of [11C]EMD-
95885 was observed in the presence of nonradioactive 8
or ifenprodil, suggesting that some specific binding may
occur in the brain. However, these blocking effects were
observed in both NR2B-rich and NR2B-poor regions

[58]. The benzimidazole derivatives, 9 and 10 (Figure 5),
have been identified as having high affinity for the NR2B
subunit, with 𝐾

𝑖
values of 7.3 nM and 5.8 nM, respectively.

Both [125I]9 and [125I]10 showed localizations consistent with
NR2B subunit expression in rat brain slices. In vivo studies
in mice found moderate brain uptake of [125I]9 and [125I]10
and distribution that was inconsistent with known NR2B
expression patterns. However, treatment with nonradioactive
9 or the NR2B ligand, [(±)-(𝑅∗, 𝑆∗)]-a-(4-hydroxyphenyl)-
𝛽-methyl-4-(phenylmethyl)-1-piperidine propanol (Ro
25–6981), caused 34% and 59% reduction in the brain/blood
ratio of [125I]9, respectively. This tracer may therefore
show partially specific binding to the NR2B subunit in vivo
[59]. Further structural modification of 9 may contribute
to the development of more promising imaging probes
for the NR2B subunit. [2-(3,4-Dihydro-1H-isoquinolin-2-
yl)-pyridin-4-yl]–[11C]dimethylamine ([11C]Ro-647312,
Figure 5) has been evaluated as a member of a different
class of PET ligands with high affinity for the NR2B
subunit (𝐾

𝑖
= 8.0 nM). However, in vivo biodistribution of

[11C]Ro-647312 was almost homogeneous in the brain [60].
Several benzylamidines, such as [11C]11 (Figure 5), have been
developed as high-affinity PET ligands forNR2B (𝐾

𝑖
= 5.7 nM

for 11). In vitro, [11C]11 showed excellent specific binding and
a similar localization to that of NR2B. However, [11C]11 is an
unsuitable imaging agent due to metabolic instability [61].
(3S,4R)-4-Methylbenzyl 3-fluoro-4-((pyrimidin-2-ylamino)
methyl) piperidine-1-carboxylate (MK-0657) was developed
as a highly potent NR2B antagonist (IC

50
= 3.6 nM) for the

treatment of neuropathic pain, Parkinson’s disease, andmajor
depression [17, 62]. Two radiofluorinated diastereoisomers
of MK-0657 ([18F]trans-MK-0657 and [18F]cis-MK-0657,
Figure 5) exhibited a localization pattern consistent with
that of NR2B expression and very high specific binding for
the NR2B modulator binding site. However, no further in
vivo evaluations of these potential imaging agents have been
reported [63].

3. mGluRs

mGluRs are widely expressed though the CNS and their
activation leads to various effects on neuronal synaptic
transmission via regulation of ion channels and signaling
proteins. Dysregulation of mGluRs has been observed in
various conditions affecting the CNS, such as anxiety [64],
depression [65], Alzheimer’s disease [66], schizophrenia
[67], Parkinson’s disease [68], and epilepsy [69]. Positive
and negative modulators of mGluRs have therefore been
developed for the treatment of these neurological diseases.
Nuclear medicine imaging of mGluRs can be used for the
investigation of a range of diseases, in addition to monitoring
receptor occupancy by therapeutic agents. Thus, a consid-
erable number of PET imaging probes for mGluRs have
been reported. PET ligands for group I mGluRs (mGluR1
and 5) have been developed extensively and several of these
have been confirmed as promising ligands in clinical studies.
Recently, potential PET probes for mGluR2 (group II) have
also been reported and have proceeded to phase I studies. No
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Figure 4: Ex vivo autoradiograms of [11C]L-703,717 in the brain of normal ddY/DAO+ (a) and mutant ddY/DAO-mice (b) 30min after
injection of [11C]L-703,717 and warfarin (60mg/kg) [51].
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clinically useful PET ligands for group III mGluRs have been
published, due to a lack of selectivity over other mGluRs.

3.1. Imaging Probes for Group I mGluRs

3.1.1. Physiology of Group I mGluRs. Group I mGluRs
(mGluR1 and mGluR5) are predominantly expressed in the
postsynaptic neuron. Their activation leads to increased
neuronal excitability and they are involved in modulation
of synaptic plasticity at glutamatergic synapses. They are
coupled to Gq/G11 and upregulate inositol triphosphate
and diacylglycerol levels via phospholipase C activation,
triggering calcium mobilization, and activation of protein
kinase C (PKC). In addition, group I mGluRs have been
reported to be implicated in the mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated kin+ase

(ERK) and mammalian target of rapamycin (mTOR)/p70
S6 kinase pathways, which can regulate synaptic plasticity
[70]. Complementary expression of mGluR1 and mGluR5
has been observed in the rodent brain. mGluR1 are found
extensively throughout the brain, but are highly expressed in
the cerebellar cortex, hippocampus, and thalamus. mGluR5
expression has been observed in the cerebral cortex, hip-
pocampus, accessory olfactory bulbs, and nucleus accumbens
[71]. mGluR1 antagonists have shown promising anxiolytic
and antidepressant effects, whereas positive modulators of
mGluR1 have been reported to be useful for the treatment
of schizophrenia. Negative modulators of mGluR5 can be
effective in the treatment of anxiety, fragile X syndrome,
chronic pain, and depression [72]. In contrast, positive
modulators of this receptor have potential for the treatment
of schizophrenia [73].
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Figure 6: In vitro autoradiogram of [11C]7 (a) and quantified values of the autoradiogram in frontal cortex (FTX), hippocampus (HIP),
striatum (STR), thalamus (THA), and cerebellum (CB) (b). Nonspecific binding was determined in the presence of (+) CP-101,606 (10𝜇M).
(c) Time radioactivity curves in the monkey brain after administration of [11C]7. Nonradioactive 7 (2mg/kg) was coinjected with [11C]7 into
the same monkey [55].

3.1.2. Development of Imaging Probes for mGluR1. (3-Ethyl-2-
[11C]methyl-6-quinolinyl)(cis-4-methoxycyclohexyl)metha-
none ([11C]JNJ-16567083, Figure 7) has been developed as a
high-affinity, selective mGluR1 ligand (𝐾

𝑖
= 4.41 nM for rat

mGluR1, 13.3 nM for human mGluR1) [74]. Ex vivo studies
using this ligand showed good brain uptake and a localization
pattern consistent with mGluR1 expression. In addition, over
80% of the accumulation of [11C]JNJ-16567083 in the
cerebellum was blocked by selective mGluR1 antagonists,
while treatmentwith a selectivemGluR5 antagonist produced
no marked inhibition of its binding, indicating selectivity
for mGluR1. In PET studies, it showed high specific binding
in regions expressing mGluR1, indicating that [11C]JNJ-
16567083 is bound to mGluR1 in the living rat brain [74].
An 18F-labeled JNJ-16567083 derivative ([18F]12, Figure 7)
was also reported to have a high affinity for mGluR1 (𝐾

𝑖
=

1.77 nM for rat mGluR1 and 24.4 nM for human mGluR1).
The in vivo localization of [18F]12 in rats was similar to that
of [11C]JNJ-16567083. The in vivo accumulation of [18F]12 in
the cerebellum was inhibited by pretreatment with a selective
mGluR1 antagonist, but not by an mGluR2 antagonist
(LY341495) or an mGluR5 antagonist (MPEP), indicating
selectivity for mGluR1 in the living rat brain. However, PET
studies in baboons found that [11C]JNJ-16567083 and [18F]12
produced low brain signals, probably due to a lower receptor
density in baboon brain than in rat brain [75]. These results
suggested that less lipophilic and/or higher affinity mGluR1
ligands are necessary for successful imaging in the primate
brain.

N-Cyclohexyl-6-{[N-(2-methoxyethyl)-N-methylami-
no]methyl}-N-methylthiazolo [3,2-a]benzimidazole-2-carb-
oxamide (YM-202074, Figure 7) has been reported as a
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Figure 8: Sagittal PET images (0–60min) of [11C]ITMM in wild-type (a) and mGluR1 knockout (b) mice brains [83].

high-affinity, selective mGluR1 ligand (𝐾
𝑖
= 4.8 nM for rat

mGluR1) with lower lipophilicity than JNJ-16567083 (logD =
2.7 versus 3.38). Although [11C]YM-202074 showed in vitro
accumulation consistent with mGluR1 expression in the rat
brain, PET studies in rats using this ligand demonstrated
a low brain uptake and localization that was inconsistent
with mGluR1-rich regions. These findings may be attributed
to rapid ligand metabolism and the subsequent influx
of radiometabolites into the brain [76]. 1-(2-Fluoro-3-
pyridyl)-4-(2-propyl-1-oxoisoindoline-5-yl)-5-methyl-1H-
1,2,3-triazole (MK-1312, Figure 7) has been developed as a
potent mGluR1 ligand (IC

50
= 4.3 nM for human mGluR1),

with high selectivity and moderate lipophilicity (logP =
2.3). [18F]MK-1312 displayed similar in vitro localization to
that of mGluR1 and highly selective binding. PET studies of
this ligand in rhesus monkeys demonstrated rapid uptake
kinetics, with no significant defluorination in brain. In
addition, binding was inhibited by the mGluR1 antagonist,
MK-5435, in a dose-dependent manner [77]. Although these
results indicated that [18F]MK-1312 may be a promising PET
ligand for mGluR1, no further clinical studies have been

reported to date. 1-(2-Fluoro-3-pyridyl)-4-(2-isopropyl-
1-oxoisoindoline-5-yl)-5-methyl-1H-1,2,3-triazole (FPIT,
Figure 7), an MK-1312 derivative, has been reported as a
selective mGluR1 ligand with an IC

50
of 5.4 nM for human

mGluR1 [77]. [18F]FPIT showed similar in vitro distribution
to mGluR1 in both rat and monkey brains. In addition, its
accumulation was selectively blocked by an mGluR1 ligand,
indicating excellent specific binding (95%). PET/magnetic
resonance imaging (MRI) studies of this ligand in rats and
monkeys demonstrated a distribution that was consistent
with that observed in vitro. Brain accumulation of [18F]FPIT
was significantly inhibited by nonradioactive FPIT and by
the mGluR1-selective ligand JNJ-16259865 [78]. Although
[18F]FPIT has been demonstrated to be a prospective PET
probe for mGluR1, further clinical studies have not yet been
performed, probably due to the slow pharmacokinetics,
and the influx of small levels of radiometabolites into the
brain. 4-Fluoro-N-[4-[6-(isopropylamino)pyrimidin-4-yl]-
1,3-thiazol-2-yl]-N-methylbenzamide (FITM, Figure 7) was
developed as a potent mGluR1 antagonist (IC

50
= 5.1 nM)

with high selectivity [79] and low lipophilicity (logD = 1.46)
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[11C]ITMM PET image [85].

[80]. In vitro and ex vivo binding of [18F]FITM matched
the distribution of mGluR1, with high specific binding in
mGluR1-rich regions [80]. [18F]FITM showed high brain
uptake (>7% ID/g in mice) and metabolic stability, with
95% intact [18F]FITM detected in the rat brain 120min
after injection. Rat and monkey PET studies demonstrated
a radioactive signal distribution consistent with that of the
mGluR1, with very high specific binding. Kinetic analysis
showed that the calculated 𝑉

𝑇
values of [18F]FITM were

also consistent with the localization of mGluR1 [81]. PET
studies of [18F]FITM in rat brain that included blocking
experiments determined 𝐵max and 𝐾

𝑑
values in several

brain regions with moderate mGluR1 expression, such as
the thalamus, hippocampus, striatum, and cingulate cortex,
consistent with the density of mGluR1 in these regions.
However, because of its relatively slow kinetics, 𝐵max and 𝐾𝑑
values of [18F]FITM could not be measured in the mGluR1-
rich cerebellum [82]. Although these findings have shown
that [18F]FITM is a prospective PET radiotracer for mGluR1,
no further clinical PET studies have been reported in the
literature. It is reported that [18F]FITM could be prepared in
poor radiochemical yields (14 ± 3%), probably due to using
the 4-nitrobenzamide precursor [80]. It is suggested that
optimized methods for radiosynthesis of [18F]FITM should
be developed. N-[4-[6-(Isopropylamino)pyrimidin-4-yl]-
1,3-thiazol-2-yl]-4-methoxy-N-methylbenzamide (ITMM,
Figure 7) has been reported to be a highly potent and selective
PET probe for mGluR1, with a 𝐾

𝑖
value of 12.6 nM (rat brain

homogenate) and a logD value of 2.57. In vitro binding of
[11C]ITMM was consistent with mGluR1 distribution, with
high specific binding inmGluR1-rich regions. A PET study in
rats found that [11C]ITMMdisplayed high brain uptake, with
the highest uptake (in the cerebellum) being over 3.0 of the
SUV (standardized uptake value). The in vivo distribution
of [11C]ITMM was consistent with the in vitro data. The
heterogeneous localization of [11C]ITMM was abolished
by treatment with nonradioactive ITMM and an mGluR1-
selective ligand. In addition, a PET study of [11C]ITMM in
the mGluR1 knockout mouse demonstrated quite low uptake
and homogeneous distribution of radioactivity in the brain
(Figure 8) [83]. Furthermore, [11C]ITMM showed reduced

accumulation in the ischemic brain and treatment with
the neuroprotective agent, minocycline, which may inhibit
mGluR1 activation, abolished this decrease of mGluR1 in the
brain [84]. Because [11C]ITMM has been demonstrated to
be a promising PET tracer for mGluR1, the first human PET
studies have been performed. [11C]ITMM uptake increased
gradually in the cerebellar cortex and 𝑉

𝑇
in this brain region

was 2.61, while 𝑉
𝑇

was 0.53 in the mGluR1-poor pons.
The rank order of [11C]ITMM uptake was consistent with
mGluR1 expression levels in the human brain (Figure 9).
Because [11C]ITMM showed relatively low uptake in the
brain regions with a modest expression of mGluR1, such
as the thalamus, hippocampus, and cerebral cortex, the
[11C]ITMM signal in regions outside the cerebellum could
be difficult to assess and this would make it hard to examine
localization changes in these regions [85]. Nevertheless,
[11C]ITMMcould be used to evaluate alterations in cerebellar
mGluR1 under pathological conditions. Further clinical
studies may be needed to assess the usefulness of [11C]ITMM
as a PET ligand for quantification of mGluR1.

N-[4-[6-(Isopropylamino)pyrimidin-4-yl]-1,3-thiazol-2-
yl]-N-methyl-4-11C-methylbenzamide ([11C]ITDM, Figure 7),
an analog of ITMM, also has high affinity for mGluR1 (𝐾

𝑖

= 13.6 nM) and moderate lipophilicity (logD = 1.74). PET
studies of [11C]ITDM in the monkey brain showed localiza-
tion consistent with knownmGluR1 expression, fast kinetics,
and a very low level of binding in themGluR1-poor pons [86].
After detailed kinetic studies, [11C]ITDM was considered
superior to [11C]ITMM because of its higher regional
𝑉
𝑇
values in the monkey brain [87]. Global reduction of

[11C]ITDM binding was observed in the mGluR1-expressing
brain regions of the R6/2 mouse model of Huntington’s
disease. The change in the radioactive signal correlated with
the expression of mGluR1 in the brains of these R6/2 mice
[88]. Thus, [11C]ITDM has been confirmed as a promising
PET ligand for monitoring changes in mGluR1 availability
in the brain. To our knowledge, clinical PET studies with
[11C]ITDM have not yet been published. [18F]4-Fluoro-N-
methyl-N-(4-(6-(methylamino)pyrimidin-4-yl)thiazol-2-yl)
benzamide ([18F]FIMX, Figure 7) has been shown to have
a high affinity for mGluR1 (IC

50
= 1.8 nM) with high
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selectivity against a wide range of other human receptors
[79, 89]. [18F]FIMX was successfully synthesized by the
radiofluorination of the diaryliodonium salts precursor.
FIMX has moderate lipophilicity, with a logD value
of 2.25. PET studies of [18F]FIMX in rhesus monkey
demonstrated high BBB permeability and maximal uptake
in the mGluR1-rich cerebellum (SUV = 5.3 at 12min). The
distribution of radioactivity in the brain matched mGluR1
expression, and accumulation was abolished by treatment
with nonradioactive FIMX or the mGluR1-selective ligand
JNJ-1625968553 (3mg/kg, resp.). In contrast, an mGluR5-
selective ligand (MTEP) did not affect [18F]FIMX binding
in the monkey brain [89]. Apparently, [18F]FIMX is a
prospective PET radioligand for imaging of mGluR1.
Recently, an initial clinical PET imaging study using 18F-
FIMX was performed. The mGluR1-rich cerebellum had the
highest uptake (SUV; 1.8 at 120min), whereas mGluR1-poor
regions ranged from SUV values of 0.3–1 at 120min [90].
PET imaging of patients with a range of CNS disorders using
[18F]FITM, [11C]ITMM, [11C]ITDM, and [18F]FIMX could
help to elucidate the relationship between these disorders
and mGluR1.

3.1.3. Development of Imaging Probes for mGluR5. Several
diaryl alkyne derivatives have been reported as high-affinity,
selective mGluR5 antagonists that could be used as in vivo
imaging probes. 3-Fluoro-5-(2-pyridinylethynyl) benzoni-
trile (FPEB, Figure 10) has been reported to have an excellent
affinity for mGluR5, with a 𝐾

𝑖
value of 0.2 nM (rat brain

cortex) and a moderate logP value of 2.8. Autoradiography
of rhesus monkey brain demonstrated high accumulation in
mGluR5-rich regions, such as the cortex, caudate, putamen,
amygdala, hippocampus, andmost thalamic nuclei, and a low
signal in the mGluR5-poor cerebellar layers. In addition, the
heterogeneous binding of [18F]FPEB was abolished in the
presence of the mGluR5-selective ligand, MPEP, indicating
that the radiotracer bound specifically to mGluR5 in vitro
[91]. PET studies of [18F]FPEB in rhesus monkey and rat
showed similar localization to mGluR5 and displacement
by mGluR5 ligands (Figure 11) [91, 92]. Building on these
promising preclinical studies of [18F]FPEB, an initial clin-
ical PET study was performed to assess the usefulness of
this radiotracer for PET imaging of mGluR5. The regional
brain distribution of [18F]FPEB in the healthy adult brain
matched the known expression of mGluR5 and showed high
reproducibility, suggesting that [18F]FPEB is a suitable PET
radioligand for mGluR5 in the human brain [93].

3-(6-Methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-
O-11C-methyl-oxime ([11C]-ABP688, Figure 10) has been
reported as a highly selective and potent radiotracer for the
mGluR5 allosteric site, with a 𝐾

𝑑
value of 1.7 nM in rat brain

homogenates. Ex vivo autoradiography of [11C]ABP688
demonstrated high accumulation of this radiotracer in
mGluR5-rich brain regions, such as the cingulate cortex,
striatum, and hippocampus. Treatment with M-MPEP
(1mg/kg), an mGluR5-selective antagonist, abolished the
heterogeneous localization of [11C]ABP688. PET studies

using [11C]ABP688 in normal rats demonstrated a similar
distribution to that observed in ex vivo experiments
(Figure 12). In addition, accumulation of this radiotracer was
almost homogeneous in mGluR5-knockout mice, indicating
that [11C]ABP688 was highly specific for mGluR5 in the
living brain [94]. A clinical PET study of [11C]ABP688 in
human brain demonstrated high accumulation in mGluR5-
rich brain regions but low levels in themGluR5-poor regions,
consistent with the results of rat PET studies. Its specific
distribution volume in the brain regions ranged from 5.45
(anterior cingulate) to 1.91 (cerebellum), and the rank order
of these values was consistent with the known mGluR5
density. These results suggested that [11C]ABP688 could be
used for PET quantification of mGluR5 in the human brain
[95]. It has also been reported that [11C]ABP688 can be
used for monitoring mGluR5 drug occupancy. AZD2066, a
highly potent mGluR5-selective ligand, dose-dependently
displaced [11C]ABP688 binding in the human brain
(Figure 13). In this study, the dose of AZD2066 required
to produce 50% mGluR5 occupancy was estimated to be
13.5mg [96]. On the other hand, there are two geometrical
isomers of [11C]ABP688 and the E-isomer has a much higher
binding affinity for mGluR5 than the Z-isomer (𝐾

𝑑
= 5.7 nM

versus 140 nM). In a rat PET study of [11C]ABP688, the
E-isomer showed high brain uptake and distribution that
was consistent with mGluR5 expression. In contrast, the
Z-isomer showed low brain retention and homogeneous
binding throughout the brain [97]. Although [11C]ABP688
could be synthesized with an E-isomer to Z-isomer ratio of >
10 : 1 [94], it has been suggested that E-[11C]ABP688 should
be used for reproducible imaging of mGlu5 receptors in
clinical studies. 3-Fluoro-5-[2-[2-([18F]fluoromethyl)thiazol-
4-yl]ethynyl]benzonitrile ([18F]SP203, Figure 10) has been
developed as a negative allosteric modulator with excellent
affinity (40 pM) for mGluR5. PET studies using [18F]SP203
demonstrated high uptake in mGluR5-rich regions and the
signal was greatly diminished by treatment with themGluR5-
selective ligand MPEP (5mg/kg) [98]. One disadvantage of
[18F]SP203 is the ease of its defluorination by glutathione
S-transferase in the rat brain [99]. However, because primates
have much lower levels of glutathione S-transferase [100],
initial PET studies were conducted with [18F]SP203 in
healthy human subjects. PET images showed high brain
uptake of [18F]SP203 (Figure 14) with little defluorination
and brain uptake could be calculated as 𝑉

𝑇
in humans.

[18F]SP203 had high BBB permeability (% SUV; ∼580) and
the rank order of 𝑉

𝑇
values in the brain regions was as

follows: neocortex (20–26) > thalamus (15) ≒ cerebellum
(14), consistent with the levels of mGluR5 in the human
brain [101]. Therefore, despite the issue of defluorination,
18F-SP203 can be used for quantification of mGluR5 by PET.

3.1.4. mGluR5-Selective PET Imaging in Diseases. Cocaine
exposure has been reported to reduce mGluR5 expression
in the rodent brain [102]. Clinical PET studies were con-
ducted with [11C]ABP688 in cocaine-addicted participants,
in comparison with healthy control subjects. [11C]ABP688
binding in the striatum was reduced by approximately 20%
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Figure 11: PET images of [18F]FPEB (20–25min) in rat brain without drug treatment (a), treatment of mGluR5-selective ligand MTEP
treatment (10mg/kg) (b), and treatment of mGluR1-selective YM-298198 (10mg/kg) [92].

in cocaine-addicted participants [103]. Another clinical PET
study with [11C]ABP688 demonstrated that mGluR5 avail-
ability in cocaine-dependent subjects was inversely propor-
tional to the duration of cocaine abstinence [104]. These
studies indicated that distribution of mGluR5 was decreased
in the striatum of the living brain in cocaine-abstinent
individuals, information that could inform novel strategies
for the control of cocaine addiction via mGluR5. Preclinical
studies have demonstrated that mGluR5 antagonists potently
reduced self-administration of nicotine [105, 106]. In a PET
study, a significant reduction in [11C]ABP688 binding was
observed in the graymatter of smokers (Figure 15), indicating

that mGluR5 could be a potential target for the treatment of
nicotine dependence [107]. mGluR5 have been suggested to
be involved in the pathophysiology of epilepsy [108, 109]. PET
studies using [11C]ABP688 revealed lower levels of mGluR5
binding in the hippocampus and amygdala in rat models of
chronic epilepsy, as compared to a control group. Therefore,
PET imaging of mGluR5 in the temporal and spatial regions
could detect dysregulated glutamatergic networks during
epileptogenesis [110]. mGluR5 may also be linked to the
pathophysiology ofmajor depression [65]. Clinical PET stud-
ies using [11C]ABP688 showed reduced mGluR5 binding in
the cortical regions, thalamus, and hippocampus of patients
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Figure 12: PET images of [11C]ABP688 (0–30min) in control rats (a) and an mGluR5-selective ligand M-MPEP (1.0mg/kg) treated rat [94].
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Figure 13: PET/MR images (0–63min) showing the effect of AZD2066 on binding of [11C]ABP688 [96].

with depression. Furthermore, mGluR5 availability in the
hippocampus decreased with the increased severity of this
disease, suggesting that changes in the availability of mGluR5
may provide a potential biomarker for the diagnosis of
depression [111].

3.2. Imaging Probes for Groups II and III mGluRs

3.2.1. Physiology of Groups II and III mGluRs. Groups II
(mGluR2 and mGluR3) and III (mGluR4, mGluR6, mGluR7,
and mGluR8) mGluRs are primarily localized within presy-
naptic regions and involved in the inhibition of neurotrans-
mitter release [70]. Groups II and III mGluRs are coupled
to Gi/Go and downregulate cAMP levels via inhibition of

adenylate cyclase. These events activate the MAPK and
phosphatidylinositol 3-kinase (PI3) pathways, which reg-
ulate synaptic transmission. mGluR2 has been predomi-
nantly observed in the cerebellar cortex and olfactory bulb,
while mGluR3 has been found widely throughout the brain.
mGluR4 is predominantly expressed in the cerebellum. The
expression of mGluR6 is restricted to the retina, whereas
mGluR7 has a widespread distribution in the brain. mGluR8
is mainly expressed in the olfactory bulbs, olfactory nucleus,
piriform cortex, entorhinal cortex, and medulla oblongata
[71]. Agonists of group II mGluRs may be useful in the treat-
ment of anxiety disorders and schizophrenia [73]. mGluR2/3
are involved in the pathophysiology of schizophrenia [112].
Group III mGluRs are attractive targets for the treatment
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Figure 15: PET Images of the average mGluR5 DVR (0–40min) using [11C]ABP688 in the three diagnostic groups (𝑛 = 14) [107].
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of Parkinson’s disease [113]. mGluR8 is implicated in drug
addiction mechanisms [114].

3.2.2. Development of Imaging Probes for Group II mGluRs.
8-Chloro-3-(cyclopropylmethyl)-7-[4-(3,6-difluoro-2-
methoxyphenyl)-1-piperidinyl]-1,2,4-triazolo[4,3-a]pyridine
([11C]JNJ42491293, Figure 16) has been reported to act as
a potent positive allosteric modulator for mGluR2, with
an IC

50
of 9.2 nM for the human mGluR2 and a high

selectivity against other mGluRs. In vivo biodistribution
and PET studies in rats demonstrated a high brain
uptake of [11C]JNJ42491293, with a signal matching
the known distribution of mGluR2 that was displaced by
JNJ42153605, a selective mGluR2 agonist, in all brain regions.
[11C]JNJ42491293 may be a promising PET radiotracer for
the mGluR2 allosteric binding site [115]. PET studies using
[11C]JNJ42491293 in healthy male subjects demonstrated
high brain uptake, which reached a maximum 30min after
treatment. Considerable [11C]JNJ42491293 distribution was
observed in the striatum and cerebellum, consistent with
known mGluR2 expression patterns. [11C]JNJ42491293 has
been demonstrated to be a prospective PET radioligand for
monitoring mGluR2 availability in the human brain [116].

3.2.3. Development of Imaging Probes for Group III mGluRs.
N-(Chloro-3-methoxyphenyl)-2-picolinamide (ML128,
Figure 16) has been developed as a positive allosteric
modulator ofmGluR4with an EC

50
of 110 nM for ratmGluR4

[117]. [11C]ML128 has been synthesized and evaluated as
a PET imaging probe for mGluR4. In rat PET studies,
[11C]ML128 showed high BBB penetration and localization
to the hippocampus, striatum, thalamus, olfactory bulb, and
cerebellum, consistent with the distribution of mGluR4.
Treatment with anmGluR4modulator led to some reduction
(22–28%) in [11C]ML128 binding in the brain. Because this
radiotracer exhibited fast washout within 20min throughout
the brain, structural modification will be necessary to
provide useful in vivo imaging probes for mGluR4 [118].
MMPIP (6-(4-methoxyphenyl-5-methyl-3-pyridin-4-
ylisozazolo[4,5-c]pyridine-4(5H)-one)) is an allosteric
mGluR7 antagonist with a 𝐾

𝑏
of 30 nM [119]. [11C]MMPIP

(Figure 16) has been synthesized and evaluated as a PET
radioligand for mGluR7. Although [11C]MMPIP showed
specific in vitro binding in rat brain, PET studies of this
radioligand in rats demonstrated low brain uptake and no
specific localization to sites of mGluR7 expression.

4. Conclusion and Perspectives

Despite considerable efforts, no radioligands are currently
available for human in vivo PET or SPECT imaging of
NMDARs. There are three potential target sites for imaging
agents; the channel blocker site, the glycine site, and theNR2B
negative modulator site. [123/125I]CNS 1261 is a potential
imaging agent acting at the channel blocker site. However,
this ligand requires further research to address its input func-
tion alteration in pathological state metabolic instability and
potentially nonspecific binding.There are no radioligands for

glycine site or the NR2B negative modulator site that have
shown enough promise to warrant clinical studies. Although
several ligands showed localization patterns consistent with
NMDAR expression and high specific binding in vitro, they
did not show these characteristics in vivo. This discrepancy
might be due to the dynamic properties of NMDARs. It
is known that NMDAR structure is altered by binding of
endogenous or exogenous ligands [1]. Importantly, the num-
ber of NMDARs on the cell surface is changed by tyrosine
phosphorylation, cysteine palmitoylation of the NMDAR C-
terminus, and by an alteration in subunit composition [120–
122]. In addition to developing novel classes of imaging
probes for NMDARs, further in vivo imaging studies of
NMDAR models should be performed to clarify the discrep-
ancies between the findings of in vitro and in vivo studies.

In contrast to the situation with NMDARs, several
promising PET probes for mGluRs have been developed suc-
cessfully. PET radioligands for mGluR1, such as [18F]FITM,
[11C]ITMM, [11C]ITDM, and [18F]FIMX, have proved useful
in clinical PET studies. PET imaging studies of mGluR5
with selective radiotracers ([18F]FPEB, [18F]SP203, and
[11C]ABP688) have enabled evaluation of mGluR5 avail-
ability in relevant disease states. [11C]JNJ42491293 has been
developed as a clinically useful prospective PET probe for
mGluR2. Further PET investigations of patients with various
mGluR-related diseases could make it possible to resolve the
roles of mGluRs in these disorders, monitor mGluR activity,
and quantify mGluR occupancy by therapeutic agents. As no
clinically useful PET ligands for group III mGluRs have yet
been identified, continued efforts should be made to develop
high-affinity and selective ligands for these receptors.
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[115] J. I. Andrés, J. Alcázar, J. M. Cid et al., “Synthesis, evaluation,
and radiolabeling of new potent positive allosteric modulators
of themetabotropic glutamate receptor 2 as potential tracers for
positron emission tomography imaging,” Journal of Medicinal
Chemistry, vol. 55, no. 20, pp. 8685–8699, 2012.

[116] K. V. Laere,M. Koole, J. Hoon et al., “Biodistribution, dosimetry
and kinetic modeling of [11C]JNJ-42491293, a PET tracer for
the mGluR2 receptor in the human brain,” Journal of Nuclear
Medicine, vol. 53, supplement 1, article 355, 2012.

[117] D. W. Engers, C. M. Niswender, C. D. Weaver et al., “Synthesis
and evaluation of a series of heterobiarylamides that are cen-
trally penetrant metabotropic glutamate receptor 4 (mGluR4)
positive allosteric modulators (PAMs),” Journal of Medicinal
Chemistry, vol. 52, no. 14, pp. 4115–4118, 2009.

[118] K.-E. Kil, Z. Zhang, K. Jokivarsi et al., “Radiosynthesis of N-(4-
chloro-3-[11C]methoxyphenyl)-2- picolinamide ([11C]ML128)
as a PET radiotracer for metabotropic glutamate receptor
subtype 4 (mGlu4),” Bioorganic and Medicinal Chemistry, vol.
21, no. 19, pp. 5955–5962, 2013.

[119] M.Nakamura, H. Kurihara, G. Suzuki,M.Mitsuya,M.Ohkubo,
and H. Ohta, “Isoxazolopyridone derivatives as allosteric
metabotropic glutamate receptor 7 antagonists,” Bioorganic and
Medicinal Chemistry Letters, vol. 20, no. 2, pp. 726–729, 2010.

[120] M. L. Vallano, B. Lambolez, E. Audinat, and J. Rossier, “Neu-
ronal activity differentially regulates NMDA receptor subunit
expression in cerebellar granule cells,” Journal of Neuroscience,
vol. 16, no. 2, pp. 631–639, 1996.



The Scientific World Journal 19

[121] K. W. Roche, S. Standley, J. McCallum, C. Dune Ly, M. D.
Ehlers, and R. J. Wenthold, “Molecular determinants of NMDA
receptor internalization,” Nature Neuroscience, vol. 4, no. 8, pp.
794–802, 2001.

[122] T. Hayashi, G. M. Thomas, and R. L. Huganir, “Dual palmitoy-
lation of NR2 subunits regulates NMDA receptor trafficking,”
Neuron, vol. 64, no. 2, pp. 213–226, 2009.



Review Article
Theragnostic Imaging Using Radiolabeled Antibodies and
Tyrosine Kinase Inhibitors

Mitsuyoshi Yoshimoto,1 Hiroaki Kurihara,2 and Hirofumi Fujii1

1Division of Functional Imaging, National Cancer Center Hospital East, 6-5-1, Kashiwanoha, Kashiwa, Chiba 277-8577, Japan
2Diagnostic Radiology, National Cancer Center Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045, Japan

Correspondence should be addressed to Mitsuyoshi Yoshimoto; miyoshim@ncc.go.jp

Received 23 June 2014; Revised 22 August 2014; Accepted 22 August 2014

Academic Editor: Kazuma Ogawa

Copyright © 2015 Mitsuyoshi Yoshimoto et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

During the past decade, the efficacy of new molecular targeted drugs such as tyrosine kinase inhibitors (TKIs) and monoclonal
antibodies has been proven worldwide, and molecular targeted therapies have become the mainstream in cancer therapy. However,
clinical use of these new drugs presents unexpected adverse effects or poor therapeutic effects. Therefore, we require diagnostic
tools to estimate the target molecule status in cancer tissues and predict therapeutic efficacy and adverse effects. Although
immunohistochemical, polymerase chain reaction (PCR) and fluorescence in situ hybridization (FISH) analyses of biopsy samples
are conventional and popular for this diagnostic purpose, molecular imaging modalities such as positron emission tomography
(PET) and single photon emission computed tomography (SPECT) are also useful for noninvasive estimation of gene and protein
expression anddrug pharmacokinetics. In this review,we introduce new radiolabeledTKIs, antibodies, and their clinical application
in molecular targeted therapy and discuss the issues of these imaging probes.

1. Introduction

New observations regarding carcinogenesis and signal trans-
duction pathways that regulate tumor growth, differentiation,
angiogenesis, invasion, and metastasis have led to the identi-
fication of potential therapeutic targets and have accelerated
molecular targeted drug development. In particular, the
success of imatinib in chronic myeloid leukemia (CML)
patients has strongly promoted the development of small-
molecule tyrosine kinase inhibitors (TKIs). Since the United
States Food and Drug Administration’s approval of rituximab
(Rituxan; anti-CD20 antibody) and imatinib (Gleevec; Bcr-
Abl TKI), several anticancer drugs have been approved each
year in the US, European Union, and Japan [1].

The antitumor mechanisms triggered by molecular tar-
geted drugs differ from those of conventional chemothera-
peutic agents. Therefore, the estimation of target molecule
expression in entire tumor is required to predict therapeutic
efficacy. Target molecule and target gene expressions can
be evaluated using immunohistochemical, polymerase chain
reaction (PCR) and fluorescence in situ hybridization (FISH)

analyses of biopsy samples. However, biopsy samples contain
tissues from limited regions only, whereas tumor tissue is het-
erogeneous. Thus, it is possible that the expression observed
in biopsy samples is not representative of that in entire tumor
[2, 3]. This can lead to a misunderstanding with respect to
tumor characterization. Moreover, expression levels of key
molecules and gene mutations require modulation during
treatment. The consequent repetitive biopsies are invasive
and represent a significant burden on patients.

Molecular imaging modalities such as positron emission
tomography (PET) and single photon emission computed
tomography (SPECT) are suitable for noninvasive estimation
of gene and protein expressions and drug pharmacokinetics
[4, 5]. Molecular imaging also enables detection of changes in
gene and protein expressions in response to treatment in the
entire tumor and could overcome the issues associated with
biopsy. Therefore, PET and SPECT are the best tools in treat-
ment strategies that combine therapeutics with diagnostics,
also known as “theragnostics.”

Theragnostic imaging by using radiolabeled molecular
targeted drugs provides new important insights into drug
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Figure 1: Chemical structures of the EGFR-TK imaging probes.

development and cancer treatment. For instance, theragnos-
tic imaging reveals pharmacokinetics of drugs in individual
patients. This allows stratification of the patients who would
benefit from the drugs and identification of modified status
of target molecules (expression levels and mutation status).
Moreover, understanding of the pharmacokinetics is helpful
to select candidate drugs in the process of drug development,
resulting in reduction of development cost.

2. Development of Imaging Agents for
Epidermal Growth Factor Receptor-Tyrosine
Kinase (Figure 1)

The small molecule epidermal growth factor receptor
(EGFR)-TKIs gefitinib and erlotinib have been approved for
the treatment of non-small-cell lung cancer (NSCLC) and
have exhibited dramatic antitumor activities.These therapeu-
tic agents have been found to be effective primarily in patients
with mutant EGFR-TK [6–8]. However, gefitinib treatment
has also led to serious side effects such as interstitial lung
disease [9]. In addition, the gefitinib treatment will result in

acquisition of resistance usually within a year, half of whose
mechanism is secondary T790Mmutation of the EGFR gene
[10]. These clinical findings demonstrate the need to detect
mutation status of the target molecule.

The simplest strategy for estimation of gefitinib sensitivity
and mutation status is the use of radiolabeled gefitinib
(Figure 1) [11, 12]. However, a discrepancy in specificity of
radiolabeled gefitinib exists between 18F-gefitinib and 11C-
gefitinib. Su et al. reported that 18F-gefitinib uptake in vitro
and in vivo did not correlate with EGFR expression because
of nonspecific binding caused by its high lipophilicity [11].
An in vitro uptake study indicated that high and specific 18F-
gefitinib uptake was observed only in H3255 with mutant
EGFR, but not in U87-EGFR. Unlike 18F-gefitinib, specific
11C-gefitinib uptake was observed in mice bearing murine
fibrosarcoma (NFSa) [12]. However, a biodistribution study
has shown that 11C-gefitinib uptake was low in A431 cells
which exhibit high EGFR expression.Thus, radiolabeled gefi-
tinib may not estimate EGFR expression or mutation status.

A reduction in lipophilicity might be a simple solution
to overcome the nonspecific binding of an imaging probe.
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However, a certain level of imaging probe lipophilicity is
essential for passage through the cell membrane and bind-
ing to the ATP binding pocket in the TK domain of the
target molecule. A recent PET study indicated the failure
of EGFR-expressing U-87MG cells to take up polyethylene
glycol(PEG)-ylated anilinoquinazoline derivatives (11C-
1, 18F-2, and 124I-3) [13]. However, PET using 4-[(3-io-
dophenyl)amino]-7-(2-[2-{2-(2-[2-{2-(18F-fluoroethoxy)-
ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]-quinazoline-6-yl-
acrylamide) (18F-PEG6- IPQA) could delineate tumors with
high EGFR expression [14]. These inhibitors are irreversible
(Figure 1). Although the affinities (KD) of these compounds
for EGFR-TK are not clear, an understanding of the relation-
ships between lipophilicity, affinity, and the binding mode
(reversible or irreversible) might lead to a breakthrough in
the development of TK imaging probes.

3. Estimation of the Mutation Status Using
EGFR-TK Imaging Probes

Monitoring of EGFR-TKI sensitivity and mutation status of
the target molecule is of particular interest to the field of
molecular imaging. We previously reported a correlation
between the tumor uptake of 4-(3-125I-iodo-phenoxy)-6,7-
diethoxy-quinazoline (125I-PHY, Figure 1) and gefitinib sen-
sitivity [15]. However, differences in tumor uptake were due
partly to differences in EGFR expression and partly to non-
specific binding. Unfortunately, 125I-PHY could not estimate
differences inmutation statuses. Yeh et al. attempted to detect
a gefitinib-sensitivemutation (L858R) using 18F-PEG6-IPQA
which selectively and irreversibly binds to mutant EGFR-
TK (L858R) [14]. An in silico docking study revealed that
the acrylamide moiety of F-PEG6-IPQA can form a covalent
bond with Cys773 in the active conformation of L858R
mutant kinase domain. A PET study involving 18F-PEG6-
IPQAdemonstrated high uptake inH3255 cells harboring the
L858R mutation.

Memon et al. reported high and sustained 11C-erlotinib
uptake in HCC827 cells harboring a delE746-750 mutations
as compared with A549 andNCI358 cells [16].This difference
was caused by different affinities of erlotinib to EGFR-
TKs [17]. A recent clinical study has supported these basic
research findings. A PET study involving 11C-erlotinib was
conducted in patients with wild-type (WT) and Exon19
deletionmutation. Although patients harboring the common
L858R mutation were not included, the uptake of 11C-
erlotinib was higher in tumors with the deletion mutation
than those with WT [18]. Moreover, these 11C-erlotinib
studies suggest that reversible inhibitors are efficient imaging
probes for estimating themutation status based ondifferences
in binding affinity.

Unfortunately, this study has some limitation. Only a
small number of patients (5 with and 5 without a mutation)
were involved. Patients with other mutation (L858R and
L858R/T790M) were not included. Further investigation is
needed to demonstrate that 11C-erlotinib PET is as efficient
as the conventional mutation test using the biopsied samples.

6h 24h 48h

Figure 2: Whole-body 64Cu-DOTA-trastuzumab PET images at 6,
24, and 48 h after injection.

4. Human Epidermal Growth Factor
Receptor 2 (HER2) Imaging

Anti-HER2 therapy with trastuzumab, a monoclonal anti-
body, is now well established in HER2-positive breast cancer
patients [19, 20]. Although HER2 expression is estimated
using immunohistochemical or FISH analyses of biopsy
samples, core needle biopsy is not possible for some lesions
[21]. In addition, HER2 status can change during disease
progression and over the course of the treatment [22, 23].

There have been many reports of the use of radiolabeled
trastuzumab in animal and human studies (Figure 2) [24–28].
McLarty et al. reported that the tumor uptake of 111In-DTPA-
trastuzumab, after correcting for nonspecific IgG accumula-
tion and circulating radioactivity, exhibited strong nonlinear
associations with the HER2 density in a mouse model of
breast cancer [29]. PET with 89Zr-trastuzumab could detect
downregulation of HER2 expression in response to afatinib
treatment in a gastric cancer xenograftmodel [30].Moreover,
the first-in-human study of 89Zr-trastuzumabPET resulted in
tumor visualization and quantitative tracer uptake in HER2-
positive tumors [24].

A long duration of antibody circulation leads to a high
background signal, and therefore a long period of time
is needed to decrease the radioactivity in the blood and
acquire specific images of the target tissues. Although metal
radionuclides with long half-lives such as 111In and 89Zr
(67.9 h and 78.4 h, resp.) are appropriate for in vivo imaging
with radiolabeled antibodies, the use of these radionuclides
results in high levels of radiation exposure. Tamura et
al. reported that 64Cu-DOTA-trastuzumab could delineate
HER2-positive lesions including brain metastases in breast
carcinoma patients; further, the use of 64Cu (half-life = 12.7 h)
could reduce the radiation exposure to 4.5mSv versus the
18mSv from 89Z-trastuzumab [24, 28]. This effective dose is
similar to that of 18F-FDG (0.019mSv/MBq) [31].
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essential for the development of new blood vessels.

5. Vascular Endothelial Growth Factor
(VEGF) Imaging

Antiangiogenic therapy is a cancer treatment strategy [32, 33].
Angiogenesis consists of various processes such as the secre-
tion of angiogenic factors and the proliferation of vascular
endothelial cells (ECs; Figure 3). Bevacizumab is a mono-
clonal anti-VEGF antibody that inhibitsVEGF-stimulated EC
proliferation [34, 35]. Vandetanib, a VEGFR-TK inhibitor,
directly inhibits EC proliferation because VEGF expression
is upregulated within tumor tissues [36, 37]. Antiangiogenic
drugs directly or indirectly inhibit EC proliferation followed
by tumor suppression. Therefore, to decide the therapeutic
plan using antiangiogenic drugs, we should estimate the
expression level of the target molecule, but not the biological
activity of tumor cells.

Molecular imaging could be a powerful tool for estimat-
ing the VEGF content within tumor tissues. Enzyme-linked
immunosorbent assays of tissue samples measure not only
extracellular but also intracellular VEGF content. The first
clinical study of 89Zr-bevacizumab PET conducted in breast
cancer patients indicated a correlation between themaximum
standard uptake values of the tracer and VEGF-A expression
in the tumors [38]. Chang et al. reported that 64Cu-NOTA-
bevacizumab could be used to evaluate a decrease in the
expression of VEGF caused by everolimus, a mammalian
target of rapamycin inhibitor [39].

6. Other Kinase Imaging with Radiolabeled
Small Molecules

New kinase inhibitors have been labeled with 11C or 18F;
these include 11C-vandetanib, 18F-SKI696 (an analogue of
imatinib), and 18F-sunitinib [40–46]. However, their chem-
ical structures must be modified for compatibility with
the imaging probes. The biodistribution of 11C-sorafenib
indicated high radioactivity in the liver and slow blood
clearance [46]. The tumor uptake of 11C-sorafenib was lower
than its radioactivity level in blood. In view of selectivity,
we could not deduce which kinases contribute to tumor
uptake because sorafenib is a multikinase inhibitor. The
properties of the oral drugs that are high bioavailability and
high blood concentration may be unfavorable for imaging

probes.Therefore, optimization of chemical structures would
be required for use of kinase inhibitors for imaging probes.
The use of radiolabeled kinase inhibitors may be limited
to the purpose of estimating pharmacokinetics and drug
concentrations.

7. Conclusion

Targeted therapy is becoming the mainstream in the field
of cancer therapy, and the development of new targeted
drugs is increasing. However, the therapeutic effects of the
agents remain limited, and patients who benefit from targeted
therapy represent a fraction of all patients.Molecular imaging
plays two roles in targeted therapy.The first role is the estima-
tion of features of the target molecules such as the expression
level and mutation status, thus allowing patient stratification.
The second role is the elucidation of pharmacokinetics and
measurement of drug concentrations in the tissues. Drug
radiolabeling is sufficient for the latter purpose, whereas
the former requires imaging probes for the acquisition of
informative images. We should readily try to optimize the
chemical structures of kinase inhibitors for use as imaging
probes instead of antibodies. We believe that advances in
imaging probes will contribute to our understanding of phar-
macokinetics/pharmacodynamics, drug development, and
therapy planning.
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Neuroblastoma, which derives from neural crest, is the most common extracranial solid cancer in childhood. The tumors express
the norepinephrine (NE) transporters on their cell membrane and take in metaiodobenzylguanidine (MIBG) via a NE transporter.
Since iodine-131 (I-131) MIBG therapy was firstly reported, many trails of MIBG therapy in patients with neuroblastoma were
performed. Though monotherapy with a low dose of I-131 MIBG could achieve high-probability pain reduction, the objective
responsewas poor. In contrast,more than 12mCi/kg I-131MIBG administrationswith orwithout hematopoietic cell transplantation
(HCT) obtain relatively good responses in patients with refractory or relapsed neuroblastoma.The combination therapy with I-131
MIBG and other modalities such as nonmyeloablative chemotherapy and myeloablative chemotherapy with HCT improved the
therapeutic response in patients with refractory or relapsed neuroblastoma. In addition, I-131 MIBG therapy incorporated in the
induction therapy was proved to be feasible in patients with newly diagnosed neuroblastoma. To expand more the use of MIBG
therapy for neuroblastoma, further studies will be needed especially in the use at an earlier stage from diagnosis, in the use with
other radionuclide formations of MIBG, and in combined use with other therapeutic agents.

1. Introduction

Neuroblastoma derives from neural-crest tissues and arises
mostly from adrenal medulla or paraspinal ganglia. The
tumor is the most common extracranial solid cancer in
childhood. The annual incidence is 10.2 cases per million
children under 15 years of age [1]. More than one-third of
the patients are diagnosed younger than one-year-old and the
median age at diagnosis is 17 months [2]. More than half of
patients have metastases at diagnosis. Main metastatic sites
are regional lymph nodes, liver, bone, and bone marrow [3].
Age, stage, and MYCN status are considered as consensus
determinants of prognosis. Age greater than 12 or 18 months
at diagnosis and patients with an advanced primary lesion or
metastases andpatientswithMYCNamplificationhaveworse
outcomes [2–4]. Five-year survival rates of neuroblastoma
have remained approximately over 80% for infants and
improved for older children from approximately 40% before
1985 to 65% in around 2000 [5].Nevertheless, the prognosis of

high-risk patients with neuroblastoma remains poor in spite
of forcible multimodality therapies.

Since metaiodobenzylguanidine (MIBG) was reported as
the adrenomedullary imaging agent in the early 1980s [6–8],
iodine-131 (I-131) MIBG and iodine-123 (I-123) MIBG were
widely used for detecting neuroendocrine tumors such as
pheochromocytoma, neuroblastoma, and medullary thyroid
cancer [9]. Because of emitting a beta ray with cytocidal
effects, I-131 MIBG was used with the aim of treatment for
neuroendocrine tumors from early after the development
of MIBG. The first therapy with I-131 MIBG was applied
to pheochromocytoma patients [10]. In 1986, I-131 MIBG
therapy for neuroblastomawas reported for the first time [11].
Since then,many trials of I-131MIBG therapy in patients with
neuroblastoma have been done.

In this paper, we detail the development of I-131 MIBG
therapy in patients with neuroblastoma from the last decades
to the future.
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2. Mechanism of MIBG Uptake in
Neuroblastoma Cells

MIBG is an aralkylguanidine which is structurally similar
to the neurotransmitter norepinephrine (NE) and the gan-
glionic blocking drug guanethidine. The uptake of MIBG
in neuroendocrine cells such as normal adrenomedullary
cells, neuroblastoma, and pheochromocytoma cells is similar
to the uptake of NE. MIBG enters neuroendocrine cells by
two pathways, a specific uptake system (uptake-one) and a
nonspecific uptake system. Uptake-one is an active process
via a NE transporter and is energy-requiring, sodium-
dependent, temperature-dependent, and low-capacity and
has a high affinity for MIBG. The nonspecific uptake is an
energy-independent passive diffusional mechanism [12–14].
In the clinical setting, uptake-one is the predominant uptake
system for MIBG [15, 16].

Once taken up into neuroendocrine cells, the majority of
MIBG remains within the cells. MIBG is not decomposed
by enzymes and is not bound to postsynaptic adrenergic
receptors [17]. Most neuroendocrine cells like pheochromo-
cytoma cells store MIBG in the neurosecretory granules.
By contrast, neuroblastoma cells typically have a paucity of
the neurosecretory granules and most MIBGs are stored
in the cytoplasm and mitochondria, rather than in the
neurosecretory granules [18, 19].

3. Indications and Contraindications

The indications and contraindications of I-131 MIBG therapy
for neuroblastoma are stated in the European Association of
Nuclear Medicine procedure guidelines [20]. The indication
is Stage III or IV neuroblastoma with MIBG-avid lesions at
diagnostic I-123 MIBG or I-131 MIBG scintigraphy before
I-131 MIBG therapy. Because neuroblastoma arises from
neural-crest tissues, most lesions express NE transporters on
their cell surfaces and they take in and store radiolabeled
MIBG. If radiolabeled MIBG does not accumulate in the
lesions of neuroblastoma at pretherapy diagnostic study, I-
131 MIBG therapy should not be performed.The aims of I-131
MIBG therapy are to achieve complete remission, to inhibit
tumor progression, and to alleviate symptoms from primary
or metastatic lesions. Absolute contraindications are renal
failure requiring dialysis and expected life less than 3 months
unless in case of refractory bone pain. Relative contraindica-
tions are provided as uncontrollable medical risk and urinary
incontinence by isolation and decreased renal function by
glomerular filtration rate (GFR) less than 30mL/min.

In the guideline draft of I-131 MIBG therapy for neurob-
lastoma from our country, life expectancy less than not 3
months but one month and decreased renal function by GFR
less than 30mL/min are defined as absolute contraindications
[21].

4. Toxicity of I-131 MIBG Therapy

Typical acute toxicities usually seen within two or three days
after I-131 MIBG administration are nausea and vomiting.

Table 1: Acute toxicities in 40 patients with refractory or relapsed
neuroblastoma treated with I-131 MIBG at a mean dose of
10.5mCi/kg in our institution.

Toxicity Grade (𝑛 = 40)
1 2 3 4

Anorexia 16 1 1 0
Nausea 12 1 1 0
Vomiting 2 2 0 0
Sialadenitis 2 7 0 0
Fatigue 3 1 0 0
Fever 2 1 0 0
Stomatitis 2 0 0 0
Toxicity is graded by the common terminology criteria for adverse events
version 4.0.

These toxicities occur in approximately 10 to 20% of treated
patients. In a recent report, nausea and vomiting are observed
in 11% and 21% of 66 therapies treated with upfront I-131
MIBG therapy at a dose of 4.2 to 21.7mCi/kg for newly
diagnosed neuroblastoma [22]. Sialadenitis is seen with a
relatively high frequency. Five of 10 patients (9 neuroblastoma
and 1 malignant pheochromocytoma) had bilateral parotid
swelling within 24 hours after 12 to 18mCi/kg I-131 MIBG
injections [23]. Table 1 shows acute toxicities in 40 patients
with refractory or relapsed neuroblastoma treated with I-
131 MIBG at a mean dose of 10.5mCi/kg in our institution.
Though anorexia, nausea, and sialadenitis are seen with a
relatively high frequency, severe acute toxicities are rare. A
recent study investigated blood pressure (BP) changes within
48 hours after I-131 MIBG infusion [24]. BP-related adverse
events were seen in 4 of 50 patients. One of them had a hyper-
tensive encephalopathy. Another study reported that antihy-
pertensive drugs were required in 2.8% of 218 I-131 MIBG
administrations [25]. Though clinically relevant BP changes
after I-131 MIBG therapy is rare, BP changes should be mon-
itored at least within 48 hours after I-131 MIBG injections.

The most important toxicity is hematological with dose
dependency usually appears a few weeks after MIBG ther-
apy. Hematological toxicity is more noticeable in patients
with bone marrow metastases and received higher whole-
body radiation doses [26]. Hematopoietic cell transplantation
(HCT) was required in about one-third of patients treated
with 18mCi/kg I-131 MIBG. In contrast, all patients treated
with less than 12mCi/kg of I-131 MIBG did not need HCT
[26–28]. To date, a dose of 12mCi/kg is considered as
the maximum tolerated dose of I-131 MIBG therapy with-
out HCT. Therefore, hematopoietic cell support should be
arranged when more than 12mCi/kg of I-131 MIBG was
administrated to the patient.

Venoocclusive liver disease (VOLD) is an important
early complication in patients received I-131 MIBG therapy
followed by myeloablative chemotherapy and HCT. The new
approaches to neuroblastoma therapy (NANT) consortium
reported that 6 of 22 patients had VOLDs after the therapies
and an apparently high rate of VOLDwas seen in the patients
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(a) (b)

Figure 1: A 13-year-old female with relapsed neuroblastoma. She received the first I-131 MIBG therapy at a dose of 5.0mCi/kg. Multiple
accumulations are seen in a right retroperitoneal recurrence and multiple bone metastases ((a), arrows). The second I-131 MIBG therapy at
a dose of 4.9mCi/kg was performed 4 months after the first therapy. A scintigram after the second therapy shows a disappearance of left
femoral uptake and decreasing uptakes in other lesions especially in a right retroperitoneum recurrence and a left humeral bone metastasis
(b). Though the objective response at the first therapy was stable by the response evaluation criteria in solid tumors, she became free of pain
in the lower extremity after the first therapy. Unfortunately, she died of progressive disease 14 months after the first I-131 MIBG therapy.

with a low GFR [29]. In contrast, no VOLD was seen in
patients receiving double infusions of high-dose I-131 MIBG
without chemotherapy [30]. The decreased clearance of the
chemotherapeutic agents was considered a major cause of
VOLD.

Hypothyroidism is a major late side effect, despite the
use of potassium iodine for the thyroid blockage. A Dutch
group investigated the late side effect on the thyroid gland
after I-131 MIBG therapy [31]. At a median follow-up time
of 1.4 years after I-131 MIBG therapy, 5 of 16 survivors had
TSH elevations. After a median follow-up time of 15.5 years,
8 of the 16 survivors developed hypothyroidism needed with
thyroxin. In addition, papillary thyroid cancers were found in
2 of 9 survivors with thyroid nodules. Despite the protection
with potassium iodine, only 3 of 16 survivors maintained
normal thyroid function without any thyroid nodules. The
incidence of thyroid disorders is high and increases as time
advances. Papillary thyroid cancers may occur with a rather
high frequency.

Secondmalignancies without thyroid cancers arise in less
than 5%. In a report from Italy, 2 leukemia, one angioma-
toid fibrous histiocytoma, one schwannoma, and one rhab-
domyosarcoma occurred in 119 patients with neuroblastoma
after I-131 MIBG therapy [32]. The University of California,
San Francisco (UCSF) group described that leukemia was
observed in 3 of 95 patients with refractory neuroblastoma at
7, 11, and 12 months after I-131 therapy [33]. It was difficult to
clarify the main factor of the second malignancies, because
all patients received several intensive therapies including
chemotherapy and I-131 MIBG therapy.

5. Monotherapy with I-131 MIBG

Since the first I-131 MIBG therapy for neuroblastoma were
reported in 1986 [11], many monotherapy trials with I-
131 MIBG for refractory or relapsed neuroblastoma were
reported and obtained objective responses (partial or com-
plete response) in 0 to 66% [27, 28, 34–42]. In a report
from Germany, the objective response rate was 66% in 12
evaluable patients with refractory or relapsed neuroblastoma
with a mean dose of 10.3mCi/kg of I-131 MIBG per each
therapy [37]. Compared with higher doses of I-131 MIBG,
lower doses tend to achieve lower objective responses. For
instance, an Italian group treated 42 patients with refractory
or relapsed neuroblastoma with 75 to 162mCi of I-131 MIBG
per each therapy [39]. The objective response rate was 16.7%.
Five of 7 patients with objective responses survived more
than 2 years without further chemotherapy. In the phase
II study by a French group, 26 patients with refractory or
relapsed neuroblastoma were treated with 30 to 108mCi of
I-131 MIBG per each therapy [34]. Though pain reduction
was seen in 50% of patients, no patients had any objective
response. In a recent report from Israel, I-131 MIBG therapy
at a dose of 5mCi/kg (maximum dose 150mCi) per each
therapy acquired pain palliation in 90% of the first therapies
and 87.5% of the second therapies in 10 symptomatic patients
with refractory neuroblastoma [43]. Lower doses of I-131
MIBG obtain a few objective responses, whereas can achieve
high-probability pain reduction (Figure 1).

In a phase I study from UCSF, 30 patients with refractory
or relapsed neuroblastoma were treated with I-131 MIBG at
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escalating doses of 3 to 18mCi/kg per each therapy [28]. The
objective response rate was 37%.Most patients with objective
responses were treated with 12mCi or higher of I-131 MIBG.

A phase II study from a USA group reported some
predictive factors affecting the therapeutic response of I-
131 MIBG therapy in patients with refractory or relapsed
neuroblastoma [27]. Sixteen patients without hematopoietic
cell support were treated with 12mCi/kg I-131 MIBG and 148
patients with hematopoietic cell support were treated with
18mCi/kg I-131 MIBG. The overall objective response rates
were 25% in patients treated with a dose of 12mCi/kg and
37% in patients treatedwith a dose of 18mCi/kg.The response
rate was significantly higher in patients with fewer prior
treatments, longer time from diagnosis, disease existed at soft
tissue only or bone and bone marrow only and older age.The
one-year event-free survival (EFS) and overall survival (OS)
were 18% and 49%. The two-year OS was 29%. The EFS was
significantly longer in patients with fewer prior treatments
and older age.

6. Tandem Therapy with I-131 MIBG

Many of studies with I-131 MIBG monotherapy included
patients with repetitive I-131 MIBG administrations. Each I-
131 MIBG therapy was usually performed at intervals of more
than 2 or 3 months because of the problems of hematologic
toxicity and radiation safety.

The NANT consortium treated high-risk neuroblastoma
with tandem I-131 MIBG administrations 14 days apart
abrogating hematologic toxicity with autologous HCT (auto-
HCT) 2 weeks after the second I-131 MIBG therapy [30].
In this dose escalation study, 20 evaluable patients received
cumulative doses from22 to 50mCi/kg. All evaluable patients
engrafted after auto-HCT and had no dose-limiting toxicity.
Five of 11 patients (45.5%) with soft tissue lesions had good
response. In contrast, bone marrow responses were seen
in only 2 of 13 patients (15.4%). In the Children’s Hospital
of Philadelphia, 41 patients received repetitive I-131 MIBG
therapies with auto-HCT at each dose of 18mCi/kg [44]. The
intervals of each therapy ranged from 42 to 100 days. The
objective response rate after two therapies was 39%.

Though tandem therapy of I-131 MIBG with HCT is
feasible, further studies are needed to improve therapeutic
responses.

7. I-131 MIBG Therapy Combined with
Chemotherapy

On the basis of I-131 MIBG monotherapeutic results, some
groups tried the combination therapy with I-131 MIBG
and chemotherapy agents act as radiosensitizers for refrac-
tory or relapsed neuroblastoma. In a report from Italy, 4
patients with refractory or relapsed neuroblastoma were
administered I-131 MIBG in combination with cisplatin [45].
Two complete responses (CRs) and one partial response
(PR) were observed. In addition, the same group treated
16 patients with 200mCi I-131 MIBG plus cisplatin and
cyclophosphamide with or without etoposide and vincristine

[46]. The objective response rate was 75%. The only toxicity
was hematological mainly associated with chemotherapy.
Regardless of relatively low dose of I-131 MIBG, these results
were superior to the reports in monotherapy trials. A group
of the United Kingdom investigated the feasibility of the
combination therapy with I-131 MIBG and topoisomerase I
inhibitor, topotecan [47]. Eight patients were treated with
12mCi I-131 MIBG on days 1 and 15 along with topotecan
on days 1–5 and 15–19. All patients received auto-HCT on
days 25–27. The combination therapy was feasible without
unanticipated toxicities. The response data was not shown in
the study. In a phase I study from the NANT consortium,
24 patients with refractory or relapsed neuroblastoma treated
with irinotecan which is another topoisomerase I inhibitor,
vincristine, and I-131 MIBG at escalating doses of 8 to
18mCi/kg [48].The combination therapywaswell tolerated at
the maximum dose of 18mCi with controllable toxicities and
then a phase II randomized study by theNANT consortium is
now in progress (N2011-01). Vorinostat, a histone deacetylase
inhibitor, was preclinically proved to increase expression
of NE transporters in neuroblastoma cells [49]. A phase I
study with a combination of I-131 MIBG and vorinostat for
refractory or relapsed neuroblastoma is now examined by the
NANT consortium (N2007-03).

Myeloablative chemotherapy with auto-HCT was dem-
onstrated to improve the outcome in patients with high-
risk neuroblastoma [50]. Several groups reported I-131 MIBG
therapy incorporated in myeloablative chemotherapy. A pilot
study from the University of Michigan examined the fea-
sibility and efficacy of the combination therapy with I-131
MIBG and myeloablative chemotherapy in 12 patients with
relapsed or advanced neuroblastoma [51]. All patients were
treated with 12mCi I-131 MIBG on day –21, followed by
carboplatin, etoposide, and melphalan (CEM) administered
on day –7 to day –4. Auto-HCT was performed on day 0.
This regimen was well tolerated. In evaluated 8 patients, 3
CRs and 2 PRs were observed. In a phase I dose escalation
study by the NANT consortium, 24 patients with refractory
neuroblastoma were treated with I-131 MIBG at escalating
doses of 12 to 18mCi/kg on day –21 along with CEM on
day –7 to day –4 [29]. The maximum tolerated dose of
I-131 MIBG was 12mCi/kg when received in combination of
CEM in patients with normal renal function. In evaluable 22
patients, one CR and 5 PRs were observed. The estimated
EFS and OS at 3 years were 0.31 ± 0.10 and 0.58 ± 0.10. A
phase II study by the Children’s Hospital Los Angeles using
I-131 MIBG combined with CEM and auto-HCT is recently
completed. The other myeloablative chemotherapy regimen
using busulfan and melphalan (BuMel) with I-131 MIBG
was reported form a UCSF group [52]. Eight patients with
refractory neuroblastoma were treated with 18mCi/kg I-131
MIBG on day –13 and auto-HCT on day 0. Six to eight weeks
after I-131 MIBG administrations, they received busulfan on
day –6 to day –2 and melphalan on day –1 and auto-HCT
on day 0. I-131 MIBG therapies at doses of 18mCi/kg were
well tolerated without grade 3 or 4 nonhematologic toxicity
except for one patient with sepsis. Though one patient died
due to respiratory complications after the second auto-HCT,
3 CRs, and 2 PRs were observed in evaluable 7 patients. I-131
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Figure 2: A 10-year-old male with relapsed neuroblastoma. He was
treated with 16.8mCi/kg I-131 MIBG. Multiple lymph nodes and
bone metastases are detected by I-131 MIBG scintigraphy (arrows).
After the treatment with chemotherapy andwhole-body irradiation,
he received CBSCT 4 weeks after the I-131 MIBG therapy. Complete
remission has been maintained for more than 12 months.

MIBG therapy withmyeloablative chemotherapy followed by
auto-HCT may provide additional benefit for patients with
refractory or relapsed neuroblastoma. Several further studies
are now ongoing.

8. I-131 MIBG Therapy and Allogeneic Stem
Cell Transplantation

Allogeneic HCT (allo-HCT) has been regarded as an alterna-
tive procedure for advanced neuroblastoma when autologous
stem cells could not be obtained sufficiently [53, 54]. Some
studies have recently reported the possibility to induce a
graft-versus-tumor (GVT) effect against advanced neurob-
lastoma [55–57]. Two patients with relapsed neuroblastoma
treated with I-131 MIBG and allo-HCT were reported in case
reports from Japan [58, 59]. A 6-year-old femalewith relapsed
neuroblastoma received reduced-intensity allo-HCT 21 days
after I-131 MIBG therapy [59]. Though no GVT effect was
observed, the patient was in CR for 3 months after allo-
HCT. A 5-year-old female with relapsed neuroblastoma was
executed cord blood stem cell transplantation (CBSCT) 9
days after I-131 MIBG therapy and GVT effect was observed
after CBSCT [58]. Normalization of both vanillylmandelic
acid and homovanillic acid for 5 months and decrease of
I-123 MIBG accumulations were maintained, although the
patient died 12 months after CBSCT. A 10-year-old male with
relapsed neuroblastoma received I-131 MIBG therapy and
CBSCT. Then, he got in remission for more than 12 months
after the therapy (Figure 2). Though these reports indicate
the potency of the combination therapy with I-131 MIBG and
allo-HCT, prospective trials combining I-131MIBGwith allo-
HCT will be required.

9. I-131 MIBG Therapy Combined with
Hyperbaric Oxygen

Exposure of the neuroblastoma cells to hyperbaric oxygen
(HBO) enhanced the effects of I-131 MIBG on decreasing
cell proliferation and energy metabolism and increasing lipid
peroxidation [60]. These effects may provide the positive
effects on neuroblastoma patients treated with the combi-
nation of I-131 MIBG and HBO. A Dutch group treated 36
neuroblastoma patients with I-131 MIBG therapy alone and
27 neuroblastoma patients with a combination of I-131 MIBG
therapy and 4 to 5 days HBO therapy starting 2 days after
I-131 MIBG administrations [61]. The overall survival at 28
months was 32% for the I-131 MIBG and HBO combined
group, compared to 12% for the group of I-131 MIBG therapy
alone. Though only a few reports about the combination of
I-131 MIBG and HBO therapy were shown, adding on HBO
therapy may improve the effect of I-131 MIBG therapy.

10. I-131 MIBG Therapy for Newly Diagnosed
Neuroblastoma

Based on the experience of I-131 MIBG therapy for refrac-
tory and relapsed neuroblastoma, several groups progressed
to the new stage in evaluating the utility of I-131 MIBG
therapy incorporated in the treatment for newly diagnosed
neuroblastoma. A Dutch group used I-131 MIBG as an up-
front agent of the induction therapy in patients with newly
diagnosed stage IV neuroblastoma [62]. Two cycles of I-
131 MIBG with a fixed dose of 200mCi and 100mCi were
administered 4 to 6 weeks apart, followed by surgery or by
both neoadjuvant chemotherapy and surgery. If objective
responses were obtained after 2 cycles of I-131 MIBG ther-
apy, patients proceeded to surgery. Some of them received
additional I-131 MIBG therapies until surgery. If the objective
responseswere not obtained, patientswere switched to induc-
tion chemotherapy until surgery. After surgery, all patients
received myeloablative chemotherapy plus auto-HCT. Of the
evaluable 41 patients, the objective response rate was 66%
after two cycles of I-131 MIBG therapy. In addition, bone
marrowmetastases disappeared in 58%. Twenty-four patients
received only I-131 MIBG and surgery. In the 24 patients, 14
patients had a CR after only I-131 MIBG plus surgery. The 5-
year OS for all evaluated 41 patients was 14.6%. I-131 MIBG
as an up-front use may be valuable for newly diagnosed
advanced neuroblastoma.

In a German Neuroblastoma Trial (NB97), a benefit
of I-131 MIBG therapy at the end of induction therapy in
neuroblastomapatientswith residual diseasewas investigated
[63]. After induction therapy for newly diagnosed patients,
36 patients received I-131 MIBG therapy before auto-HCT
and 30 patients did not receive I-131 MIBG therapy before
auto-HCT. The 3-year EFS with or without I-131 MIBG
therapy was 49% and 33%.The difference was not statistically
significant; however these results might indicate the additive
value of I-131 MIBG therapy after induction therapy in
patients with newly diagnosed neuroblastoma.The following
trial (NB2004) is now in progress.
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An Italian group integrated I-131 MIBG therapy into
induction chemotherapy in 13 patients with newly diagnosed
advanced neuroblastoma [64]. In the pilot study, one CR and
6 very good PRs and 4 PRs were observed. These results
support the feasibility of I-131 MIBG therapy as a part of
induction therapy regimen. A pilot study of intensive induc-
tion chemotherapy and I-131 MIBG undergoing HCT for
newly diagnosed advanced neuroblastoma by the Children’s
Oncology Group is currently recruiting participants.

Recently, a Dutch group reported the result of I-131MIBG
therapy in patients with unresectable localized neuroblas-
toma [65]. Twenty-one patients with any organ dysfunctions
were treated with I-131 MIBG for unresectable localized
neuroblastoma. Most patients needed additional surgery or
both surgery and chemotherapy before or after I-131 MIBG
therapy. As a result, 16 CRs, 3 very good PRs, and one PR
were achieved. The 10-year EFS and OS were both 90.5%.
I-131 MIBG therapy for unresectable localized neuroblas-
toma might be considerable when patients have any organ
dysfunctions. To establish the validity and the utility of I-
131 MIBG therapy for unresectable localized neuroblastoma,
further studies are needed.

11. Other Radiopharmaceuticals in
Connection with MIBG

I-131 MIBG is generally synthesized from iodine-127 MIBG
by replacing stable iodine with radioiodine. Consequently,
I-131 MIBG by the standard synthesis contains 1 radiola-
beled I-131 MIBG molecule for 2000 nonradiolabeled MIBG
molecules [66]. Nonradiolabeled MIBG competes against
radiolabeled I-131 MIBG for NE transporter uptake on the
cell membranes of neuroblastoma and other target organs.
Some groups have synthesized no-carrier-added (NCA) I-
131 MIBG and demonstrated the enhanced NCA I-131 MIBG
concentrations within targets in preclinical studies [67, 68].
A phase I study about NCA I-131 MIBG showed safety in a
dose escalation from6 to 8mCi/kg in patients withmalignant
pheochromocytoma or metastatic carcinoid [69]. In a phase
II study by the NANT consortium, 15 patients with refractory
or relapsed neuroblastoma receivedNCA I-131MIBG therapy
at escalation doses of 8.8 to 18.7mCi/kg with stem cell backup
[70]. Dose-limiting toxicity was not observed in all of 3, 3, and
6 patients treated with 12, 15, and 18mCi/kg I-131 MIBG.The
objective response rate was 27%, including 1 CR. NCA I-131
MIBG therapy with HCT at a dose of 18mCi/kg is feasible
without significant nonhematologic toxicity.

Because of the relatively long beta range of I-131 (0.8mm),
there is a hypothesis that I-131 fails to deliver a tumoricidal
radiation dose to a small tumor less than 1mm [71, 72].
Iodine-125 (I-125) emits very short-range Auger and con-
version electrons with a high linear energy transfer and the
maximum range of its emitters is about 30 𝜇m [73, 74].
Therefore, I-125 MIBG has been considered as a potential
substitute for I-131 MIBG for the treatment of neuroblastoma
with microscopic disease [72, 75, 76]. In phases I and II trials
by the University of Michigan, 10 patients with refractory
or relapsed neuroblastoma received I-125 MIBG therapy at

a dose of 224 to 814mCi [75]. The 1-year EFS was 50% and
4 patients were surviving 17 to 52 months after I-125 MIBG
therapy. Further studies are needed, such as for macroscopic
disease with a combination with I-125MIBG and I-131 MIBG
and for microscopic disease with I-125 MIBG.

Astatine-211 (At-211) generates alpha particles which are
radiations of high linear energy transfer (LET) with very
short-range in tissue of only a few cell diameters [77]. Because
of shorter path length, higher LET, and more potent cytotox-
icity, alpha particles are more suitable than beta particles for
the targeted radionuclide therapy for microscopic disease. In
a clinical experience, At-211-labeled antitenascin monoclonal
antibodies were regionally administered in patients with
malignant brain tumors [78]. This pilot study demonstrated
the regional administration of At-211-labeled antitenascin
antibody was feasible, safe, and effective for malignant brain
tumors. MIBG analogue labeled with At-211, At-211 meta-
astatobenzylguanidine (MABG) was proved to have a cyto-
toxic superiority to I-131 MIBG in human nuroblastoma cells
which overexpressedNE transporters [79–81]. Alpha emitters
hold enormous potentialities for radionuclide therapy. Fur-
ther studies about At-211 MABG and other alpha emitters in
both preclinical and clinical settings will be desired and will
lead to future development of radionuclide therapy.

12. Conclusions

A number of studies indicate the efficacy of I-131 MIBG ther-
apy in patients with refractory or relapsed neuroblastoma. In
addition, I-131 MIBG therapy incorporated in the induction
therapy is the feasible treatment strategy in patients with
newly diagnosed neuroblastoma. To more expand the use
of MIBG therapy for neuroblastoma, further studies will be
needed especially in the use at an earlier date from diagnosis,
in the use with other radionuclide formations of MIBG and
in combined use with other therapeutic agents.
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Objectives. To perform dual analysis of tumor perfusion and glucose metabolism using perfusion CT and FDG-PET/CT for the
purpose of monitoring the early response to bevacizumab therapy in rabbit VX2 tumor models and to assess added value of
FDG-PET to perfusion CT. Methods. Twenty-four VX2 carcinoma tumors implanted in bilateral back muscles of 12 rabbits were
evaluated. Serial concurrent perfusionCT and FDG-PET/CTwere performed before and 3, 7, and 14 days after bevacizumab therapy
(treatment group) or saline infusion (control group). Perfusion CT was analyzed to calculate blood flow (BF), blood volume (BV),
and permeability surface area product (PS); FDG-PET was analyzed to calculate SUVmax, SUVmean, total lesion glycolysis (TLG),
entropy, and homogeneity. The flow-metabolic ratio (FMR) was also calculated and immunohistochemical analysis of microvessel
density (MVD) was performed. Results. On day 14, BF and BV in the treatment group were significantly lower than in the control
group.Therewere no significant differences in all FDG-PET-derived parameters between both groups. In the treatment group, FMR
prominently decreased after therapy and was positively correlated with MVD. Conclusions. In VX2 tumors, FMR could provide
further insight into the early antiangiogenic effect reflecting a mismatch in intratumor blood flow and metabolism.

1. Introduction

Angiogenesis is an essential component of tumor growth,
invasion, and metastasis. Recently, with the continued devel-
opment of antiangiogenic drugs that target the inhibition
of tumor angiogenesis, techniques that can evaluate tumor
angiogenesis have also been emphasized in clinical practice.
In contrast to other anticancer therapies such as the use of

cytotoxic agents and irradiation, after antiangiogenic treat-
ment, a decrease in tumor volume is not an expected treat-
ment response [1]. Rather, quantitative computed tomog-
raphy (CT) and magnetic resonance (MR) imaging kinetic
parameters may be used to obtain insights into underlying
tissue pathophysiologic processes of a variety of treatments,
allowing prediction of treatment response or monitoring
of their effects [2]. For these purposes, perfusion CT has
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particularly seen increasing use as a method to quantify
tumor vascularity and to monitor antiangiogenic response
[3–8].

Another modality that has been used to evaluate the
angiogenesis of tumors is positron emission tomography
(PET). However, published data thus far have shown to
be contradictory between different series [9]. Contractor
and Aboagye [10] emphasized the requirement of multipha-
sic effect on FDG (fluorodeoxyglucose) uptake as well as
dynamic analytic methods which can overcome the changes
in perfusion after antiangiogenic treatment that affects any
static imaging protocol. In addition, they suggested that mea-
surement of the pharmacodynamic effects of antiangiogenic
therapies with FDG at an earlier time point (within days)may
be more appropriate to monitor changes in cell viability.

Another factor that has hampered the assessment of
angiogenesis with PET is that standardized uptake values
(SUVs) do not thoroughly provide metabolic information
of the entire neoplasm although average SUV is partly
associated with the tumor volume. Thus, the intratumor
heterogeneity with areas of different biological activity would
not sufficiently be reflected with SUV values. To compensate
for this limitation, in addition to volumetric parameters
including metabolic tumor volume (MTV) and total lesion
glycolysis (TLG), texture analysis which estimates SUV dis-
tribution can be evaluated to characterize the aggressiveness
of the tumor and the response assessment of anticancer
therapy.

After the introduction of novel oncologic drugs targeted
to interfere with specific aberrant biologic pathways involved
in tumor development, the limitations of current structural
imaging approaches have been further highlighted. Although
the application of functional imaging such as FDG-PET
and tumor perfusion imaging as markers of tumor response
has been increasing in both research and clinical settings,
these functional imaging techniques have been used in
isolation [11]. There have been few studies in which both
sequential perfusion and FDG uptake have been measured
after antiangiogenic treatment.

Therefore, the purpose of this studywas to undertake dual
analysis of tumor perfusion and glucose metabolism after
initiation of bevacizumab, a monoclonal antibody against
the vascular endothelial growth factor, using perfusion CT
and FDG-PET/CT in a VX2 tumor model in rabbits and
to assess the possible added value of variable FDG-PET-
derived indices to perfusion CT in monitoring early treat-
ment response.

2. Materials and Methods

2.1. Study Design. This study was approved by the animal
care committee of our institute. The rationale for selecting
VX2 tumors for our experimental model is as follows: its
blood supply is similar to that of human hepatocellular
carcinomas, with rapid growth of the tumor, allowing it to
grow relatively large and easily identified on imaging [12–14].
Twelve adultNewZealandwhite rabbitsweighing 3.0 to 3.5 kg
were used. For each rabbit, a 24-gauge medicut was inserted
into an auricular vein, and anesthesia was induced with

intravenous ketamine hydrochloride (50mg per kg of body
weight; Ketamine, Yuhan, Korea) and 2%xylazine (0.1mL/kg;
Rompun, Bayer, Germany). Thereafter, the bilateral back
parallel to the spine of the rabbits was shaved and sterilized,
and the rabbits were put in the prone position on the table.
Under ultrasound (US) guidance, a 21-gauge Chiba needle
was inserted into the bilateral back muscle at the level of the
kidney. Then, a VX2 tumor suspension (0.1mL) was slowly
injected into each back muscle through the Chiba needle.

On one week after tumor implantation when the tumors
were expected to be round in shape with a diameter of
approximately 1 cm, a baseline perfusion CT as well as
PET/CT was performed for each rabbits. The rabbits were
randomly allocated (6 per group) to receive serial injections
of either bevacizumab (10mg/kg; Avastin, Genentech) or the
same dose of normal saline (treatment group and control
group, resp.). Follow-up perfusion CT and PET/CT scans
were acquired 3, 7, and 14 days after the baseline study. Each
PET/CT scan was performed within 6 hours after perfusion
CT scanning.

2.2. Perfusion CT and FDG-PET/CT Imaging. During CT
imaging and PET/CT, animals were sedated with an intra-
muscular injection of 5mg/kg of Xylazine hydrochloride
(Rompun; Bayer Korea, Seoul, Korea) and 15mg/kg of Zoletil
mixture (Zoletil 50, Virbac Lab., Carros Cedex, France).

2.2.1. Perfusion CT Imaging. The rabbits were fixed on a CT
board in the supine position by applying a thoracoabdominal
bandage to reduce motion artifacts. The whole perfusion
CT imaging was performed with a 64-detector row dual-
source scanner (Siemens Definition; Siemens Medical Solu-
tions, Erlangen, Germany). Noncontrast CT (80 kV; 120mAs;
detector configuration 20 × 0.6mm; rotation time 1 second;
section thickness 5.0mm; reconstruction interval 5.0mm;
and reconstruction kernel H31s) was performed to confirm
the complete coverage of the tumor. Marking of the tumor
injection site provided a good guide for tumor localization.
An experienced radiologist (J.I.K.) with seven years of expe-
rience in chest perfusion CT analyzed the unenhanced CT
images and selected a fixed scanning range to cover the entire
mass with care taken to avoid the possible exclusion of the
peripheral portion of the mass during free breathing.

A total of 6.5mLof a nonionic iodinated contrastmedium
(Ultravist 370, Schering, Berlin, Germany) was injected using
a dual-phase injection protocol (3mL at 0.5mL/sec and
3.5mL at 0.1mL/sec followed by a 1.5mL saline flush at
0.1mL/sec) and a dual-head power injector (MedradStel-
lant Dual; Medrad, Indianola, Pa). Perfusion CT scanning
was started 2 seconds after injection with free breathing
dynamic acquisition. The CT parameters were as follows:
120 kV, 150mAs; detector configuration 24 × 1.2mm; rotation
time 0.33 seconds; section thickness 3.0mm; reconstruction
interval 2mm; and reconstruction kernel B20f. Dynamic CT
scans were obtained 40 times for each mass with a 1.5 second
interval for the first 20 scans, a 3 second interval for the next
10 scans, and a 6 second interval for the remaining 10 scans;
the total scanning time was 120 seconds.
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2.2.2. PET/CT Imaging. All rabbits were fasted for at least
6 hours prior to intravenous injection of 37MBq (1mCi) of
FDG. Before scanning, urinary voiding was performed with
a 6-F urinary catheter. Scanning was performed 45 minutes
after the injection of FDG using a dual modality PET/CT
scanner (Gemini; Philips Medical Systems, Milpitas). CT was
performed for attenuation correction, and an emission scan
was performed in three-dimensional mode with a 256 × 256
matrix. PET images were reconstructed using an ordered-
set expectation-maximization algorithm and CT scans were
reconstructed with a section thickness of 4mm to match the
parameters of the PET scan.

2.3. Perfusion CT Data Processing. A radiologist (J.I.K., who
had 8 years of experience in interpreting perfusion images)
measured all perfusion parameters using commercially avail-
able software (Syngo VPCT, Siemens Healthcare, Forchheim,
Germany).Themeasurement was performed with computer-
ized motion correction using whole tumor coverage. Arterial
input was measured by placing a circular region of interest
(ROI) at the level of renal artery os within the abdominal
aorta and an arterial time-enhancement curve was automati-
cally generated with the software. A volume of interest (VOI)
of the whole tumor was manually drawn around the tumor
outline in all three planes (axial, coronal, and sagittal) with
exclusion of the adjacent muscle. The following settings were
adopted for segmentation: tissue upper and lower limits of
150 and −50HU, respectively, reference vessel input window
width and a center of 300 and 150 HU, respectively, and
percentage of relative threshold inside and outside of 50 and
50, respectively.

At each measurement of perfusion CT, blood flow (BF;
mL/100mL/min), blood volume (BV; mL/100mL), and per-
meability surface area product (PS; mL/100mL/min) were
obtained. With the software (Syngo VPCT, Siemens Health-
care, Forchheim, Germany), blood flow was calculated using
the maximum slope method [15] and blood volume and PS
were calculated using Patlak analysis [16].

2.4. PET/CT Analysis. The CT scan of the PET/CT acquisi-
tion and the thirty-first frame (time point) of the perfusion
CT scan were coregistered to the same locations. Thereafter,
the PET scan and coregistered perfusionCT scanwere rigidly
fused using in-house developed software, which uses the
three-dimensional registration and color mapping hardware
(Figure 1). PET and perfusion CT data were initially trans-
ferred to the software in DICOM format.

For each tumor, manually delineated ROIs were placed
along the boundary of the tumor on axial fused images
3mm in section thickness, in which the tumor was easily
demarcated with guidance from coregistered perfusion CT
images. Our in-house software calculated themaximum stan-
dardized uptake value (SUVmax), mean SUV (SUVmean),
tumor volume (TV), and total lesion glycolysis (TLG; TV ×
SUVmean).

All textural parameters were calculated from the manu-
ally delineated ROI as described above. Voxel values were first

resampled to yield a finite range of 128 discrete values between
the minimum and maximum SUV in the tumor, using

𝑅 (𝑥) = 128 ∗ (
𝐼 (𝑥) − SUVmin

SUVmax − SUVmin + 1
) , (1)

where 𝐼(𝑥) is the SUV of voxel 𝑥 in the original image,
SUVmin and SUVmax are the minimum andmaximum SUV
in the VOI, and 𝑅(𝑥) is the resampled value of voxel 𝑥 [17].

Two 3D matrices depicting texture heterogeneity were
estimated from the delineated tumors. The grey level cooc-
currence matrix (GLCM), describing the pair-wise arrange-
ment of voxels is a 3D matrix related to texture heterogeneity
at a local level [18].

In this study, we focused on 2 textural indices that were
initially calculated: homogeneity and entropy calculated from
the GLCM as defined by Haralick et al. [18], Amadasun
and King [19], and Txier et al. [20]. While homogeneity
measures the homogeneity of a pixel pair, entropy measures
the randomness of gray-level distribution.

Theflow-metabolic ratio (FMR, the ratio of contrast agent
delivery to tumor glucose metabolism) was also determined
for each patient by dividing blood flow by SUVmax [21]. The
FMR, a combined assessment of intratumor blood flow and
glucose metabolism using FDG-PET and perfusion CT, has
been recently introduced as a promising parameter in clinical
practice with the potential to risk-stratify patient.

2.5. Histopathologic Evaluation. After completion of serial
perfusion CT scanning, all rabbits were sacrificed with an
intravenous injection of a lethal amount of sodium thiopental
(Pentothal) and were frozen in a refrigerator at −70∘C in
the same position used for CT imaging. More than 24 hours
later, the rabbits were cut in the axial plane according to the
guidance of the transverse line, 5mm in thickness, marked
on the skin. After each slice of the specimens was fixed
with 10% phosphate-buffered formaldehyde and embedded
in paraffin, pathologic specimens (approximately 5𝜇m thick)
were obtained. For microvessel density (MVD) measure-
ment, these pathologic slides were immunohistochemically
stained specifically for the endothelial antigen CD31, which is
traditionally used to evaluate tumor angiogenesis. Counter-
staining with hematoxylin-eosin was performed for regular
histologic characterization of the tumor.

MVD was quantified by counting the number of vessels
plus immunoreactive endometrial cells per 200x high power
field in four vascular “hot spots” within the malignant tumor
with the mean number reported as the final MVD [22].
Hot spots were selected at low magnification (40x) and
corresponded to areas that showed stronger CD31 staining
and, consequently, higher vascular density than the rest
of the tissue. MVD was calculated when any endothelial
cell or cell cluster showed CD31 staining and was clearly
separate from adjacent tissue elements [23–25]. ScanScope
CS (Aperio Technologies, Inc., Vista, CA, USA) was used
to scan the entire tissue sections at ×40 magnification and
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(a)

(b)

Figure 1: Coregistration of perfusion CT and PET images on day 7: rabbit number 3 in the control group. (a) A contrast-enhanced CT image
from the thirty-first frame (time point) of perfusion CT and noncontrast CT image from PET/CT acquisition were coregistered to the same
locations. (b) PET and coregistered perfusion CT images were rigidly fused using in-house developed software and ROIs were manually
delineated throughout the whole tumor at each axial image.

Aperio ImageScope v11.0.2.782 (Aperio Technologies, Inc.,
Vista, CA, USA) was used for quantification of MVD.

2.6. Statistical Analysis. Within the framework of the mixed-
effect model, a repeated-measure analysis was used to com-
pare the mean change of measure parameters from baseline.
In addition, measured data between the treatment and
control groups were compared at each time points. Rabbit
and tumor identification were both used as random effects to
accommodate possible correlations between tumors from the
same rabbit and measurements with the same rabbit across
time.

To assess the relationship between perfusion and
metabolic parameters as well as between measured parame-
ters andCD31 expression, Pearson’s or Spearman’s correlation
coefficients were applied under the linearmixed effect model.
All statistical analyses were performed using the 𝑅 statistics
package (v.3.1.0; http://www.R-project.org/) and SAS 9.2

software (SAS Institute); a two-tailed 𝑃 value < 0.05 was
considered to indicate a statistically significant difference for
all statistical analyses.

3. Results

In two rabbits, perfusion CT data were incomplete: perfusion
CT on day 3 of one rabbit in the control group and baseline
perfusion CT of another rabbit in the treatment group were
not suitable for imaging registration owing to movement
during CT scanning. A baseline FDG-PET/CT data of one
rabbit in the control group was also not suitable for imaging
registration due to motion artifacts. In addition, two rabbits
each in the control and treatment groups unexpectedly
expired after imaging on day 7.

Both in the control and the treatment groups, the volume
of tumors significantly increased during follow-up with no
statistically significant differences between the two groups
(Figure 2 and Table 1).
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Figure 2: Averaged (a) BF, (b) BV, and (c) PS before and at different time points after bevacizumab therapy. In the control group, BF increased
gradually and both BF and BV on day 14 demonstrated significant increases. In the treatment group, a significant decrease in BV on day 3 was
observed. ∗ is significant change compared to the baseline, BF is blood flow, BV is blood volume, and PS is permeability surface area product.

3.1. Sequential Assessment of Perfusion CT and FDG-PET/CT

3.1.1. Perfusion CT. Changes in the mean values of BF, BV,
and PS over time with averaging of the parameters of the
entire tumor in each group are summarized in Figure 2 and
in Table 1. In the control group, BF and BV showed a trend
toward an increase over time. A significant increase in BF and
BV was observed on day 14 (𝑃 < 0.05, both), compared with
the same parameters at baseline (Figure 2). In the treatment
group, a significant decrease in BVwas observed on day 3 and
day 14 (𝑃 < 0.05), compared with baseline, in contrary to BF

in which changes from baseline were unnoticeable (Figure 2).
Changes in the mean values of PS were minimal over time
both in the control and the treatment groups (Figure 2).

3.1.2. FDG-PET/CT. Changes in themean values of SUVmax,
SUVmean, TLG, local entropy, local homogeneity, and FMR
over time with averaging of the parameters of the entire
tumor in each group are shown in Figure 3 and in Table 1.
All parameters obtained from FDG-PET/CT except homo-
geneity showed a significant increase over time in both groups
(𝑃 < 0.01∼0.001) (Figure 3). Particularly on day 14, a
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Table 1: Perfusion and metabolic parameters between the treatment and the control groups at each time point.

Parameters Before 3D 7D 14D
Treatment Control Treatment Control Treatment Control Treatment Control

Tumor volume (cm3) 0.18 ± 0.08 0.18 ± 0.10 0.53 ± 0.32 0.43 ± 0.23 0.79 ± 0.47 0.76 ± 0.57 1.53 ± 1.11 1.88 ± 1.32
Blood flow
(mL/100mL/min) 36.16 ± 11.15 28.64 ± 13.78 35.82 ± 25.93 36.44 ± 9.22 30.05 ± 14.87 54.13 ± 30.11 34.34 ± 17.10 70.75 ± 50.65

Blood volume
(mL/100mL) 25.36 ± 5.62 22.56 ± 5.56 16.71 ± 4.91 22.81 ± 5.95 19.99 ± 5.30 23.54 ± 9.04 18.35 ± 7.48 32.20 ± 9.76

PS (mL/100mL/min) 9.47 ± 3.09 11.18 ± 2.24 10.18 ± 5.81 9.39 ± 1.58 7.246 ± 1.97 12.06 ± 7.25 7.36 ± 2.48 9.91 ± 3.59
SUVmax 1.45 ± 0.26 1.31 ± 0.43 2.23 ± 0.65 2.21 ± 0.60 2.42 ± 0.92 2.13 ± 0.89 3.03 ± 1.36 3.73 ± 1.22
SUVmean 0.96 ± 0.18 0.84 ± 0.29 1.30 ± 0.33 1.33 ± 0.29 1.33 ± 0.40 1.27 ± 0.45 1.77 ± 0.66 2.10 ± 0.54
TLG (cm3) 0.43 ± 0.22 0.35 ± 0.16 1.16 ± 0.63 1.20 ± 0.55 1.96 ± 1.28 1.61 ± 1.13 4.43 ± 3.63 4.78 ± 3.95
Entropy 5.95 ± 0.32 5.80 ± 0.47 6.36 ± 0.34 6.41 ± 0.35 6.58 ± 0.32 6.46 ± 0.46 6.69 ± 0.57 6.91 ± 0.34
Homogeneity 0.31 ± 0.07 0.26 ± 0.10 0.32 ± 0.06 0.30 ± 0.05 0.34 ± 0.04 0.32 ± 0.06 0.34 ± 0.05 0.33 ± 0.05
FMR 27.10 ± 12.19 25.19 ± 20.54 17.12 ± 12.80 17.33 ± 7.20 13.55 ± 6.41 29.75 ± 22.78 12.24 ± 6.92 25.87 ± 29.22
Data are presented as mean ± standard deviation.
Boldface indicates significant difference between the treatment and the control groups.
PS: permeability surface area product.
SUV: standardized uptake value.
TLG: total lesion glycolysis.
FMR: flow-metabolic ratio.

marked increase in SUVmax, SUVmean, TLG, and entropy
was observed in both groups (𝑃 < 0.001). In contrast, changes
in local homogeneity were minimal over time in both groups
(Figure 3).

FMR showed a significant decrease over time in the
treatment group but no significant difference over time in the
control group (Figure 3). In the treatment group, a significant
increase in FMR was observed on days 7 and 14 (𝑃 < 0.05,
both), compared with baseline.

3.2. Treatment versus Control Group: Perfusion, Metabolism,
and MVD. BF on day 7 of the treatment group was signifi-
cantly lower than in the control group (𝑃 < 0.05), and the
difference measured on day 14 was still significant between
the two groups (𝑃 < 0.05) (Table 1). In addition, BV on
day 3 of the treatment group was significantly lower than
in the control group (𝑃 < 0.05), and a further significant
difference was measured on day 14 (𝑃 < 0.01) (Table 1). None
of the PET-derived parameters showed statistically significant
differences between the two groups (Table 1). However, FMRs
on days 7 and 14 of the treatment group were significantly
lower than in the control group (𝑃 < 0.05) (Figure 4).

The mean MVD of the treatment group was significantly
lower than the control group (8.75 ± 2.49 (range, 4∼12)
versus 21.50 ± 3.49 (range, 17∼26), resp.; 𝑃 < 0.001)
(Figure 5).

3.3. Correlation Analysis. Both in the treatment and in the
control groups, no significant correlation was demonstrated
between blood flow and metabolic parameters. However, in
the treatment group, BF and FMR correlated significantly
withMVD (𝑟 = 0.709,𝑃 < 0.05; 𝑟 = 0.782,𝑃 < 0.01, resp.). In
the control group, only BF correlated significantly withMVD
(𝑟 = 0.733, 𝑃 < 0.05).

4. Discussion

Antiangiogenic agents have become an essential components
of cancer research, and among them, bevacizumab (Avastin;
Genentec) has been the most widely used antiangiogenic
agent. The development and validation of biomarkers for
the prediction of response to antiangiogenic therapy is an
area of increasing importance, particularly given recent
concerns surrounding the effectiveness of such therapies in
prolonging patient survival as well as their potential effects
on metastasis [26]. Perfusion CT, an advanced functional
imaging biomarker, cannot provide only regional morpho-
logic maps but also quantitative measurements of various
tissue hemodynamic parameters [3]. Several previous studies
have already reported the predictive values of perfusion CT
in antiangiogenic therapy, considering that changes in tumor
vascularity precede the changes in tumor size within days
of initiating antiangiogenic therapy [3, 7, 27–29]. However,
the usefulness of FDG-PET in detecting the response to
antivascular endothelial growth factor (VEGF) therapies has
been limited [30]. Our study evaluated the early therapeutic
response to bevacizumab using serial FDG-PET/CT and
perfusion CT and assessed the possible additional value of
FDG-PET to perfusion CT.

We found that in the treatment group, there were no
significant changes in BF and PS other than a weak declin-
ing trend over time in BV. This may have resulted from
intratumor vascular normalization of early antiangiogenic
effects on perfusion parameters, previously mentioned by
Garćıa-Figueiras et al. [31], althoughBFdid not show increase
in our study. However, in the control group, BF and BV
showed a significant increase over time implying an increase
in intratumor mature vascular density [32].

To the contrary, there were no significant differences in
SUVmax and SUVmean between the two groups even though
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Figure 3: Averaged (a) SUVmax, (b) SUVmean, (c) TLG, (d) entropy, and (e) homogeneity before and at different time points after
bevacizumab therapy. SUVmax, SUVmean, TLG, and entropy showed an increasing trend in both groups. ∗ is significant change compared
to the baseline, SUV is standardized uptake value, TLG is total lesion glycolysis, and FMR is flow-metabolic ratio.
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Figure 4: Averaged flow-metabolic ratio (FMR) before and at
different time points after bevacizumab therapy. FMR showed
a distinct decreasing trend in the treatment group whereas no
significant change was identified in the control group. In particular,
FMR on day 7 and day 14 significantly decreased compared with
baseline.

the values of the treatment group were slightly lower than
in the control group. As the tumors became larger, SUVmax
and SUVmean became significantly higher regardless of
antiangiogenic treatment. This is comparable to the results
of Miles et al.’s study [33] in which greater FDG uptake of
non-small cell lung cancer (NSCLC) was linked to larger
tumors and to Willett et al.’s study [4] using perfusion CT
and FDG-PET reporting significant falls in perfusion but no
change in glucose metabolism after bevacizumab treatment.

Recently, metabolic-volumetric variables and texture
analysis have been introduced as new emerging parameters
for PET/CT therapy monitoring. As SUVmax reflects the
metabolic activity of the most aggressive cells and lacks
prognostic significance, TLG has been suggested as a quan-
titative parameter for FDG-PET [34]. Indeed, a few works
showed that TLG can be significant prognostic factors in
various tumors [35]. However, in this study, although the
tumor volume (TV) wasmeticulously acquired usingmanual
delineation on coregistered perfusion CT and PET images,
we could not find any statistically significant differences
in TLG between the treatment and control groups. Similar
with SUVmax and SUVmean, the TLG of both groups
demonstrated significant sequential increase after initiation
of bevacizumab. Considering that bevacizumab is not only a
cytostatic agent but that SUVmax or SUVmean are dependent
on tumor size, no significant differences in tumor volume and
TLG between the treatment and control groups may be an
appropriate result.

In addition to quantitative analysis of FDG-PET, charac-
terization of tumor FDG distribution has been introduced
as a useful resource in predicting therapeutic response.

(a)

(b)

Figure 5: Representative microvessel density (MVD) of (a) control
and (b) treatment groups: immunostaining with CD31 antibody
highlights vessels (arrows). Intratumoral MVD of the right tumor
of the rabbit number 5 (control group) is 26.25 and the left tumor of
the rabbit number 2 is 9.25 (original magnification, ×200).

Intratumor FDG activity distribution may be assessed in a
global, regional, or local fashion, allowing the assessment of
corresponding global, regional, or local patterns of biologic
heterogeneity [20]. Among the variable texture parameters,
the valuation of local homogeneity and entropy may provide
the best outcomes for characterization of local nonunifor-
mities. In this study, however, changes in local homogeneity
of the treatment group over time were minimal in both
groups and the difference between the two groups was
also diminutive. On the other hand, local entropy showed
an increasing trend over time in both groups although
the difference between the two groups was also minimal,
consistent with the results of SUV and TLG.

One of our more interesting observations was that FMR
had significantly decreased since bevacizumab initiation
despite the fact that there was a considerable increase in
SUVmax with no significant change in BF over time; FMRs
on day 7 and day 14 were significantly lower, compared
with baseline values. Similar observation has been reported
for the antivascular agent endostatin on various advanced
cancers where high doses of endostatin resulted in decreased
tumor perfusion but increased glucose metabolism [36].
Furthermore, in the control group, FMR did not demon-
strate a noticeable change over time. This suggests that
there may be a mismatch of flow and metabolism following
antiangiogenic therapy, possibly indicating drug-induced
hypoxia and subsequent stimulation of glucose metabolism.
Although a significant decrease in FMR and BVwas observed
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after bevacizumab therapy, FMR showed considerably higher
changes and a greater tendency to decrease compared to the
changes in BV. We were also able to identify a significant
positive correlation between FMR andMVD in the treatment
group. Given that MVD reflects tumor angiogenesis, the
degree of change in FMRmay potentially indicate the degree
of the antiangiogenic effect. Ultimately, FMR may provide
further biologic insights into early antiangiogenic effects
reflecting the mismatch between intratumor blood flow and
metabolism.

Our results support the viewofMiles et al.’s study inwhich
they posit that imaging tumor blood flow and metabolism
has potential applications for the noninvasive characteriza-
tion of tumor aggression, allowing novel subclassification of
response with opportunities for personalized cancer care [11].

There are still controversial results concerning the rela-
tionship between perfusion and glucose metabolism in the
literature that can be classified as showing positive, showing
negative, and showing no correlation [37]. In our study, we
found no correlation between the perfusion and metabolic
parameters nor among metabolic-volumetric and texture
parameters. Furthermore, we also found no correlation
between MVD and FDG uptake-derived parameters.

Our study has several limitations. First, subcutaneous
tumor models may not accurately reflect that of real patients
in the clinical setting. Secondly, our study included only a
small number of tumors, and thus further studies with larger
groups of patients are warranted to support our results.

5. Conclusions

The predictive value of FDG-PET was shown to be limited in
monitoring the early effect of bevacizumab despite applying
texture analysis and volumetric assessment. However, we
found that FMR showed a significant sequential decrease over
time after bevacizumab therapy which positively correlated
with MVD.Thus, our study proposes a potential role of FMR
in monitoring the early response to antiangiogenic therapy
which will need to be confirmed from larger clinical studies
in the near future.
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Since apoptosis plays an important role in maintaining homeostasis and is associated with responses to therapy, molecular
imaging of apoptotic cells could be useful for early detection of therapeutic effects, particularly in oncology. Radiolabeled annexin
V compounds are the hallmark in apoptosis imaging in vivo. These compounds are reviewed from the genesis of apoptosis
(cell death) imaging agents up to recent years. They have some disadvantages, including slow clearance and immunogenicity,
because they are protein-based imaging agents. For this reason, several studies have been conducted in recent years to
develop low molecule apoptosis imaging agents. In this review, radiolabeled phosphatidylserine targeted peptides, radiolabeled
bis(zinc(II)-dipicolylamine) complex, radiolabeled 5-fluoropentyl-2-methyl-malonic acid (ML-10), caspase-3 activity imaging
agents, radiolabeled duramycin, and radiolabeled phosphonium cation are reviewed as promising low-molecular-weight apoptosis
imaging agents.

1. Introduction

Apoptosis is known to play an important role in maintaining
homeostasis; therefore, it is associated with several diseases
and responses to therapy. Molecular imaging of apoptotic
cells could be useful for elucidation of the diseases and early
detection of therapeutic effects and could contribute to per-
sonalizedmedicine. In this review, we introduce radiolabeled
compounds for molecular imaging of apoptosis (cell death),
their applications, and utility in medicine.

2. Radiolabeled Annexin V

The lipid composition of the outer and inner leaflets of the
plasma membrane is not symmetrical. Phosphatidylserine
(PS) is normally retained on the intracellular face of the cell
membrane. When cells undergo apoptosis, this distribution
is altered, so that PS is rapidly exposed to the outside of
the cell membrane. In fact, not only apoptosis but also some
other forms of cell death including autophagy can externalize
PS [1, 2]. Moreover, in the final stage of almost all forms

of cell death, PS on the intracellular face of the plasma
membrane become accessible to PS-targeting probes in a
nonspecific fashion, because of complete loss of membrane
integrity. Thus, PS-targeted radiolabeled probes must not be
considered specific apoptosis imaging agents, but they may
be used to detect multiple forms of cell death.

In this paper, we have used the phase “apoptosis imaging”
for PS-targeted radiolabeled probes. However, to be accu-
rate, it is “cell death imaging” and not “apoptosis imaging.”
The typical compound of PS targeted carriers is annexin
V, a 36 kDa human protein with a nanomolar affinity for
membrane-bound PS [3–5]. Because of this property, radi-
olabeled annexin V compounds have been developed and
evaluated as in vivo imaging agents for detection of cell death.

3. 99mTc-4,5-bis(thioacetamido)pentanoyl-
Annexin V (99mTc-BTAP-Annexin V)

99mTc is an ideal radionuclide for scintigraphic imaging
applications because of its excellent physical properties,
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Figure 1: Structures of (a) 99mTc-BTAP-annexin V, (b) 99mTc-HYNIC-annexin V, and (c) 99mTc-C
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2
-annexin V.

low cost, and ready availability as a generator-produced
nuclide. Since most polypeptides do not possess binding
sites allowing them to form 99mTc chelates with high in vivo
stability, appropriate chelating molecules are incorporated
into polypeptide molecules to prepare 99mTc-labeled pep-
tides for in vivo applications. Tetradentate ligands, such as
N
3
S and N

2
S
2
coordination molecules, form stable 99mTc

complexes with the [Tc=O]3+ core. In the field of apopto-
sis imaging, 99mTc-4,5-bis(thioacetamido)pentanoyl(BTAP)-
annexin V (Figure 1(a)) was developed as the first 99mTc-
labeled annexin V compound, which is a 99mTc complex
with N

2
S
2
ligand-conjugated annexin V, after development

of iodine-labeled annexin V. The first report of 99mTc-BTAP-
annexinVusewas in thrombosis imaging and not for apopto-
sis imaging. In that paper, Stratton et al. reported that 99mTc-
BTAP-annexin V detected acute left atrial thrombi in vivo in
swine because PS becomes exposed on the surface of activated
platelets [6]. Narula et al. reported that 99mTc-BTAP-annexin
Vwas injected into cardiac allograft recipients. Some patients
who showed at least moderate transplant rejection had pos-
itive myocardial uptake of radioactivity. This study showed
the clinical feasibility of 99mTc-labeled annexin V imaging
for the noninvasive detection of apoptosis [7]. However, N

2
S
2

ligandsmay require harsh conditions such as high pH or high
temperature to prepare 99mTc complexes with high radio-
chemical yields. Accordingly, 99mTc labeling of annexin V
with a N

2
S
2
ligand was performed using a preformed-chelate

approach. The conjugation between annexin V and 99mTc
complex must be performed after the complexation reaction
of 99mTc. This method requires multiple steps and purifica-
tion, resulting in a 25%–30% overall radiochemical yield. For
routine clinical use, 99mTc labeling of annexin V, which can
be prepared by an easier labeling operation, is required.

4. 99mTc-HYNIC-Annexin V

Blankenberg et al. reported the use of 99mTc-labeled annexin
V, which has hydrazinonicotinamide (HYNIC) as a ligand for
technetium, for apoptosis imaging [8]. HYNIC is one of the
most attractive bifunctional chelating agents for the labeling
of peptides and proteins with 99mTc. It has been reported
that HYNIC acts as a monodentate or bidentate ligand to
form a mixed ligand 99mTc complex in the presence of
appropriate coligands [9]. Tricine has been frequently used as
a coligand since it provides 99mTc-HYNIC-labeled peptides
and proteins with high radiochemical yields and high specific
activities in a short reaction time at room temperature. 99mTc-
HYNIC-annexin V (Figure 1(b)) could be prepared in high
radiochemical yield without any purification after a one-step
reaction. In cultures of Jurkat T-cell lymphoblasts induced
to undergo apoptosis, the uptake of 99mTc-HYNIC-annexin
V directly correlated with the percentage of cells labeled
by FITC-labeled annexin V, which has an affinity for PS
nearly identical to that of the native (unlabeled) protein,
as determined by flow cytometry (𝑟2 = 0.922) [10]. In
another study, the bioactivity of HYNIC-annexin V was
verified by measuring its binding to erythrocyte membranes
containing exposed PS. The affinity of HYNIC-annexin V
was comparable with that of native annexin V. The IC

50

values, which were determined using a competition assay,
were 10.1 ± 2.0 nmol/L and 6.8 ± 0.7 nmol/L, respectively
[11]. Moreover, many studies have demonstrated that 99mTc-
HYNIC-annexin V accumulates in apoptotic cells and can be
used to visualize apoptosis in animal models [12–15]. 99mTc-
HYNIC-annexin V can be considered as a benchmark in the
field of apoptosis imaging, as the easy labeling method has
made this tracer the most extensively investigated and the
best characterized apoptosis-detecting radioligand [16].
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5. Clinical Studies of 99mTc-Labeled Annexin V
in Oncology

For evaluation of the response to cancer therapy, 99mTc-
HYNIC-annexin V imaging should be performed before
and after the starting point of treatment. In a clinical study
reported by Kartachova et al. in 2007, 99mTc-HYNIC-annexin
V imaging in 16 non-small-cell lung cancer patients was
performed before and within 48 hours after the initiation
of platinum-based chemotherapy [17]. All patients, display-
ing imaging data confirming markedly increased uptake of
annexin V in tumor, showed complete or partial response. A
significant correlation (𝑟2 = 0.86; 𝑃 = 0.0001) was found
between the changes of annexin V uptake in tumor and the
treatment outcome.

In another clinical study reported by Rottey et al. in
2006, changes in relative 99mTc-HYNIC-annexin V tumor
uptake in patients undergoing chemotherapy at baseline
and at 5–7 and 40–44 hours after treatment initiation were
investigated [18]. The tumor response was evaluated by
response evaluation criteria in solid tumors (RECIST) and
related to observed changes in the ratios of tumor activity
to background activity. Responders to chemotherapy could
be separated from nonresponders with a 94% accuracy (16/17
patients) by use of the sequential 99mTc-HYNIC-annexin V
imaging and a 25% change threshold.

Although these studies indicated that 99mTc-HYNIC-
annexinV could be a good predictor of the response to cancer
therapy, the numbers of patients in these studies were small.
Furthermore, further larger studies are necessary to confirm
the utility of 99mTc-HYNIC-annexin V for the prediction
of therapeutic effects in early stages after chemotherapy
initiation.

6. Other 99mTc-Labeled Annexin V Compounds

Tait et al. reported the use of 99mTc-labeled annexin V with
site-specific labeling in 2000 [11]. In this study, annexin V
derivatives, containingN-terminal extensions of seven amino
acids for complexation with technetium, were produced
by expression in E. coli (NH

2
Ala-Cys-Gly-Gly-Gly-His-

Met-annexin V, NH
2
Ala-Gly-Gly-Cys-Gly-His-Met-annexin

V, and NH
2
Ala-Cys-Gly-Cys-Gly-His-Met-annexin V). One

derivative is predicted to form N
2
S
2
chelation site, and

two are predicted to form N
3
S site. The bioactivities of the

mutant proteins were verified by measuring binding activity
to erythrocyte membranes with exposed PS. The mutant
proteins also had the same degree of IC

50
values (9.3 ± 0.4,

10.3±2.5, and 10.0±2.8 nmol/L), which were determined for
unlabeled proteins by competition assay, as HYNIC-annexin
V (10.1±2.0 nmol/L).The radiochemical yields of themutant
proteins with 99mTc were approximately 90%.

Tait et al. reported another annexin V mutant-labeled
with a Tc(I)-carbonyl complex in 2002 [19]. They prepared
annexinVmutants withN-terminal extensions of three or six
histidine residues for labeling with a Tc(I)-tricarbonyl core.
AnnexinV-123, which has anN-terminal extension of six his-
tidine residues, could be superior to annexinV-122, which has

three histidine residues, because 99mTc-labeled annexin V-
123 had higher radiochemical yield and radiochemical purity
and experimentally demonstrated bioactivity in binding to
erythrocytes.

We recently developed a novel 99mTc-labeled annexin V,
99mTc-C

3
(BHam)

2
-annexin V (Figure 1(c)), using a bis(hy-

droxamamide) derivative [C
3
(BHam)

2
] as a bifunctional

chelating agent to decrease uptake and retention in nontar-
get tissues compared with 99mTc-HYNIC-annexin V [20].
In biodistribution experiments in normal mice, 99mTc-
C
3
(BHam)

2
-annexin V showed a much lower kidney accu-

mulation of radioactivity than 99mTc-HYNIC-annexin V.
In the organs for metabolism, such as liver and kidney,
radioactivity after the injection of 99mTc-HYNIC-annexin V
was residual for a long time. On the other hand, radioactivity
after the injection of 99mTc-C

3
(BHam)

2
-annexin V gradually

decreased. In experiments using tumor bearing mice, 99mTc-
C
3
(BHam)

2
-annexin V showed significantly increased tumor

uptake after 5-FU treatment.The accumulation of radioactiv-
ity in tumor correlated positively with the counts of TUNEL-
positive cells.

7. 18F-Labeled Annexin V

Apoptosis imaging probes for positron emission tomography
(PET) are required because PET imaging has high spatial
resolution and great sensitivity, and 18F-labeled annexin V
has been developed. In 2003, Zijlstra et al. reported the
preparation of 18F-labeled annexin V using N-succinimidyl
4-[18F]fluorobenzoate ([18F]SFB) as a labeling reagent [21].
The decay-corrected radiochemical yield was in the range of
15–20%.The 18F-labeled annexinVhighly bound to apoptotic
Jurkat T-cells, compared with nonapoptotic control cells. In
2004, Toretsky et al. also reported 18F-labeled-annexin V
via [18F]SFB [22]. The overall decay-corrected radiochemical
yield of 18F-labeled annexin V from 18F− was comparable
(17.6% ± 5.6%). In addition, Murakami et al. also reported
18F-labeled annexinV by a similar procedure in the same year
[23]. In that study, accumulation of 18F-labeled annexin V in
the infarct area using a rat model of myocardial ischemia and
reperfusionwas comparable to that of 99mTc-labeled-annexin
V with site-specific labeling [11]. However, the complicated
radiosynthesis procedure and the low radiochemical yield
of 18F-labeling (especially, in this study, approximately 10%,
decay-corrected form [18F]SFB) were weak points for clinical
use.

8. 68Ga-Labeled Annexin V

The radionuclide 68Ga has great potential for clinical PET
and could become an attractive alternative to 18F because
of its radiophysical properties, particularly as a generator-
produced nuclide with a half-life (𝑇

1/2
) of 68 minutes [24]. It

does not require an on-site cyclotron and can be eluted on
demand. In principle, the long half-life of the parent nuclide
68Ge (𝑇

1/2
= 270.8 days) provides a generator with a long
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life span. Wangler et al. reported a 68Ga-labeling technique
for proteins using a sulfhydryl-derivatized chelator, 2,2-(7-
(1-carboxy-4-(2-mercaptoethylamino)-4-oxobutyl)-1,4,7-tri-
azonane-1,4-diyl)diacetic acid (NODA-GA-T) in 2011 [25].
In that study, 68Ga-labeled annexin V was prepared within
a short time of only 15 minutes. In a PET study with an
animal model, the 68Ga-labeled annexin V accumulated in
the apoptotic area by the myocardial infarction.

In the same year, Bauwens et al. reported site-specific
68Ga-labeled annexin V compounds, 68Ga-Dotamaleimide-
conjugated Cys2-annexin V and 68Ga-Dotamaleimide-
conjugated Cys165-annexin V [26]. Cys2-annexin V and
Cys165-annexin V are variants of annexin V containing
a single available cysteine residue at respective positions
2 and 165. Total synthesis time was approximately 55
minutes withan end-of-synthesis yield of 25% (43% if
decay-corrected) in both cases. Both compounds showed
well-preserved PS binding capacity and high in vitro stability
in buffer and in plasma. Tumor uptake of 68Ga-Cys2-annexin
V and 68Ga-Cys165-annexin V was low but significantly
increased after cyclophosphamide and radiation therapy in a
tumor model.

9. Radiolabeled PS Targeted Peptides

Annexin V is best known in the field of apoptosis imaging
as a carrier because it has high affinity for PS and that
radiolabeled annexin V compounds have been extensively
investigated and well characterized. However, the use of
annexin V, a protein, imposes limitations, such as slow
pharmacokinetics and potential immunogenicity. In contrast
to protein-based radioligands like radiolabeled annexin V,
for low-molecular-weight compounds, it is not difficult to
modify chemical structures to improve their biodistribution.
Accordingly, several studies have been performed in recent
years to develop low-molecular-weight apoptosis imaging
agents.

In 1995, Igarashi et al. reported a 14-amino acid synthetic
peptide, FNFRLKAGQKIRFG (PSBP-0), derived from PS
decarboxylase bound to PS effectively and specifically [27].
However, the binding affinity of PSBP-0 was not very high.

In 2011, Xiong et al. modified PSBP-0 to develop peptides
with higher affinity for PS [28]. Each of the 14 residues of
PSBP-0, except the endogenous alanine residue at position
8 (Ala8), was initially replaced with Ala to identify amino
acid residues that contribute to PS affinity. The variant PSBP-
6, in which Gln6 is replaced by Ala, showed the highest
relative binding level and high stability. The binding levels
of PSBP-6 were higher than those of PSBP-0. The remaining
Ala-substituted peptides had lower affinity for PS than the
parent PSBP-0 peptide. Next, Lys[di(2-pryidinemethyl)]-
COOH, termed a single amino acid chelator (SAAC), was
introduced at specific positions of PSBP-0 and PSBP-6 as
a ligand for complexation with technetium. The peptide
containing SAAC introduced at the N-terminus of PSBP-6
(SAAC-PSBP-6, Figure 2(a)) showed greater binding to PS
than PSBP-6. Moreover, the rhenium complex, SAAC(Re)-
PSBP-6 (Figure 2(b)), displayed a higher level of binding than

SAAC-PSBP-6. In a biodistribution study, SAAC(99mTc)-
PSBP-6 (Figure 2(b)) showed significantly higher accumu-
lation in B16/F10 melanoma treated with poly(l-glutamic
acid)-paclitaxel than in untreated tumor (4.1 ± 0.6% ID/g
versus 1.6 ± 0.3% ID/g).

In 2013, Song et al. compared SAAC(99mTc)-PSBP-6 with
[18F]FDG for detecting apoptosis induced by chemotherapy
[29]. In B16/F10 melanoma and 38C13 lymphoma tumor
models, the uptake of SAAC(99mTc)-PSBP-6 significantly
increased on the first day after treatment, whereas [18F]FDG
uptake significantly decreased. The uptake of SAAC(99mTc)-
PSBP-6 negatively correlated with that of [18F]FDG (𝑟 =
−0.79, 𝑃 < 0.05). These results indicated that the
SAAC(99mTc)-PSBP-6 could be a useful probe to evaluate
early therapeutic response after chemotherapy.

10. Bis(zinc(II)-dipicolylamine) Complex

Binuclear Zn(II) complexes of 2,2-dipicolylamine (Zn2+-
DPA) are known as an effective binding motif for phosphate
anion [30]. Because PS is an anionic phospholipid, Zn2+-
DPA has a selective affinity for biomembranes enriched
with PS and could have an apoptosis sensing function. In
2011, Wyffels et al. reported 99mTc labeled Zn2+-DPA with a
99mTc-tricarbonyl core and via 99mTc-HYNIC (Figures 3(a)
and 3(b)) [31]. Both compounds showed significantly higher
uptake in livers of anti-Fas antibody-treated mice compared
with that in livers of control mice. The increased liver uptake
of 99mTc-labeled Zn2+-DPAwas comparable to that of 99mTc-
labeled annexin V, indicating the in vivo affinity of 99mTc
labeled Zn2+-DPA for hepatic apoptosis.

Recently, Wang et al. reported the 18F-labeled Zn2+-DPA
compounds, 2-18F-fluoroethyl-bis(zinc(II)-dipicolylamine)
(18F-FEN-DPAZn2) and 4-18F-fluoro-benzoyl-bis(zinc(II)-
dipicolylamine) (18F-FB-DPAZn2) (Figures 3(c) and 3(d)),
as apoptosis (cell death) imaging agents [32]. Decay-
uncorrected radiochemical yields of the precursors of
18F-FEN-DPAZn2 and 18F-FB-DPAZn2, 18F-FEN-DPA2 and
18F-FB-DPA2, were 8.9% and 13%, respectively. 18F-FEN-
DPAZn2 and 18F-FB-DPAZn2 complexes were prepared
from 18F-FEN-DPA2 and 18F-FB-DPA2 with Zn(NO

3
)
2
. The

authors described that the low radiochemical yield of 18F-
FEN-DPA2 limited further animal experiments. In vivo PET
imaging experiments using 18F-FDG, 18F-FB-DPA2, and
18F-FB-DPAZn2 were performed in Hepa1-6 hepatocellular
carcinoma-bearing mice and adriamycin-treated tumor-
bearing mice. 18F-FDG and 18F-FB-DPA2 showed no
significant uptake change before and after chemotherapy.
These results indicate that 18F-FDG could lack specificity
to monitor anticancer therapy and that 18F-FB-DPA2 has
no binding affinity to PS without zinc. In contrast, 18F-
FB-DPAZn2 showed significantly higher accumulation in
adriamycin-treated tumors compared with that in untreated
ones. However, the background uptake of 18F-FB-DPAZn2
in liver and intestine was high. Optimization of the chemical
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Figure 2: Structures of (a) SAAC-PSBP-6 and (b) SAAC(Re)-PSBP-6 and SAAC(99mTc)-PSBP-6.

structure is needed to improve its biodistribution to obtain
images with higher signal/noise (𝑆/𝑁) ratio.

11. 18F-Labeled 5-Fluoropentyl-2-methyl-
malonic Acid (18F-ML-10)

Several physiologically relevant processes, such as apopto-
sis, platelet activation, neurotransmitter release, and sperm
capacitation, require dissipation of plasma membrane lipid
asymmetry, a process known as scrambling. Apoptosis-
related PS exposure on the cell surface is a classic feature
of apoptotic cells and acts as an “eat me” signal allowing
phagocytosis of postapoptotic bodies [33].

A family of small molecules, ApoSense, rationally
designed to detect apoptosis-related complexes of cellular
alterations, with consequent selective accumulation within
apoptotic cells driven by the apoptotic scramblase activa-
tion, depolarization, and cellular acidification, have been
reported as compounds capable of discriminating between
vital and apoptotic cells [34]. In the ApoSense family, 18F-
labeled 5-fluoropentyl-2-methyl-malonic acid (18F-ML-10,
Figure 4(a)) was reported by Reshef et al. as a PET tracer

of cell death in 2008 [35]. 18F-ML-10 showed fast blood
clearance and little accumulation in normal tissues and rapid
elimination via kidneys. Stability of 18F-ML-10 was very high
and no metabolite was observed in blood and the brain. The
absence of accumulation in bone indicated that defluorina-
tion of 18F-ML-10 did not occur. In an experimental acute
cerebral stroke mouse model, 18F-ML-10 was retained in the
stroke area but was cleared from intact brain areas. In 2011,
a favorable dosimetry and safety profile of 18F-ML-10 were
demonstrated in first human study [36]. Binding to apoptotic
sites was also demonstrated.

The molecular design of 18F-ML-10 comprised the fol-
lowing steps: (1) attachment of an alkyl chain to render the
molecule amphipathic for membrane interaction, (2) opti-
mization of the alkyl-chain length, based on pharmacokinetic
considerations, (3) addition of a methyl group at the 𝛼-
position to prevent metabolism in vivo, and (4) attachment
of a fluorine atom for PET imaging with 18F. To identify the
mechanism of action, Cohen et al. synthesized and evaluated
3H-ML-10 [37]. The uptake of 3H-ML-10 in apoptotic cells
occurred in parallel to annexin V binding. Approximately 10-
fold higher accumulation of 3H-ML-10 was observed in anti-
Fas antibody-treated apoptotic Jurkat cells compared with



6 The Scientific World Journal

CO
CO

CO

N

N N

N

N

N

OH2N

Zn2+

Tc+

(a)

NH

N

N

N

N

N

N
N

N

N

NH

HN

COOH

Zn2+

Zn2+

O
O

O

O
O

HO
OH

Tc

(b)

N
N

N

N N

N

N
H

Zn2+ Zn2

2

+

O
O F

(c)

N
N

N N

N
N

N
H

2

Zn2+ Zn2+

O
O

O

F

(d)

Figure 3: Structures of (a) 99mTc-labeled Zn2+-DPA with 99mTc-tricarbonyl core, (b) 99mTc-labeled Zn2+-DPA with 99mTc-HYNIC, (c) 18F-
FEN-DPAZn2, and (d) 18F-FB-DPAZn2.
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Figure 4: Structures of (a) 18F-ML-10 and (b) 123I-ML-10.

that in untreated control cells. 3H-ML-10 crossed the cell
membrane at the stage of early apoptosis and was mainly
localized in the cytoplasm (60%) and in the nucleus (30%).
Interestingly, 3H-ML-10 accumulated only in apoptotic cells

and not in either untreated control cells or necrotic cells
induced by freeze-thaw injury.

Recently, 123I-labeled ML-10 analog as a single photon
emission tomography (SPECT) tracer was reported.
[123I]-2-(5-iodopentyl)-2-methylmalonic acid (123I-ML10,
Figure 4(b)) was expected to show increased penetration in
apoptotic cells because of its greater lipophilicity compared
with 18F-ML-10 [38]. 123I-ML10 accumulated in apoptotic
cells, but a clear uptake in the thyroid, resulting from in vivo
deiodination, was observed because of its instability.

12. Caspase-3 Activity Imaging Agents

The caspases are a family of intracellular cysteine aspartate-
specific proteases that play an important role in the initiation
and execution of apoptosis [39]. Caspases are subdivided
into three groups on the basis of homology and substrate
specificity: (1) caspases involved in inflammation (caspases 1,
4, 5, and 13); (2) initiator caspases which are found at the top
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Figure 5: Structures of (a) Isatin, (b) (S)-1-benzyl-5-[1-[2-(phenoxymethyl)pyrrolidinyl]sulfonyl]isatin, (c) WC-II-89, and (d) [18F]ICMT-11.

of the signaling cascade (caspases 6 and 8–10), and (3) effector
caspases which are activated further downstream (caspases 2,
3, and 7) [40]. Among these caspases, caspase-3 is a frequently
activated death protease, catalyzing the specific cleavage of
many key cellular proteins [41]. Thus, caspase-3 should be an
attractive biomarker for apoptosis.

In 2001, Lee et al. determined the activity and the
selectivity of a series of isatin (Figure 5(a)) analogs for
caspase-3 [42]. They found that the substituent at position
5 was important and demonstrated a correlation between
the electron-withdrawing ability of the substituent at
position 5 and the potency of caspase-3 inhibition. The
5-dialkylaminosulfonylisatins were identified as potent
inhibitors of caspases 3 and 7. Within this series, (S)-1-
benzyl-5-[1-[2-(phenoxymethyl)pyrrolidinyl]sulfonyl]isatin
(Figure 5(b)) was the most promising and showed very high
activity and selectivity for caspases 3 and 7.

In 2006, Zhou et al. synthesized WC-II-89 (Figure 5(c)),
an isatin sulfonamide analog containing a fluorine atom that
has a structure similar to that of compound 5B [43].WC-II-89
was a highly potent inhibitor of caspases 3 and 7 anddisplayed
high selectivity with respect to other caspases. [18F]WC-II-
89 was prepared via a nucleophilic substitution of the corre-
sponding mesylate precursor with [18F]fluoride ion in high
radiochemical yield. In animal experiments, [18F]WC-II-89
showed higher uptake in the liver of a cycloheximide-treated
rat, a model for chemically induced apoptosis, compared to
the untreated control. Western blot analysis confirmed that
the uptake was related to caspase-3 activation.

In 2008, Smith et al. reported the synthesis and char-
acterization of the 18F-labeled isatin analog (S)-1-[[1-(2-
fluoroethyl)-1H-[1,2,3]triazol-4-yl]methyl]-5-[2-(2,4- difluo-
rophenoxy)methyl-pyrrolidine-1-sulfonyl]isatin ([18F]ICMT-

11, Figure 5(d)). [18F]ICMT-11 possesses the characteristic
of high metabolic stability with no indication of defluo-
rination in vivo, reduced lipophilicity, and subnanomolar
affinity for caspase-3 [44]. “Click labeling” provided [18F]
ICMT-11 in 65% decay-corrected radiochemical yield from 2-
[18F]fluoroethylazide.

In 2009, Nguyen et al. reported the results of a detailed
in vitro study and an animal PET study of [18F]ICMT-11
[45]. In vitro binding of [18F]ICMT-11 was increased in drug-
treated cells and corresponded to higher cellular activity of
caspases 3 and 7. In addition, [18F]ICMT-11 binding did not
increase in caspase-3 deficient MCF-7 human breast cancer
cells treated with 4-hydroperoxycyclophosphamide (4-HC),
compared with a control. In the PET study, the [18F]ICMT-
11 signal increased in up to twofold during the first 24 hours
after treatment. Other papers have also recently indicated
that [18F]ICMT-11 could be useful as a caspase-3 imaging
apoptosis tracer [46, 47].

In 2013, Challapalli et al. reported the result of a PET
study in healthy human volunteers that revealed the biodis-
tribution and internal dosimetry profiles of [18F]ICMT-11
[48]. [18F]ICMT-11 was shown to be a safe PET tracer with a
favorable radiation dosimetry profile for clinical use. Further
clinical studies of [18F]ICMT-11 for apoptosis imaging are
anticipated.

13. Radiolabeled Duramycin

Phosphatidylethanolamine (PE) is the second most abun-
dant phospholipid and accounts for approximately 20% of
all phospholipids in mammalian cellular membranes [49].
Similar to PS, PE is a major component of the inner leaflet of
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the cell membrane and is rare on the surface of normal viable
cells [50]. When apoptosis occurs, PE is exposed onto the
cell surface [51]. Thus, PE could also be a target molecule for
apoptosis imaging. As a potential molecular probe candidate
for PE, duramycin (2 kDa), which is produced by Streptover-
ticillium cinnamoneus, is a tetracyclic peptide consisting of 19
amino acids (Figure 6) [52, 53] and binds the head group of
PE with high affinity (𝐾

𝑑
= 11 nM) at a molar ratio of 1 : 1 [54–

56].
In 2008, Zhao et al. reported 99mTc-labeled duramycin,

which is a novel PE-bindingmolecular probe, using aHYNIC
ligand with tricine and phosphine as coligands [57]. In a
myocardial ischemia/reperfusion injury lesion using a rat
model, 99mTc-duramycin showed specific higher uptake in
apoptotic cells compared with that in viable control cells.
Intravenously injected 99mTc-duramycin showed favorable
pharmacokinetic and biodistribution profiles. It was rapidly
cleared from the circulation via the renal system with a
blood half-life of less than 4 minutes in rats. Hepatic and
gastrointestinal uptake was very low. In addition, 99mTc-
duramycin was evaluated for ischemia/reperfusion injury in
brain using the rat model of middle cerebral artery occlusion
(MCAO) [58], oxidative lung injury [59], and damage in
susceptible tissues after high-dose radiation exposure [60]. In
all cases, 99mTc-duramycin could detect apoptotic cells and
was useful for the estimation of the degree of the symptoms.

Recently, Yao et al. reported 18F-labeled duramycin,
[18F]FPDuramycin, as a novel tracer for PET imaging of
cell death [61]. [18F]FPDuramycin was successful in visu-
alizing tumor cell death after treatment with cyclophos-
phamide and cisplatin in tumor-bearing mice using PET.
However, its pharmacokinetics was not favorable because
[18F]FPDuramycin showed high accumulation in the liver
and spleen, which would limit detection of cell death in the
upper abdomen.

14. [18F]-p-Fluorobenzyl Triphenylphospho-
nium Cation (18F-FBnTP)

It is known that mitochondria play an important role in
an intrinsic pathway of apoptosis. Disruption of the mito-
chondrial membrane potential (ΔΨm) and mitochondrial
outer membrane permeabilization, which leads to the release

P+ F

Figure 7: Structure of [18F]-p-fluorobenzyl triphenylphosphonium
cation (18F-FBnTP).

of intermembrane proteins including cytochrome c and
others, occurs at an early stage of apoptosis [62, 63]. The
collapse of ΔΨm occurs before the major morphology and
biochemistry changes of apoptosis including nuclear DNA
fragmentation and externalization of membranous PS [63].
Moreover, although the transient exposure of the PS allows
measurement of the extent of the apoptosis during a limited
time window, the loss of ΔΨm is an ongoing process not
limited to a time window. Thus, monitoring ΔΨm could offer
the information about the kinetics of the apoptotic process
in the target tissue and could accordingly be an effective
approach for detecting apoptosis at an early stage.

Phosphonium cations can pass through the lipid bilayer
because they are sufficiently lipophilic and their positive
charge is delocalized. In addition, because the membrane
potential of mitochondria is the highest in cells, phospho-
nium cations could selectively accumulate in the innerior of
the mitochondria [64]. Consequently, when apoptosis causes
loss of ΔΨm, phosphonium cations in cells would decrease.

In 2007, Madar et al. reported the 18F-labeled phospho-
nium cation, 18F-fluorobenzyl triphenylphosphonium cation
(18F-FBnTP, Figure 7), as a PET tracer for noninvasive
assessment of ΔΨm [65]. The performance of 18F-FBnTP for
measuring changes in membrane potential was comparable
to that of 3H-tetraphenylphosphonium (3H-TPP), which
has been used for measurement of ΔΨm in vitro. In vitro
experiments assessing the dependence of 18F-FBnTP uptake
on membrane potential showed that about 80% of total
uptake was ΔΨm-dependent, about 10% was plasma mem-
brane potential (ΔΨp)-dependent, and remaining about 10%
was independent ofmembrane potential, namely, nonspecific
binding. Therefore, the change of radioactivity accumulation
in the target tissue determined using 18F-FBnTPPET imaging
could mainly reflect changes in ΔΨm.

In 2009, Madar et al. reported in vivo study of 18F-
FBnTP [66]. Tumor uptake under anticancer treatment was
evaluated in orthotropic prostate tumor-bearing mice. At 48
hours after treatment with docetaxel, 18F-FBnTP and 18F-
FDG were intravenously administered. At 60 minutes after
injection, 18F-FBnTP uptake (percentage of dose per gram)
in the prostate tumor of untreated mice was 1.84 ± 0.65 and
that of treated mice was 0.90 ± 0.31. In contrast, 18F-FDG
uptake levels in the prostate tumors of untreated mice and
of treated mice were 1.31 ± 0.14 and 1.15 ± 0.54, respectively.
Treatment with docetaxel resulted in a significant decline in
tumor uptake of 18F-FBnTP (54.2%), but 18F-FDG showed
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no significant change in tumor uptake on treatment with
docetaxel. Thus, the measurement of ΔΨm using 18F-FBnTP
could be an effective strategy for the early detection of
apoptosis.

15. Summary

In this review, we introduced a variety of apoptosis imaging
probes. The most typical probes were radiolabeled agents
that bind to PS, such as radiolabeled annexin V. Studies in
model systems as well as clinical studies have demonstrated
that the accumulation of PS-directed probes correlates with
apoptotic cells after therapy. However, PS-directed probes
accumulate not only as a result of apoptosis but also as a result
of other forms of cell death. Both PS and PE are exposed onto
the cell surface during apoptosis. PE-directed probes, such
as radiolabeled duramycin, could also be apoptosis imaging
agents using the same strategy used with PS-directed probes.
Unlike PS- or PE-directed probes, caspase-3 imaging probes
were expected to specifically detect apoptosis. Promising
caspase-3 imaging probes have been developed, and their
accumulation in apoptosis in animal models was shown to be
higher than that in controls. However, the specificity of the
imaging probe [18F]ICMT-11, which targets caspases 3 and
7, for the detection of apoptotic cells was not shown [45].
The small-molecule 18F-ML-10 (MW 206) is an apoptosis
probe for PET that has simple structure derived from the
ApoSense family. Although 18F-ML-10 binds at apoptotic
sites, the absolute uptake of 18F-ML-10 in apoptotic tissue
could be not enough. The probe 18F-FBnTP, which is used to
assess ΔΨm, can detect apoptosis because disruption of ΔΨm
occurs at an early stage of apoptosis. The loss of ΔΨm is not
limited to a specific time window, unlike the transient nature
of PS exposure. A disadvantage of probes that assess ΔΨm
is that their uptake may display a negative correlation with
apoptosis.

Quantitative imaging of apoptosis (cell death) provides
useful information for therapeutic effects on diseases before
anatomical changes of the lesion site. Selection of the appro-
priate therapies on the basis of the imaging data from the
patients may be possible. Because the apoptosis imaging
can allow evaluating the therapeutic effects of drugs under
development, this modality may help the screening of novel
compounds. Some promising agents have been developed in
recent years as we introduced some of them in the review, but
their imaging quality is not always sufficient. We hope that
novel apoptosis imaging agents, showing higher 𝑆/𝑁 ratios,
will be developed in the near future.
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Polymer nanoparticles can be prepared by self-assembling of amphiphilic polymers, and various types of molecular assemblies
have been reported. In particular, in medicinal fields, utilization of these polymer nanoparticles as carriers for drug delivery
system (DDS) has been actively tried, and some nanoparticulate drugs are currently under preclinical evaluations. A radionuclide
is an unstable nucleus and decays with emission of radioactive rays, which can be utilized as a tracer in the diagnostic imaging
systems of PET and SPECT and also in therapeutic purposes. Since polymer nanoparticles can encapsulate most of diagnostic
and therapeutic agents with a proper design of amphiphilic polymers, they should be effective DDS carriers of radionuclides in
the nuclear medicinal field. Indeed, nanoparticles have been recently attracting much attention as common platform carriers for
diagnostic and therapeutic drugs and contribute to the development of nanotheranostics. In this paper, recent developments of
solid tumor-targeting polymer nanoparticles in nuclear medicinal fields are reviewed.

1. Introduction

Nanoparticles have been actively examined as carriers for
drug delivery system (DDS), which make it possible to
improve therapeutic efficacy and to suppress side effects
of the parent drug [1–5]. Among various types of nano-
ordered carriers including inorganic and lipid particles, poly-
meric micelles and vesicles, which are prepared from self-
assembling process of amphiphilic polymers, can encapsulate
in general hydrophobic and hydrophilic compounds in the
hydrophobic core and inner aqueous cavity regions, respec-
tively [6–10]. Further, not only surface modification but also
functionalization of these nanoparticles is possible with ease
by using suitably designed amphiphilic polymers. Therefore,
polymeric nanoparticles have received much attention as the
DDS carriers.

Additionally, nanoparticles are originally accumulated at
the region where cells are rapidly proliferating, because leak-
age of nanoparticles can occur through the holes on imma-
ture blood vessels. Combined with the effect of undeveloped

lymph system at tumor region, nanoparticles are retained
there, leading to the passive accumulation.This phenomenon
is called the enhanced permeability and retention (EPR)
effect and is one of the most frequently utilized method-
ologies of nanoparticles for DDS [11–13]. On the basis of
these reasons, polymeric nanoparticle is a suitable carrier for
solid tumors-targeting DDS [8, 14]. In fact, various tumor-
targeting DDS carriers have been developed, and some
polymeric nanoparticles encapsulating antitumor drugs are
currently under clinical trials [15].

Recently, polymeric nanoparticles are also applied as
carriers for contrast agents in the field of in vivo imaging [16–
18]. Among various modalities such as near-infrared fluore-
scence (NIRF) imaging, magnetic resonance imaging (MRI),
positron emission tomography (PET), and single photon
emission computed tomography (SPECT) systems, the in
vivo near-infrared fluorescence (NIRF) imaging system has
shown amazing progresses. This is because handling of the
NIRF compounds is relatively easy and its biodistribution
can be directly visualized. However, penetration depth of
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Table 1: Representative radionuclides used for imaging and radiotherapy.

Radionuclide Emission type Half-life Usage1
11C 𝛽+ (99.8%), 𝛾 (0.2%) 20.39min I
13N 𝛽+ (99.8%), 𝛾 (0.2%) 9.965min I
15O 𝛽+ (99.9%), 𝛾 (0.1%) 2.037min I
18F 𝛽+ (96.7%), 𝛾 (3.3%) 109.8min I
32P 𝛽− (100%) 14.24 day T
64Cu 𝛽+ (17.4%), 𝛾 (43.6%), 12.70 h T/I

𝛽− (39.0%)
89Sr 𝛽− (100%) 50.53 day T
90Y 𝛽− (100%) 64.00 h T
99mTc 𝛾 (>99.9%) 6.015 h T/I
111In 𝛾 (100%) 2.805 day T/I
123I 𝛾 (100%) 13.22 h I
125I 𝛾 (100%) 59.40 day T/I
131I 𝛽− 8.021 day T/I
186Re 𝛽−, 𝛾 3.718 day T/I
188Re 𝛽−, 𝛾 17.00 h T
211At 𝛼 7.214 h T
213Bi 𝛼 2.14min T
225Ac 𝛼 10.0 day T
1Radionuclide usage for imaging and therapy are abbreviated as “I” and “T,” respectively.

near-infrared light in tissue is limited to a few centimeters
[19]. Therefore, the NIRF imaging system is suitable for in
vivo experiments using small animals, but its applicative area
in human clinical uses is limited to near the surface where
fluorescent signal can be detectable. On the other hand,
in general, sensitivity of nuclear imaging is high. Further,
quantitative analyses are available by using PET images.
When it comes to the quantitative performance, SPECT is
less competitive than PET but has been improved by recent
mechanical developments [20]. Positron emitters such as 11C,
13N, 15O, 18F, and 64Cu are used for PET imaging as signal
sources, and 𝛾-ray emitters such as 99mTc, 111In, and 123I are
for SPECT imaging (Table 1). For preparation of nanoparticle
type probes for nuclear imaging techniques, strategies on
how to encapsulate these radioisotopes into nanoparticles
are important. There are considerable approaches for the
encapsulation, which can be classified into three categories:
(1) hydrophobized radionuclides are encapsulated into the
hydrophobic core region of polymeric micelle, (2) radionu-
clide solution is encapsulated into the inner cavity of vesicular
assemblies, and (3) metal radionuclides such as 64Cu and
99mTc can be attached to the nanoparticles as chelates bymod-
ifying constituent amphiphilic polymers with appropriate
chelators. About the inner radiation therapy, 𝛽− ray emitters,
such as 90Y and 131I, are generally used. In addition, attempts
to utilize radionuclides emitting𝛼-ray (211At, 213Bi) and auger
electron (99mTc, 111In, and 125I) are also performed (Table 1)
[21–25]. Any radionuclides labeled nanoparticle can be pre-
pared by selecting appropriate methods for encapsulation as
written above.

In this review, recent research developments on solid
tumor-targeting DDS using polymer nanoparticle carriers in
nuclear medicinal fields are summarized.

2. Polymeric Micelles

2.1. Importance of Surface Modification with
Poly(ethylene glycol) (PEG)

2.1.1. Poly(methyl acrylate)-b-poly(acrylic acid). One of the
initial trials to utilize polymeric micelle as a carrier for PET
tracer agent was performed in 2005 by Rossin et al. [26].
Polymeric micelle was prepared from amphiphilic poly
(methyl acrylate)-b-poly(acrylic acid) (PMA

164
-b-PAA

93
),

which was synthesized via sequential atom transfer radical
polymerization (ATRP) [27]. As illustrated in Figure 1,
PMA-b-PAA in the micelle was cross-linked between the
carboxyl acid group of PAA and the amine functionalities
of 2,2-(ethylenedioxy)diethylamine poly(acrylic acid) to
form shell cross-linked (SCK) nanoparticles. Folate receptor
(FR) is well-known molecular target for tumor therapies
[28], and therefore, folate-poly(ethylene glycol)-amine was
conjugated to the surface of the micelle. Further, 1,4,8,11-
tetra-azacyclotetradecane-𝑁, 𝑁, 𝑁, 𝑁-tetra-acetic
acid (TETA) was also modified to the micelle surface for
64Cu chelate formation.

Using tumor transplanted mice, biodistribution of the
micelle was examined by organ harvesting method. The
micelle was recognized by reticuloendothelial system (RES),
which is self-defense system of living organisms, and its
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undesired uptake at liver and spleen was high. However,
owing to the combined effects of FR-mediated cell uptake and
EPR effect, the micelle was accumulated at the tumor region
with 2.1±0.3, 3.2±0.7, 6.0±1.9, and 5.6±0.9% ID/g at 10min,
1 h, 4 h, and 24 h from the administration, respectively.

2.1.2. Poly(methyl methacrylate-co-methacryloxysuccinimide-
graft-poly(ethylene glycol)). To suppress undesired micelle
uptake by RES, comb copolymers with branching vari-
ous lengths of poly(ethylene glycol) (PEG) chains (1.1–
5.0 kDa) were synthesized by standard reversible addition-
fragmentation chain-transfer (RAFT) polymerization con-
ditions [29], and to the polymer terminal end, 1,4,7,10-
tetra-azacyclododecanetetra-acetic acid (DOTA) ligand was
introduced as a chelator for radionuclides (Figure 2). The
chelation with 64Cu was carried out after preparation of
polymeric micelles. Diameters of the micelles prepared from
copolymers with PEG of 1.1, 2.0, and 5.0 kDa were 9.7 ± 1.1,
17 ± 2, and 20 ± 3 nm, respectively.

Three types of 64Cu labeled micelles were injected into
rats from the tail vein and their biodistribution was deter-
mined by organ harvesting method so as to evaluate the
effect of PEG chain length on the micelle biodistribution.
Additionally, the imaging studieswere carried out using small
animal PET system. The 5.0 kDa PEG micelle underwent a
slow blood clearance, and 31 ± 2% of the dose was still in
blood at 48 h after injection, which was almost ten times and
twice higher than that of 1.1 kDa and 2.0 kDa PEG micelles,
respectively. Biodistribution trend in the liver was opposite
to that observed in the blood. Liver uptake of 1.1, 2.0, and
5.0 kDaPEGmicelles at 24 h from the injectionwas decreased
in this order and to be ca. 4.0, 2.8, and 1.2% ID/g, respectively.
These results indicated that surface modification with PEG
is important to control in vivo dynamics of the micelle, and
prolongation of blood circulation time and low accumulation
in excretory organs can be achieved by increased thickness of
PEG shell.

2.1.3. Poly(lauryl methacrylate)-b-poly(N-(2-hydroxypropyl)
methacrylamide). Amphiphilic copolymer consisted of

hydrophobic poly(lauryl methacrylate) (poly(LMA)) and hy-
drophilic poly(N-(2-hydroxypropyl)methacrylamide) (poly
(HPMA)) blocks that was synthesized via RAFT poly-
merization, and PEG

2000
was incorporated into the side

chain of the hydrophilic block with 0–11% modification
ratio [30]. Further, the amphiphile was covalently labeled
by radionuclides of 18F. Polymeric micelle was prepared
from the amphiphile, and the effects of the PEGylation
on micelle size, biodistribution, and cell uptake behavior
were evaluated. In animal experiments using rats, polymeric
micelle with diameter of 38.1 ± 2.1 nm, which was prepared
from amphiphilic block copolymer with 7% PEGylation,
exhibited the most favorable organ distribution pattern,
showing highest blood circulation behavior as well as lowest
undesired uptake at spleen and liver. Tumor cells of Walker
256 mammary carcinomas were clearly visualized by animal
PET system after 2 h from the micelle dosage.

The group also synthesized random copolymers as well
as block copolymers. Polymeric micelles were prepared from
these copolymers, and their cellular uptake and biodistri-
bution were evaluated using two different types of tumor
models (AT1 prostate carcinoma and Walker-256 mammary
carcinoma). They concluded that not only PEGylation, but
also other numerous factors including molecular weight of
the copolymers, polymer structure, size of the micelle, and
characteristics of tumor affected the intratumor accumula-
tion level of the micelle [31]. Therefore, preclinical screening
to analyze polymer uptake for each individual patient is
considered to be essential for each chemo- and radiotherapy
using polymer-based DDS.

2.2. Core-Cross-Linked Type Polymeric Micelle (CCPM) for
Enhanced Thermodynamic Stability. Compared with lipo-
some, polymeric micelle is thermodynamically stable. This
is because relatively long hydrophobic polymer chains can
stabilize themolecular assembliesmore than the hydrophobic
interaction among alkyl chains of phospholipids. Aiming at
further improvement of polymeric micelle stability, inter-
molecular cross-linking of copolymers via covalent bonds has
been examined.
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2.2.1. Poly(triethoxysilyl propylmethacrylate)-b-poly(PEG-
methacrylate). Poly(triethoxysilyl propylmethacrylate)-b-
poly(PEG-methacrylate) (PESPMA-b-PPEGPMA) was syn-
thesized by atom transfer radical polymerization (ATRP).
From the mixture of the polymer and 3-(trimethox-
ysilyl)propyl-Cy7, polymeric micelle was prepared by sol-gel
process upon addition of acetic acid. The acid caused rapid
hydrolysis of ethoxy silane precursors and subsequent
cross-link of the PESPMA core with the Cy7 derivative via
Si–O bonds. Targeting the amino group, which is located at
terminal end of hydrophilic block, DTPA was inserted on the
surface of the core-cross-linked polymeric micelle (CCPM)
and used for chelate formation with 111In (Figure 3). To the
breast tumor cells of MDA-MB468 transplanted mice, 111In-
DTPA-CCPM with diameter of 24 ± 8.9 nm was injected and
𝛾-scintigraphy and NIRF optical imaging were performed
[32]. CCPM showed prolonged blood circulation behavior
(𝑡
1/2,𝛼
= 1.25 h, 𝑡

1/2,𝛽
= 46.18 h) and passively accumulated at

the tumor region (5.5% ID/g at 48 h after injection). At 120 h
from the dosage, tumor/blood and tumor/muscle signal
ratios reached 4.44 and 28.0, respectively.

Characteristic point of CCPM is location of amino group
on the surface, and therefore, it is possible to attach target-
ing ability to CCPM by ligand conjugation. For example,
EphB4-binding peptide and synthetic somatostatin analogue
of octreotide-conjugated CCPMs were prepared to detect
EphB4-positive PC-3M prostate and somatostatin receptor
overexpressed glioblastoma U87 cells, respectively [33, 34].
When a cell undergoes apoptosis, phosphatidylserine is
exposed on the cell surface. Then, annexin A5-conjugated
CCPM, which binds strongly with phosphatidylserine, was
also prepared [35]. Utilizing these 111In labeled CCPMs, dual

SPECT and NIRF imaging of the targeted region was accom-
plished. Further, time for accumulation of these ligand-
conjugated CCPMs to the targeted region could be shortened
by specific bindings with corresponding receptors, and signal
intensity ratio against background was also improved.

2.2.2. Poly(7-(2-methacryloyloxyethoxy)4-methylcoumarin)-b
-poly(hydroxyethylmethacrylate)-b-poly(ethylene glycol).
Copolymer consisting of one hydrophobic 7-(2-methacryl-
oyloxyethoxy)-4-methylcoumarin (CMA) and two hydro-
philic hydroxyethylmethacrylate (HEMA) and PEG blocks
was also synthesized by Jensen et al. [36]. To hydroxyl groups
of the HEMA block, DOTA or CB-TE2A was conjugated
as a chelator for radioactive metal of 64Cu. After micelle
formation by using self-assembling mechanism, the micelle
dispersion was irradiated by UV light so as to cross-link
4-methylcoumarin moieties in the hydrophobic core. The
cross-linkedmicelle showed higher stability in blood andwas
accumulated at transplanted tumor region (U87MG) ofmice.
After 22 and 46 h from the dosage of 64Cu labeled micelles,
tumor can be visualized.

2.3. Micelle Formation from Biodegradable and
Biocompatible Amphiphilic Polymers

2.3.1. Poly(𝜀-caprolactone)-b-poly(ethylene glycol). Polymeric
micelle can be prepared from various amphiphilic polymers.
From the view point that polymer nanoparticles are applied
as carrier for DDS, utilization of biodegradable and bio-
compatible amphiphilic polymers should take priority. Then,
poly(𝜀-caprolactone), which is representative biodegradable
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polymer connecting through ester linkages, was selected as
hydrophobic block of the amphiphilic polymer (Figure 4)
[37]. For the chelate formation with 111In, terminal end of
the amphiphilic polymer is modified by diethylene triamine
penta-acetic acid (DTPA), which is a well-known chelator to
form stable complexes with metals. From DTPA modified
poly(𝜀-caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG),
polymer micelle was prepared and then radionuclide 111In
was chelated to DTPA [38]. To the tumor-bearing mice, the
111In labeled micelle with diameter of ca. 60 nmwas injected,
and its biodistribution and pharmacokinetics were evaluated
by the organ harvesting method and SPECT/CT in vivo
imaging system.Themicelle was passively accumulated at the
tumor region (9±2% ID/g), and transplanted tumor could be
imaged by SPECT.

On a cell surface of various types of epithelial cancers
including lung and breast, epidermal growth factor receptor
(EGFR) is known to be overexpressed. The micelle surface
was functionalized by conjugating EGF to terminal amino
group of the amphiphile so as to improve the 111In labeled
micelle delivering efficiency to the targeted tumor region
[39]. Compared with the accumulation of the nontargeting
micelle (EGF−), in vivo cell uptake and cell membrane
binding of the EGF modified micelle (EGF+) to tumors
overexpressing EGFRwere significantly enhanced (𝑃 < 0.05).
111In can be also utilized as therapeutic nucleotide as

emitter of auger electrons [40]. Using the EGF modified mi-
celle, effect of auger electron therapy against EGFR-positive
breast cancer cells was performed [41]. In this research, three
types of human breast cancer cell cultures of MDA-MB-468
(1 × 106 EGFR/cell), MDA-MB-231 (2 × 105 EGFR/cell), and
MCF-7 (1 × 104 EGFR/cell) were used. Correlated with the
density of EGFR expression level on these cancer cells, EGFR-
mediated uptake of the micelle (EGF+) was increased. In
in vitro cell survival assay, cell number of MDA-MB-468
was significantly decreased after 21 h from the treatment by
1MBq of 111In-DTPA modified micelle (EGF+). However,

the micelle showed no cytotoxicity against MCF-7 with low
EGFR expression level.

On the cell surface of breast cancer, it is known to express
different levels of HER2. Then, 111In labeled micelle, whose
surface is modified by HER2 specific antibody (trastuzumab
fab) instead of the EGF sequence, was prepared, and its ther-
apeutic performance was also evaluated [42, 43]. Targeting
the gastric cancer diagnosis, glucose-regulated protein 78
(GRP78) binding peptide modified micelle was attached to
the 111In labeled micelle surface, and in vivo SPECT imaging
was accomplished [44]. In short, polymeric micelle can be
arranged in accordance with the intended uses.

Preparation of multifunctional micelles for photothermal
therapy (PTT) is also conducted [45]. To the hydrophobic
core of the micelle prepared from DTPA modified PCL-b-
PEG, near-infrared (NIR) dye of IR-780 iodide was encapsu-
lated as signal agent forNIRF imaging and photosensitizer for
PTT. Further, 188Re was chelated to DTPA as a signal source
for SPECT imaging. The micelle was designed so that in vivo
dynamics after dosage can be traced by SPECT system. Based
on the real time monitoring of the micelle integration to the
targeted tumor region, NIR light irradiation could be carried
out.

Characters of molecular assemblies can be controlled
by changing polymer architecture and its hydrophilic-
hydrophobic balance. For example, thermosensitive hydrogel
containing a therapeutic radionuclide (188Re-Tin colloid)
and a chemotherapeutic drug (liposomal doxorubicin) was
prepared from PCL-b-PEG-b-PCL triblock copolymer [46].
The thermosensitive gel was intratumorally administrated
to the hepatocellular carcinoma, and the therapeutic effect
was evaluated. At the tumor region, liposomal doxorubicin
and 188Re-Tin colloid were released slowly and steadily. The
therapeutic effect was greater than the cases in which either
component was individually used, and the synergetic effect
against tumor growth was confirmed.
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2.3.2. Poly(ethylene glycol)-b-poly(lactic acid). Poly(lactic
acid) (PLA) is representative biodegradable polymer con-
necting through ester linkage. Polymeric micelle prepared
from PEG-b-PLA is also evaluated and used as nanoordered
carriers for DDS by various research groups [47].

Nonradioactive 10B is known to produce 𝛼 particles
and 7Li nuclei with ca. 2.3MeV of energy by the capture
reaction of thermal neutrons, and therefore, utilization 10B
on boron neutron capture therapy (BNCT) is investigated.
BNCT could make it possible to irradiate directly targeted
tumor region with suppressing nonspecific exposure. How-
ever, restricted neutron source for the treatment is one of the
major problems for practical usages. Sumitani et al. evaluated
utilization of PEG-b-PLA micelle to improve delivering
efficiency of boron derivatives to the targeted tumor region
[48, 49]. In this study, polymeric micelle was prepared from
amphiphilic PEG-b-PLA polymer derivative of acetal-PEG-
b-PLA-MA, whose PEG and PLA terminal ends are modified
by acetal and methacryloyl groups, respectively. To the
micelle, 1-(4-vinylbenzyl)-closo-carborane (VB-carborane)
and azobisisobutyronitrile (AIBN) mixtures were encapsu-
lated, and core cross-polymerized and boron-conjugated
micelles were prepared by the free radical polymerization
method (Figure 5). To the tumor transplanted mice, the 10B-
enriched micelle was administrated, and neutron irradiation
was performed after 24 h from the dosage. The 10B-enriched
micelle was accumulated at the tumor region and showed
significant therapeutic effects after the neutron irradiation.

2.3.3. Poly(sarcosine)-b-poly(l-lactic acid). Amphiphilic pol-
ydepsipeptide of (sarcosine)

70
-b-(l-lactic acid)

30
is known

to form polymeric micelle with diameter of ca. 35 nm, and
the polymeric micelle was named as “Lactosome” [18, 50].
Sarcosine (Sar), N-methyl glycine in other words, is natural
amino acid, and its homopolymer shows high solubility
against aqueous solution like PEG. Therefore, polymeric
micelle whose surface is covered with poly(Sar) was also
expected to show aprolonged blood circulation behaviorwith
low undesired accumulation by reticuloendothelial system
(RES).

As a radionuclide for PET imaging, hydrophobized 18F
by attaching PLLA chain ([18F]SFB labeled poly(l-lactic acid)

of 30mer) was encapsulated into the core region of the
polymeric micelle by using hydrophobic interactions [51].
The 18F labeled Lactosome was administrated from the tail
vein to the tumor transplanted mice, and PET images were
taken after 6 h from the dosage. Lactosome showed a good
blood circulation behavior owing to the surface modifi-
cation with hydrophilic poly(sarcosine) chains. Therefore,
signal intensity at organs with high blood flows was high.
However, the accumulated signal in the transplanted tumor
region could be detected. Since Lactosome surface was not
specifically modified by ligands, Lactosome is considered to
be passively accumulated to the tumor region by the EPR
effect.

As a therapeutic radionuclide, [131I]SIB labeled PLLA
was encapsulated into the Lactosome as 𝛽− ray emitter by
the same approach with the previous 18F compound for
PET imaging. To the tumor transplanted mice, which were
preliminary treatedwith preethanol injection therapy (PEIT),
131I labeled Lactosome of 200MBq/kg was injected and time
courses of tumor growth were observed [52]. As a result, 131I
labeled Lactosome could be delivered to the tumor region,
and the tumor growth was significantly suppressed.

2.4. Accelerated Blood Clearance (ABC) Phenomenon of Lac-
tosome. Lactosome is a candidate nanoordered carrier for
drug and/or imaging agent delivery. On medicinal usages,
nanocarriers are expected to show unaltered disposition
on multiple administrations. However, production of anti-
Lactosome antibody occurred after 3 days from the first
Lactosome administration, and the antibody production kept
high level for 6 months [53]. Lactosome on second dosage
was opsonized by the anti-Lactosome antibody soon after the
administration and entrapped by reticuloendothelial system
(RES). This phenomenon is named as accelerated blood
clearance (ABC) phenomenon of Lactosome, and resembled
phenomenon is sometimes observed on PEGylated materials
[54, 55].

The production amounts of the anti-Lactosome IgM
were revealed to be inversely correlated with that of the
first Lactosome dosage. When first Lactosome dosage
is over 150mg/kg, the Lactosome ABC phenomenon
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could be suppressed by induced immunological tolerance
(Figure 6). Further, even if anti-Lactosome IgM is once
produced, the Lactosome ABC phenomenon can be evaded
by dosing Lactosome over 50mg/kg. Importantly, acute
toxicity was not observed at the Lactosome dosage amount
[56].

Recently the production of anti-Lactosome IgM has been
found to be suppressed by increasing the local density
of poly(sarcosine) chains on the micelle surface. Higher
local density of the surrounding hydrophilic polymer chains
should be related with prevention of the interaction between
micelles and B cell receptors [57].
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Further, it is still unclear whether the ABC phenomenon
is a general phenomenon for nanoparticles. However, to
develop repeatedly injectable nanoordered carriers is essen-
tial for its general usages.

3. Vesicular Assemblies

The number of examples using vesicular assemblies as a
carrier forDDS in nuclearmedicinal field is relatively limited.
It may be because of more difficult preparation of vesicular
assemblies than polymeric micelles.

Lu et al. prepared multifunctional hollow nanoparticle
from a mixture of doxorubicin hydrochloride (DOX-HCl),
mPEG

5000
-b-poly(d,l-lactic acid)

1510
(mPEG

5000
-b-PLA

1510
),

folate-PEG
5000

-b-PLA
1200

, phenolic ester-PEG
5000

-b-PLA
650

,
and poly(N-vinylimidazole-co-N-vinylpyrrolidone)

9600
-g-

PLA
4900

(Figure 7) [58]. The hollow nanoparticle is designed
to show sensitivity against intracellular pH changes by
using pH sensitive character of N-vinylimidazole (NVI)
(pKa values of NVI are around 6.0). Depending on the
pH changes of the dispersion, its diameter was reversibly
changed between 90 nm (pH 7.4) and 80 nm (pH 5.0), and
rate of encapsulated DOX-HCl release could be accelerated
under weak acidic conditions. Extracellular matrix of the
tumor region is known to be in a weakly acidic condition,
and therefore, the DOX-HCl is expected to be released
selectively at the tumor region. Folate-PEG

5000
-b-PLA

1200

provided the nanoparticle with a tumor-targeting ability, and
phenolic ester-PEG

5000
-b-PLA

650
was used for modification

of the nanoparticle with 123I by the iodogen method.
To the tumor transplanted mice, the multifunctional

hollow nanoparticle was administrated, and the time course
of tumor growth was observed. Dynamics of the nanopar-
ticle at 0.5–6 h from the administration were noninvasively

visualized by SPECT. Shortly after the administration, the
nanoparticlewas accumulated at the tumor regionwith a high
level due to the folate-binding protein effect. Compared with
the case of free DOX-HCl, the tumor growth was effectively
suppressed with a minimum body weight loss.

4. Conclusion

In particular in these ten years, application of polymeric
nanoparticles as a carrier for tumor-targeted drug delivery
system (DDS) is expanded to nuclear medicinal fields. It is
a tremendous advantage to apply polymeric nanoparticles
for DDS, because in vivo pharmacokinetics can be well
controlled by suitable selections about their size, shape,
and surface characters and can be free from the loading
imaging or therapeutic compounds. Therefore, when the
same nanoparticle is used as a carrier for imaging and ther-
apeutic purposes, diagnostic outcomes can directly predict
the treatment efficiency of the loading therapeutic agent on
the nanoparticle. Further, imaging results before and after
chemotherapy can be used for prediction and evaluation
of the therapeutic effect, respectively. In order to improve
personal medical treatment, it is essential to dose the ther-
apeutic agent properly to each patient. Polymeric micelles
and vesicles endowed with two functions for diagnosis and
therapy are expected to be potential materials for future
personalizedmedicine, and these research areas are especially
named as “nanotheranostics.”

However, there are many research problems to be dis-
solved. For example, almost all types of nanoparticles are
designed to evade from undesired capture by reticuloen-
dothelial system (RES) and to show a prolonged blood
circulation behavior. Radioactivity is decreased with distinct
half-life of each radionuclide, and time period, which can
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be effectively used, is limited. Therefore, radionuclides with
relatively long half-life period such as 64Cu for PET and 111In
for SPECT are mainly selected for radiolabeling of polymer
nanoparticles. Further, how to control radiation exposure
is also extremely important in nuclear medicinal fields. For
these reasons, purpose of polymer nanoparticle DDS is
mainly diagnosis, which can be performed by relatively low
radioactivity, and research trials on inner radiotherapy are
small in number. To accomplish practical usages of polymer
nanoparticles as carriers for inner radiotherapy, (1) further
improvement of drug delivery efficiency and (2) reduction
of radiation exposure at radiosensitive organs such as bone
marrow are essential by controlling the nanoparticles in
vivo dynamics. It has already been revealed that to create
synergetic therapeutic effect is possible by combined usages
of therapeutic nanoparticle with conventional therapies, and
therefore, therapeutic nanoparticles are now in an early phase
of development.

Another problem for the view point of commercialization
is how to ensure the quality of the nanoparticle. The number
of examples utilizing polymeric nanoparticles as carriers for
DDS in human clinical practice is limited.Therefore, to make
rules for polymer nanoparticle production and their clinical
studies is also considered to be important and started in
government regulatory agencies [59].

There are many problems to be dissolved; however,
application and commercialization researches on theranostic
nanoparticles are expected surely to make future progresses
in nuclear medicinal fields.
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Radioimmunotherapy (RIT) represents a selective internal radiation therapy, that is, the use of radionuclides conjugated to
tumor-directed monoclonal antibodies (including those fragments) or peptides. In a clinical field, two successful examples of this
treatment protocol are currently extended by 90Y-ibritumomab tiuxetan (Zevalin) and 131I-tositumomab (Bexxar), both of which
are anti-CD20 monoclonal antibodies coupled to cytotoxic radioisotopes and are approved for the treatment of non-Hodgkin
lymphoma patients. In addition, some beneficial observations are obtained in preclinical studies targeting solid tumors. To date,
in order to reduce the unnecessary exposure and to enhance the therapeutic efficacy, various biological, chemical, and treatment
procedural improvements have been investigated in RIT. This review outlines the fundamentals of RIT and current knowledge of
the preclinical/clinical trials for cancer treatment.

1. What Is Radioimmunotherapy (RIT)?

Antibodies (Abs) are glycoproteins secreted from plasma B
cell and are used by immune system to identify and remove
foreign pathogens such as bacteria and viruses. Because it
is considered that Abs also have cytotoxic potency against
somemalignant tumor cells, the therapeutic efficacy in cancer
has been examined. However, intact Abs are insufficient to
improve patient survival rate dramatically. As a one approach
to enhance the therapeutic response by using immunological
technique, cytotoxic radioisotopes (𝛼- or 𝛽-particle emitters)
are conjugated to Abs or the fragments. This strategy is
employed to deliver radioisotopes to the targeting tissue by
appropriate vehicle. After the radiolabeled Abs bind to recep-
tors/tumor antigens expressed on the surface of cancerous
tissue, cells within an anatomic region of the 𝛼- or 𝛽-range
will be killed.

In a clinical field, systemic radiotherapy using naked
radioisotope (iodine-131: 131I) was first performed by Hertz
to patient of Graves’ disease in 1941 [1]. Then, investigations
on the use of Abs coupled with adequate radioisotopes
subsequently emerged in the early 1950s [2, 3].Though direct

radioiodinated Abs were mainly used in the initial clinical
studies, progress in chelation chemistry has enabled the uti-
lization of many therapeutic metal radioisotopes that possess
inherent radiation properties. Various combinations of Abs
and radioisotopes have been examined, which results in the
adaptation in different clinical situations [4, 5]. RIT involves
the application of radiolabeled monoclonal Abs (mAbs) to
molecular targeted therapy [6]. Both the use of directly
labeled mAbs and in vivo label of tumor-binding mAbs by
conjugation-pretargeting method have been developed.

Irradiated cells absorb high amounts of energy in the
form of photons or charged particles, which promote the
direct macromolecular damage as well as the generation
of reactive oxygen and/or nitrogen species [7]. Both free
radicals and molecular oxygen damage DNA strand [8, 9],
and the damage induces not only apoptosis [10] but also
programmed necrosis [11]. Because the ranges in tissue of
ionizing radiations are rather large compared with a typical
cell size, uniform binding of the radioimmunoconjugates is
not a prerequisite for its efficacy. In other words, adjacent cells
not expressing the receptors/tumor antigens can also be killed
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Table 1: Radioisotopes used in RIT.

Radioisotope Energymax (MeV) Range Half-life
𝛽-Particle emitter

67Cu 0.58 2.1mm 2.6 d
90Y 2.28 12.0mm 2.7 d
131I 0.61 2.0mm 8.0 d
177Lu 0.50 1.5mm 6.7 d
186Re 1.07 4.5mm 3.7 d
188Re 2.12 10.4mm 16.9 hr

𝛼-Particle emitter
211At 6.8 80 𝜇m 7.2 hr
213Bi 8.3 84 𝜇m 46min
225Ac 6.0∼8.0 60∼90 𝜇m 10.0 d

Auger-electron emitter
125I 2∼500 nm 60.5 d

by the physical cross-fire effect. This means continuous low-
dose irradiation from radiolabeled Abs cause lethal effects
on nearby normal cells. Moreover, it is reported that RITs
also evoke the normalization of tumor vasculature [12],
presumably owing to facilitation of immune cell migration
towards the malignant lesions [13].

For therapy, therefore,𝛼- or𝛽-particle emitters are prefer-
able. Vehicles coupled with radioisotopes emitting Auger
electrons are also available; however, they need to be localized
close to DNA due to the very short range of these radiations
[14–16]. Simultaneous emission of 𝛾 (X) rays, which are
suitable for imaging, will help measure pharmacokinetic
parameters and calculate dosimetry of the radioimmunocon-
jugates. Table 1 shows radioisotopes commonly used for RIT.

Among them, relatively well-studied and practical
radioisotopes are the 𝛽-emitters 131I, yttrium-90 (90Y), and
lutetium-177 (177Lu). Radioisotope to use is selected by
consideration of those radiophysical properties (energy and
half-life) as well as the labeling chemistry. For example, 90Y
possesses a higher 𝛽-particle 𝐸max and a shorter half-life
when compared with 131I. On the other hand, metal 90Y
should be conjugated to Ab via chelating agent, whereas 131I
can form a carbon-iodine bond directly. Lutetium-177 has
radiophysical properties similar to 131I and radiolabeling
chemistry similar to 90Y.

Investigations of RIT using 𝛼-particle emitters also have
been developed. Because 𝛼-particle gives its energy to the
surrounding molecules within a narrow range (<100𝜇m,
equivalent to a few cell diameters), it leads to high lin-
ear energy transfer (high LET) within the target and less
bystander effect to nontarget tissues compared to Abs labeled
with 𝛽-emitters. In addition to the high LET, which leads to
the high relative biological effectiveness (RBE) [17], recent
studies have shown that cytotoxic efficacy of 𝛼-particle is
independent of the local oxygen concentration and cell
cycle state [18]. Bismuth-213 (213Bi), astatine-211 (211At),
and actinium-225 (225Ac) are well investigated in 𝛼-particle
RIT [19–22].

Compared to external beam radiation therapy, one of
the most potent advantages of RIT is the ability to attack
not only the primary tumor but also lesions systemically
metastasizing. In addition, targeted radiotherapy using spe-
cific vehicle agents is extremely valuable in cases of (1)
residual micrometastatic lesions, (2) residual tumor margins
after surgical resection, (3) tumors in the circulating blood
including hematologicmalignancy, and (4)malignancies that
present as free-floating cells [23].

Brief data on current RITs provided in this review paper
is summarized in Table 2.

2. Direct Method

The success of RIT depends on the selective accumulation of
cytotoxic radioisotopes at affected areas. Fundamental prop-
erties required for vehicles against a particular biomarker
are (1) high binding affinity to the intended target, (2) high
specificity, (3) high tumor to background ratio, (4) high
metabolic stability, and (5) low immunogenicity [24, 25].
From the viewpoint of those molecular characteristics, Abs
have been considered as suitable agent for the delivery of
therapeutic radioisotopes. Moreover, the development of
hybridoma technology in 1975 allowed taking advantage of
mAbs in RIT [26].

“Direct method” requires direct conjugation of cytotoxic
radioisotopes to various antitumormAbs (or their fragments)
via an appropriate chelator and the single-step administra-
tion to patients. Consequently, many antigenic determinants
(mostly on the cell surface) have been targeted byAbs. On the
other hand, one of the most critical obstacles to achieve high
background ratio in this application is the slow clearance of
Abs from the blood and nontarget tissues due to their high
molecular weight [27, 28]. Abs will disappear from plasma
very slowly, which encourages higher tumor uptake; however,
a longer duration is needed to reach the maximum tumor to
normal radioactivity ratio. Radiation dose for treating patient
increases time-dependently, which results in the exposure
of radioactive bone marrow leading to the hematologic
toxicity. Therefore, structural diversification of Abs has been
attempted to improve the pharmacokinetic properties. Lower
molecular weight fragments of conventional Abs including
F(ab)

2
, Fab or its multivalent conjugate, minibody, diabody,

and single chain variable fragments (scFv) could be utilized,
which retain the essential antigen binding properties and
obtain more rapid clearance rates than intact mAbs. Those
smaller types of constructs can traverse the vascular channels,
resulting in a more rapid tumor uptake and a faster blood
clearance than parental Abs [29, 30], possessing potencies
to achieve superior tumor to background ratios. In general,
however, affinities of small Ab forms to tumor antigen are
lower than those of Abs, and, moreover, too fast blood
clearance of peptides yields less time to interact with the
target. Therefore, absolute tumor uptake for these constructs
is lower than those of Abs. Further development of the
engineered forms holding both favorable pharmacokinetics
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and tumor uptake is desired. Radiolabeled peptides target-
ing intended tumor can be available due to the preferable
pharmacokinetics and low antigenicity. In this approach,
control of the affinity (specific accumulation) of radiolabeled
conjugates to tumor tissue is also important.

2.1. Hematological Cancers. It is reported that anticancer
responses occur at relatively low radiation-absorbed doses
(i.e., less than 10Gy) in non-Hodgkin lymphoma (NHL)
[31, 32]. 90Y-ibritumomab tiuxetan (Zevalin) and 131I-
tositumomab (Bexxar) are the two FDA-approved radiola-
beled anti-CD20 murine Abs that have been administered
to patients with NHL [33, 34]. However, neither treatment
is applied to patients with more than 25% bone marrow
involvement because these patients might suffer from more
severe hematologic toxicity. Several other radiolabeled Abs
have been tested in hematological cancers. A 131I-labeled
anti-CD20 mAb (131I-rituximab) [35–37] and an 90Y-labeled
anti-CD22mAb (90Y-epratuzumab tetraxetan) [32, 38, 39] are
in advanced clinical trials.

Shorter-range radioisotopes (𝛼-particle emitters) can be a
better option for the treatment of patients with hematological
cancer. In previous investigations, RIT using 213Bi-labeled
anti-CD33 IgG was performed in myeloid leukemia [40, 41];
however, short physical half-life of 213Bi poses a problem
for conjugate preparation. Thus, longer-lived emitters, such
as 211At or 225Ac, which can emit four daughter 𝛼-particles
during its decay, might be available. RITs using Auger-
emitters, such as iodine-125 (125I), gallium-67 (67Ga), and
indium-111 (111In), could be suitable for micrometastatic
disease. Potential cytotoxicity of 67Ga-labeled anti-CD74 Ab
was observed in a study using Raji B-lymphoma cells [42].

Due to the expression of these targeting antigens, normal
B cells also have potencies to bind to the radiolabeled
Abs. Thus, at low protein doses, the radioimmunoconjugates
would be trapped to spleen rapidly, where a considerable
number of B cells exist. To avoid this issue, unconjugatedAb is
sometimes added to the system,which blocks the unfavorable
distribution [43–45]. In addition, these Abs can enhance a
tumor cell’s sensitivity to radiation and chemotherapy [46–
48], and thus, therapeutic responses would be achieved by a
combination of the unconjugated Ab and targeted radiation.

2.2. Solid Cancers. RIT as a treatment protocol could be
useful in the therapy for nonhematological cancers as well;
however, convincing therapeutic outcomes have not been
obtained yet in patients with solid cancer. One of the most
obvious issues with RITs in solid cancers is that, unlike
lymphoma, most of the Abs used are unable to affect
tumor growth. To elicit clinical benefits for patients with
advanced and/or disseminated solid cancers, several designs
of the treatment are being undertaken: improvement of
Ab uptake and enhancement of radiosensitization of cancer
cells [49–51].

Here, some examples of RITs targeting solid cancer are
shown.

2.2.1. Colorectal Cancer. Owing to the early characterization
and ubiquitous expression in colorectal cancer, carcinoem-
bryonic antigen (CEA) [52] has been the most common
target for RIT in this disease. cT84.66, a chimeric IgG against
the A3 epitope of CEA, possesses highly selective affinity to
cancer cells expressing CEA [53]. RIT using 90Y-cT84.66 was
performed by Wong et al. [54, 55], with minor responses in
tumor regression. Several other murine anti-CEA RIT agents
have been evaluated, including 131I-NP-4 F(ab)

2
, 131I-F6

F(ab)
2
, 131I-A5B7, 131I-COL-1, and 186Re-NR-CO-02 F(ab)

2

[50, 56–60].
A33, one of the glycoproteins, is expressed homoge-

neously in more than 95% of all colorectal cancers [61]
and thus the humanized Ab (huA33) has been developed.
Preclinical studies using 211At-labeled huA33 indicate that the
uptake in tumor was found to be specific to the presence of
A33 antigen [62].

In a trial study performed by Liersch et al., patients having
undergone liver resection for metastatic colorectal cancer
were treated with 131I-labeled humanized anti-CEACAM5
IgG [63].Median survival of patients having received RITwas
significantly longer than that of control subjects [64].

2.2.2. Breast Cancer/Ovarian Cancer. Trastuzumab is a
humanized IgG mAb directed against the extracellular
domain of the human epidermal growth factor receptor
2 (HER-2)/neu that is commonly overexpressed in breast,
ovarian, and gastrointestinal tumors [65]. This Ab has been
labeled with several radioisotopes such as 90Y [66] and 111In
[67], for clinical study of breast cancer. Phase I study of
intraperitoneal 212Pb-trastuzumab for patientswith advanced
ovarian cancer is also ongoing [68].

MUC-1, a mucin epitope, is commonly expressed on the
surface of breast cancer cells. Schrier et al. reported on a
phase I study using the murine Ab labeled with 90Y (90Y-
MX-DTPA-BrE-3) and autologous stemcell rescue in patients
with breast cancer [69]. One-half of the patients exhibited
objective partial response to the therapy. To overcome the
limitation of repeated dosing, an 90Y-labeled humanized Ab
has also been evaluated for use with stem cell support [70].

Cell-surface sodium-dependent phosphate transport
protein 2b, which is highly expressed on ovarian cancer
cells, is recognized by the murine IgG MX35 [71, 72]. The
potential usefulness of this Ab has been established in
preclinical models, and then intraperitoneal administration
of 211At-MX35 F(ab)

2
was undertaken to a phase I

trial to determine the pharmacokinetics, dosimetry, and
toxicity [73].

2.2.3. Prostate Cancer. MUC-1, described above for its use
in breast cancer, has also been shown to be upregulated
in androgen-independent prostate cancer cells, making it a
good target for RIT [74]. m170, a murine mAb, was labeled
with 90Y, which was examined in patients with metastatic,
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androgen-independent prostate cancer [75]. Many patients
who complain of pain at the entry of study reported a signif-
icant reduction in pain following therapy. A phase I study of
90Y-2IT-BAD-m170 combined with low-dose paclitaxel was
also performed by the same group [76].

J591 is an IgG mAb against the extracellular domain of
prostate-specific membrane antigen (PSMA). Several J591
constructs labeled with 90Y [77], 177Lu [78], and 213Bi [79]
have also been evaluated in patients with prostate cancer.

3. Indirect Method

In “indirect method,” directly radiolabeled mAbs are not
used; that is, mAbs and radioactive effector molecules are
administered separately and they will be conjugated in vivo.
This technique can improve target to nontarget ratio to
achieve high imaging contrast and/or therapeutic efficacy.
In a field of RIT, this strategy is referred to as pretargeted
radioimmunotherapy (PRIT) and was developed to avoid
the issues associated with the prolonged residence times of
radiolabeled Ab in 1980s [80, 81].

PRIT is a technique that enables the Ab localization phase
to be temporally separated from the radioisotope administra-
tion in the form of a small molecular hapten. This approach
involves the sequential administration of (1) a bispecific mAb
derivative (bs-mAb) capable of binding a tumor antigen and a
chelate and (2) a small molecular weight radiolabeled effector
species. The radiolabeled species is administered following
a scheduled lag period to allow the bs-mAbs to accumulate
to the target site and any residual bs-mAbs are cleared from
the circulation. The bs-mAb is not radiolabeled directly,
and thus no exposure would occur during “unlabeled” bs-
mAbs localize to the tumor by themselves. In some cases,
an additional “clearing molecule,” which removes unbound
bs-mAb from the circulation, is administered prior to the
radiolabeled effector. Consequently, improvement of tumor
to background ratios has been achieved [82, 83]. Summarized
scheme is shown in Figure 1.

A key to successful implementation of the pretargeting
method consists of the high target specificity and affinity
offered by bs-mAb and the superior pharmacokinetic char-
acteristics of a low molecular weight compound. The small
size and inert properties of the radiolabeled effector allow
it to distribute easily in the fluidic volume and then to be
eliminated rapidly, thereby decreasing the overall radiation
burden to nontarget organs and tissues such as bone marrow
[84]. Also, PRIT increases the dose rate to the cancer as
compared with a RIT by using directly radiolabeled IgG that
takes 1-2 days to reach maximum distribution.

To ensure the two parts (bs-mAb and radiolabeled effec-
tor) bind to each other strongly upon interaction at cancerous
region, each must be suitably modified with complementary
reactive species. One of the approaches is based on avidin
or streptavidin in conjunction with biotin in a variety of
configurations [85]. Avidins could bind as many as four
biotin molecules with very high binding constant (10−15M),
and, thus, some avidin/biotin-based PRIT were examined
clinically [86–88]. In this protocol, clearing agentwas injected

to remove residual streptavidinated Abs from the blood. The
primary issue with PRIT depending on avidin (streptavidin)
is the immunogenicity of these foreign proteins [89, 90].

Conjugation of radioisotopes to bs-mAb is controlled by
another constituent. The approach has been utilized with
a bs-mAb to histamine-succinyl-glycine (HSG) [91, 92]. By
joining two haptens via a short peptide, uptake and retention
of the radiolabeled effector (divalent hapten-peptide) would
be enhanced locally within the cancer compared with those
of the monovalent form [93–95]. Di-HSG-peptide struc-
tures have been developed for binding several radioisotopes,
including 90Y and 99mTc [96, 97]. Other methods employ
complementary synthetic low immunogenic DNA analogs,
morpholinos, as bridging agents [98, 99].

3.1. PRIT for Hematological Cancers. In preclinical studies,
pretargeting method showed better responses with much
less hematologic toxicity and thus represents a significant
improvement over the RIA using anti-CD20 IgG agents
radiolabeled directly [100].

Among the hematological cancers, NHL therapy has
been examined in detail by pretargeting. In conventional
NHL model mice, PRIT with a tri-Fab fragment followed
by 90Y-labeled effector led to dramatic cure rates compared
to RIT with direct 90Y-veltuzumab, which is a radiolabeled
anti-CD20 Ab [101]. Similar therapeutic responses were
also achieved using the streptavidin-biotin format of PRIT
in the Ramos lymphoma model, using a combination of
anti-CD20 Ab-streptavidin fusion protein 1F5(scFv)

4
SA and

90Y-DOTA-biotin [102]. Pagel et al. compared therapeutic
efficacy between direct RIT and PRIT in xenograft models of
lymphoma using CD20, CD22, and MHC class II cell surface
receptor (HLA-DR) as the targets. In this study, PRIT by the
streptavidin-biotin conjugation showed higher therapeutic
indices and superior tumor regression [103].

3.2. PRIT for Solid Cancers. A phase II trial was exam-
ined with 90Y-DOTA-biotin pretargeted with a NR-LU-10,
an anti-Ep-CAM (epithelial glycoprotein-2) IgG-streptavidin
conjugate in advanced colorectal cancer [87]; however, no
significant responses were observed. More recently, a recom-
binant protein of streptavidin with four CC49 (anti-tumor-
associated glycoprotein 72: anti-TAG-72) single chains and
90Y-labeled biotin pair has been tested in patients with
gastrointestinal malignancy [104].

In a field of brain tumor, patients with grade III glioma
and glioblastoma were pretargeted with 90Y-labeled biotin,
resulting in a significant extension of survival in the PRIT
subjects [105].

4. Concluding Remarks

Because Ab-based targeted radiation is considered tomediate
direct cytotoxic effects, RIT (PRIT) could provide us with
opportunities for safer and more efficient cancer treatment.
Indeed, these techniques have been extensively used as
conventional anticancer strategies. Especially, RIT (PRIT)
has been effective in hematological cancers. There are also
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Figure 1: Schematic diagram of pretargeting approach.

developments of new immunostimulant for lymphoma that
is combined with RIT (PRIT), which can enhance the overall
therapeutic response.

On the contrary, responses to RIT (PRIT) are generally
low in solid cancer and it might be due to the unconventional
microenvironments. Oxygen concentrations less than 0.02%
decrease the vulnerability of cancer cells to ionizing radiation
[106], and even milder hypoxia produces a substantial level
of resistance to irradiation [107]. Strategies to radiosensitize
the lesions by means of an increased supply of oxygen or
treatment of nitroimidazole analog [108] would help enhance
the efficacy of RIT (PRIT).

RIT (PRIT) is a valuable treatment modality which can
detect and quantify the accumulation of therapeutic agents
readily. Thus, molecular imaging approach can be adapted
to select patients, to decide the treatment strategy, and to
assess the therapeutic benefit. Developments of novel Ab-
based targeted therapeutics and the combination with other
interventions should support cancer therapy in future.
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[26] G. Köhler and C. Milstein, “Continuous cultures of fused cells
secreting antibody of predefined specificity,” Nature, vol. 256,
no. 5517, pp. 495–497, 1975.

[27] J. L. Murray, M. G. Rosenblum, L. Lamki et al., “Clinical
parameters related to optimal tumor localization of indium-111-
labeled mouse antimelanoma monoclonal antibody ZME-018,”
The Journal of Nuclear Medicine, vol. 28, no. 1, pp. 25–33, 1987.

[28] S. F. Rosebrough, Z. D. Grossman, J. G. McAfee et al.,
“Thrombus imaging with Indium-111 and Iodine-131-labeled
fibrin-specific monoclonal antibody and its F(ab’)

2
and Fab

fragments,” The Journal of Nuclear Medicine, vol. 29, no. 7, pp.
1212–1222, 1988.

[29] A. M. Wu and P. D. Senter, “Arming antibodies: prospects and
challenges for immunoconjugates,” Nature Biotechnology, vol.
23, no. 9, pp. 1137–1146, 2005.

[30] L. A. Maleki, B. Baradaran, and J. Majidi, “Future prospects
of monoclonal antibodies as magic bullets in immunotherapy,”
Human Antibodies, vol. 22, no. 1-2, pp. 9–13, 2013.

[31] G. Sgouros, S. Squeri, A. M. Ballangrud et al., “Patient-specific,
3-dimensional dosimetry in non-Hodgkin’s lymphoma patients
treated with 131I-anti-B1 antibody: assessment of tumor dose-
response,” The Journal of Nuclear Medicine, vol. 44, no. 2, pp.
260–268, 2003.

[32] R. M. Sharkey, A. Brenner, J. Burton et al., “Radioimmunother-
apy of non-Hodgkin’s lymphoma with 90Y-DOTA humanized
anti-CD22 IgG (90Y-Epratuzumab): do tumor targeting and
dosimetry predict therapeutic response?”The Journal of Nuclear
Medicine, vol. 44, no. 12, pp. 2000–2018, 2003.

[33] S. J. Goldsmith, “Radioimmunotherapy of lymphoma: bexxar
and zevalin,” Seminars in Nuclear Medicine, vol. 40, no. 2, pp.
122–135, 2010.

[34] M. S. Kaminski, M. Tuck, J. Estes et al., “ 131I-tositumomab
therapy as initial treatment for follicular lymphoma,” The New
England Journal of Medicine, vol. 352, no. 5, pp. 441–449, 2005.

[35] M. F. Leahy and J. H. Turner, “Radioimmunotherapy of relapsed
indolent non-Hodgkin lymphoma with 131I-rituximab in rou-
tine clinical practice: 10-year single-institution experience of
142 consecutive patients,” Blood, vol. 117, no. 1, pp. 45–52, 2011.

[36] J. H. Turner, A. A. Martindale, J. Boucek, P. G. Claringbold,
and M. F. Leahy, “ 131I-anti CD20 radioimmunotherapy of
relapsed or refractory non-Hodgkins lymphoma: a phase II
clinical trial of a nonmyeloablative dose regimen of chimeric
rituximab radiolabeled in a hospital,” Cancer Biotherapy &
Radiopharmaceuticals, vol. 18, no. 4, pp. 513–524, 2003.

[37] T. M. Illidge, M. Bayne, N. S. Brown et al., “Phase 1/2 study
of fractionated 131I-rituximab in low-grade B-cell lymphoma:
the effect of prior rituximab dosing and tumor burden on
subsequent radioimmunotherapy,” Blood, vol. 113, no. 7, pp.
1412–1421, 2009.

[38] F. Morschhauser, F. Kraeber-Bodéré, W. A. Wegener et al.,
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Because tumor cells grow rapidly and randomly, hypoxic regions arise from the lack of oxygen supply in solid tumors. Hypoxic
regions in tumors are known to be resistant to chemotherapy and radiotherapy. Hypoxia-inducible factor-1 (HIF-1) expressed in
hypoxic regions regulates the expression of genes related to tumor growth, angiogenesis, metastasis, and therapy resistance. Thus,
imaging of HIF-1-active regions in tumors is of great interest. HIF-1 activity is regulated by the expression and degradation of
its 𝛼 subunit (HIF-1𝛼), which is degraded in the proteasome under normoxic conditions, but escapes degradation under hypoxic
conditions, allowing it to activate transcription of HIF-1-target genes. Therefore, to image HIF-1-active regions, HIF-1-dependent
reporter systems and injectable probes that are degraded in a manner similar to HIF-1𝛼 have been recently developed and used in
preclinical studies. However, no probe currently used in clinical practice directly assesses HIF-1 activity.Whether the accumulation
of 18F-FDG or 18F-FMISO can be utilized as an index of HIF-1 activity has been investigated in clinical studies. In this review, the
current status of HIF-1 imaging in preclinical and clinical studies is discussed.

1. Introduction

Insufficient blood supply to a rapidly growing solid tumor
leads to hypoxia—oxygen tension that is below physiological
levels. The median value of partial oxygen pressure (pO

2
)

is reportedly 10mmHg in breast cancers but is 65mmHg
in normal breast tissue [1]. Hypoxic regions are not only
critically important in tumor physiology and treatment, but
also strongly associated with malignant progression, thera-
peutic resistance, and poor prognosis [2–4]. In such regions,
the transcription factor hypoxia-inducible factor-1 (HIF-1)
is overexpressed. HIF-1, one of the critical components of
hypoxic responses, is a master transcriptional activator of
various genes related to malignant tumor phenotypes [5–
7]. Therefore, the development of techniques to noninva-
sively detect HIF-1-active hypoxic tumor cells has received
considerable interest. Such techniques will provide useful
information that can be applied to qualitative diagnosis
of tumors and development of therapeutic strategies for
cancer.

2. HIF-1 Biology

HIF-1 is a heterodimeric transcription factor that con-
sists of 𝛼 and 𝛽 subunits (HIF-1𝛼 and HIF-1𝛽, resp.)
[8]. HIF-1𝛽 is a constitutively expressed nuclear pro-
tein; however, HIF-1𝛼 expression is regulated at both the
translational and posttranslational levels. Growth signaling
through receptor tyrosine kinases activates PI3K/Akt/mTOR
and Ras/MEK/ERK signaling pathways and increases HIF-
1𝛼 translation (Figure 1) [9–11]. In contrast, HIF-1𝛼 expres-
sion is maintained at low levels in most normoxic tis-
sues via a posttranslational regulation mechanism—oxygen-
dependent proteasomal degradation. Under normoxic con-
ditions, Pro402 and Pro564 in the HIF-1𝛼 oxygen-dependent
degradation domain (ODD) are hydroxylated by proline
hydroxylases [12–14]. The von Hippel-Lindau tumor sup-
pressor protein (pVHL) specifically recognizes these hydrox-
ylated prolines and interacts with HIF-1𝛼. pVHL forms a
complex with Elongin BC, Cul2, and Rbx1 [15], and this
complex, which acts as a ubiquitin ligase, polyubiquitinates
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Figure 1: Regulatorymechanism of hypoxia-inducible factor (HIF-1) expression. Growth factor stimulation induces HIF-1𝛼 subunit (HIF-1𝛼)
protein synthesis by activating PI3K/Akt/mTOR and Ras/MEK/ERK kinase pathways. Under normoxic conditions, HIF-1𝛼 is hydroxylated
by proline hydroxylases (PHDs), triggering its interaction between von Hippel-Lindau tumor suppressor protein (pVHL), leading to its
polyubiquitination and subsequent proteasomal degradation. In contrast, under hypoxic conditions, HIF-1𝛼 remains stable, enters the
nucleus, and, together withHIF-1𝛽, binds to hypoxia-responsive elements (HREs), upregulating the expression of target genes such as glucose
transporters (GLUTs), vascular endothelial growth factors (VEGFs), and matrix metalloproteinases (MMPs). Ub: ubiquitin.

HIF-1𝛼, leading to its degradation in the 26S proteasome
[16, 17]. However, proline residue hydroxylation does not
occur under hypoxic conditions, allowing HIF-1𝛼 to escape
degradation and move into the nucleus where it asso-
ciates with HIF-1𝛽 and exerts its transcriptional activ-
ity by binding to hypoxia-responsive elements (HREs)
(Figure 1) [18, 19]. Because HIF-1𝛽 is constitutively expressed
in the nucleus, the transcriptional activity of HIF-1 is regu-
lated by HIF-1𝛼 expression and degradation.

HIF-1𝛼 expression is reported to increase dramatically
in conditions where pO

2
is less than 6% (40mmHg) [20].

However, the pO
2
threshold values that lead to HIF-1𝛼 stabi-

lization vary among different organs [21]. Because pulmonary
cells are consistently exposed to relatively high pO

2
, the

values that these cells perceive as abnormal are relatively
high [11]. In contrast, the bone marrow is the only tissue
that expresses HIF-1𝛼 protein under normal physiologi-
cal conditions [22]. Therefore, HIF-1𝛼 is stably present in
“biologically hypoxic regions,” where the tissues and/or cells
themselves sense oxygen deficiency. These regions do not
coincide completely with “physically hypoxic regions,” where
pO
2
is less than 10mmHg. Thus, HIF-1-dependent probes

or reporter systems are required to directly visualize HIF-1-
active hypoxic regions.

3. Monitoring HIF-1 Activity In Vivo by Using
HIF-1-Dependent Reporter Gene Imaging

For the first time, nuclear medical molecular imaging of HIF-
1 activity in vivohas been performedusing aHIF-1-dependent

reporter system. In the field of molecular biology, reporter
systems are commonly used to monitor the expression of
a gene of interest. To directly monitor HIF-1 activity, cell
lines that stably contain a reporter gene suitable for in vivo
imaging downstream of HRE repeats have been established.
When implanted into animals, these cells express the reporter
protein in a HIF-1-dependent manner, and the amount
of reporter protein expression can be measured using a
molecular probe that binds to or is metabolized by these
proteins.

Serganova et al. [23] and Wen et al. [24] performed
positron emission tomography (PET) imaging to detect
HIF-1 activity in tumors, using herpes simplex virus type
1 thymidine kinase (HSV1-TK) as a reporter gene; a PET
reporter of in vivo gene expression has been widely used
[25, 26]. Although endogenous TKs are normally present in
mammalian cells, their substrate specificity differs from that
of HSV-1TK. Because HSV1-TK has broader specificity than
mammalian TKs, a probe that is selectively phosphorylated
by viral TKs can be used to visualize HSV1-TK expression
[27]. Serganova et al. [23] constructed a retroviral vector
bearing the HRE-HSV1-TK reporter gene and transfected
it into C6 glioma cells. The reporter system showed that
dose-dependent patterns in the temporal dynamics of
HIF-1 transcriptional activity were induced by decreased
pO
2
. PET imaging using 2-[18F]fluoro-2-deoxy-1𝛽-d-

arabinofuranosyl-5-ethyl-uracil (18F-FEAU), a radioactive
probe selectively metabolized and retained in HSV1-TK-
expressing cells, clearly visualized tumors. The spatial
heterogeneity of HIF-1 transcriptional activity as a function
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of tumor size was shown in a study of reporter xenografts
in mice. With increasing tumor diameter (>3mm), HIF-1
transcriptional activity markedly increased in the tumor core
regions. This marked one of the earliest successes in nuclear
medical molecular imaging for HIF-1 activity in vivo. Since
then, several approaches for noninvasive imaging of HIF-1
activity have been reported, including those using different
combinations of reporter genes and radiolabeled probes
such as sodium-iodide symporter and 99mTc-pertechnetate
[28], glycosylphosphatidylinositol-anchored avidin and
67Ga-DOTA-biotin [29], and HSV1-TK and 9-(4-[18F]fluoro-
3-hydroxymethyl-butyl)guanine (18F-FHBG) [30]. Brader
et al. [31] constructed RH7777Morris hepatoma cells bearing
a triple reporter gene (HRE-HSV1-TK/green fluorescent
protein/firefly luciferase) and prepared an orthotopic liver
tumormodel.They performed 18F-FEAU-PET and luciferase
bioluminescence imaging and succeeded in hypoxia-driven
reporter imaging using both techniques.

HIF-1-dependent reporter systems are also useful
for comparing HIF-1 activity and exogenous markers of
tumor hypoxia. Wen et al. [24] generated rat prostate
adenocarcinoma cells containing HRE-HSV1-TK fused
to enhanced green fluorescent protein as a reporter. PET
imaging was performed using 2-fluoro-2-deoxy-1𝛽-d-
arabinofuranosyl-5-[124I]iodouracil (124I-FIAU), and the
distributions of 124I-FIAU and the exogenous hypoxic
cell marker [18F]fluoromisonidazole (18F-FMISO) were
compared. 124I-FIAU PET imaging of hypoxia-induced
reporter gene expression was feasible, and the intratumoral
distributions of 124I-FIAU and 18F-FMISO were similar.
Similar results were obtained for human colorectal HT29
cancer cells bearing the same reporter system [32]. However,
no significant correlation between the 18F-FMISO PET and
HIF-1-dependent reporter readouts has also been reported
[33]. The reasons for the discrepancy between these findings
remain unclear and warrant further investigation. Notably,
these described reporter systems did not include the ODD in
the expressed reporter proteins. The degradation of HIF-1𝛼
is reported to occur within a few minutes under normoxic
conditions [34]. Thus, although reporter protein expression
was regulated by HIF-1, it is necessary to acknowledge that
the reporter proteins may not necessarily reflect real-time
HIF-1 activity once the expression was completed.

4. Molecular Imaging of HIF-1-Active Tumor
Microenvironments by Using Probes with
Oxygen-Dependent Degradation

HIF-1-dependent reporter imaging systems are excellent
tools not only for obtaining spatiotemporal information
regarding HIF-1 expression, but also for evaluating
the effectiveness of hypoxia-targeting therapies in vivo.
However, these systems require exogenous gene transfection
and are difficult to apply to humans. To overcome this
limitation, a number of injectable probes containing ODD
that degrade in an oxygen-dependent manner have been
developed [35–41].
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Specific imaging

Hypoxic tissue

Clearance

(123I-IPOS)

Protein transduction domain (PTD)

Streptavidin (SAV)

Oxygen-dependent degradation domain (ODD)

Radiolabeled biotin (123I-IBB)

Figure 2: Principle underlying the imaging of HIF-1-active tumor
microenvironments, using 123I -IPOS. The PTD enables 123I-IPOS
to be delivered to all tissues. In normoxic tissues, oxygen-dependent
POS degradation occurs and 123I-IBB loses its binding partner
and is cleared. In contrast, in hypoxic tissues, 123I-IPOS escapes
degradation and is retained within cells owing to its molecular size.
Thus, 123I-IPOS allows for specific imaging of HIF-1-active hypoxic
microenvironments.

4.1. Chimeric Fusion Protein Probes Containing Oxygen-
Dependent Degradation Domains. To design a probe that
degraded in a manner similar to HIF-1𝛼, Kudo et al. [35]
selected HIF-1𝛼

548–603, the region of ODD that is essential for
oxygen-dependent degradation [42], as the core structure of
the probe. An amino acid sequence that increases cell mem-
brane permeability—the protein transduction domain (PTD)
[43]—was included in the probe to facilitate its transport into
cells. PTD-ODDwas fused tomonomeric streptavidin (SAV),
generating the chimeric protein PTD-ODD-SAV (POS). POS
was then labeled with the radioiodinated biotin derivative
(3-[123I]iodobenzoyl)norbiotinamide (123I-IBB) to produce
123I-IBB-POS (123I-IPOS) [35]. The principle behind the
imaging ofHIF-1-active hypoxicmicroenvironments by using
123I-IPOS is outlined schematically in Figure 2.
125I-IPOS showed more than 2-fold greater accumula-

tion in cells incubated under hypoxic conditions (0.1% O
2
)

than under normoxic conditions (20% O
2
). Size-exclusion

high-performance liquid chromatography (HPLC) analysis
revealed thatmore than 80% of intracellular radioactivity was
derived from intact 125I-IPOS in the hypoxic cells. Reoxy-
genation analysis showed that the intracellular radioactivity
of the reoxygenated group decreased by approximately 40%,
compared to that under hypoxic conditions, and the radioac-
tivity excreted into the medium were mostly attributable
to 125I-IBB and other small molecules [35]. These findings
suggest that 125I-IPOS is stable under hypoxic conditions but
is degraded under normoxic conditions and that 125I-IBB
is excreted from cells. Biodistribution analysis showed that
radioactivity accumulation in tumors 24 h after 125I-IPOS
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administration was 1.4 ± 0.3% of the injected dose per gram
of tissue, and the tumor-to-blood ratio, which serves as an
index of favorable image contrast, was 5.1. Forty-eight hours
after 125I-IPOS administration, radioactivity in the tumor
decreased, but the tumor-to-blood ratio increased [35].
Single-photon emission computed tomography (SPECT)/X-
ray computed tomography imaging with 125I-IPOS clearly
visualized the tumors. Autoradiographic study showed that
the intratumoral distribution of 125I-IPOS is heterogeneous
and corresponds to HIF-1𝛼-positive regions detected using
immunostaining [38]. Moreover, a positive and significant
correlation was observed between 125I-IPOS accumulation
and HIF-1-dependent luciferase bioluminescent signals in
the identical tumor [35]. These findings indicate that 123I-
IPOS is a promising probe for imaging HIF-1-active hypoxic
microenvironments in tumors.

4.2. Rapid Detection of HIF-1-Active Tumor Microenviron-
ments by Using POS: A Pretargeting Approach. Although PET
is used less widely than SPECT in nuclear medical molecular
imaging, it allows for higher sensitivity and resolution, as
well as high-quality quantitative imaging.Thus, PET imaging
of HIF-1-active tumors can provide precise information
for determining appropriate therapeutic strategies and
predicting prognoses of patients. Fluorine-18 is one of the
most widely used radionuclides for PET imaging because
of its ease of production, low positron energy, and adequate
half-life (110min). However, the half-life is too short to obtain
signals 24 h after administration, at which time clear images
can be obtained using 123I-IPOS. Therefore, development
of an imaging procedure that can be used to obtain high-
contrast images during the early period after administration
is required for successful PET imaging using 18F.

A pretargeting approach uses a combination of tumor-
targeting molecules and the prompt clearance of small
radioactive compounds from the blood. One advantage of
this method is that it can provide a high target: nontarget
organ ratios shortly after injection. Therefore, we utilized
a pretargeting approach based on the high-affinity and
specific interaction between SAV and biotin for the PET
imaging of HIF-1-active tumor microenvironments. The
underlying principle of pretargeted imaging of HIF-1-
active hypoxic microenvironments by using POS and
(4-[18F]fluorobenzoyl)norbiotinamide (18F-FBB) is outlined
schematically in Figure 3.

Conjugation of N-succinimidyl-4-[18F]fluorobenzoate
and norbiotinamine yielded 18F-FBB, with a total synthesis
time of 150min, radiochemical yield of 23%, and radiochem-
ical purity of >95%. An in vitro binding assay confirmed that
18F-FBB bound to the SAV moiety of POS. Biodistribution
analysis showed that 18F-FBB was rapidly cleared from the
body without POS pretargeting. The tumor-to-blood and
tumor-to-muscle ratios were <1 at all investigated time
points, indicating that 18F-FBB itself does not show tumor
accumulation. In contrast, 18F-FBB accumulated in tumors
in POS-pretargeted mice. 18F-FBB was able to enter the
tumor cells by passive diffusion owing to its lipophilicity

Protein transduction domain (PTD)

Streptavidin (SAV)

Oxygen-dependent degradation domain (ODD)

Normoxic tissue

Stabilization

Degradation

Specific imaging

Hypoxic tissue

Radiolabeled biotin (18F-FBB)

(POS)

Figure 3: Principle underlying the imaging of HIF-1-active tumor
microenvironments, using pretargeted POS and 18F-FBB. The PTD
enables the delivery of POS to all tissues. In normoxic tissues, POS
degrades in a manner similar to HIF-1𝛼. In contrast, in hypoxic
tissues, POS escapes degradation and is retained inside the cells.
After allowing sufficient time for POS to degrade in normal tissues,
18F-FBB is administered. 18F-FBB enters cells by passive diffusion
and binds to the SAV moiety of the POS retained in hypoxic cells;
this does not occur in normoxic tissues.Therefore, pretargeting POS
followed by 18F-FBB administration enables specific imaging ofHIF-
1-active hypoxic microenvironments.

and bind to POS retained in tumor cells. Both tumor-to-
blood and tumor-to-muscle radioactivity ratios increased
over time [37]. Tumor-to-blood ratios comparable to those
at 24 h after 123I-IPOS administration can be obtained within
3 h of 18F-FBB administration by using the pretargeting
method. Pretreatment with excessive d-biotin significantly
inhibited 18F-FBB accumulation in POS-pretargeted tumors.
Size-exclusion HPLC analyses revealed that 80% of intratu-
moral radioactivity is attributable to macromolecules. Taken
together, these findings show that 18F-FBB binds to POS in
vivo, and PET imaging clearly delineated tumors within 3 h
after injecting 18F-FBB into POS-pretargetedmice.Therefore,
the pretargeting approachmakes it possible to reduce the time
taken from probe administration to image acquisition by 8-
fold, allowing imaging to be performed within the half-life
of 18F. In mice with tumors that had been transfected with a
HIF-1-dependent luciferase reporter gene, 18F-FBB accumu-
lation positively correlated with HIF-1-dependent luciferase
bioluminescent signals. The 18F-FBB-distributed areas were
consistent with HIF-1𝛼-positive areas in tumors pretargeted
with POS [37].Thus, these findings demonstrate that 18F-FBB
accumulation in the POS-pretargeted tumors reflects HIF-1-
activity and the pretargeting approach with POS and 18F-FBB
is suitable for rapid imaging of HIF-1-active tumors.

4.3. Peptide Probes Containing Essential Amino Acids for
Oxygen-Dependent Degradation. POS is a 34 kDa protein
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generated in Escherichia coli. Although promising results
for the imaging of HIF-1-active tumor microenvironments
were obtained, as described above, clinical applications
are limited by the possibility of immunogenicity. Pep-
tide probes or small molecules are favorable for clinical
applications because they can be easily synthesized with
high purity and show no immunogenicity. Our research
group succeeded in developing a peptide-based imaging
probe that is degraded in a manner similar to HIF-1𝛼
[41].

Based on the degradation mechanism of HIF-1𝛼, we
selected HIF-1𝛼

547–574 as the basic structure for the oxygen-
sensitive peptide probe. For site-specific radiolabeling, a
glycyl cysteine was introduced into the C-terminal of the
HIF-1𝛼

547–574 scaffold, yielding a peptide named OP30. OP30
was degraded when incubated with HeLa cell lysates but was
unable to penetrate cell membranes. Thus, to increase its
membrane permeability, the nine 𝑁-terminal amino acids
of OP30 were replaced by l-lysine or d-lysine, producing
peptides KOP30 and DKOP30, respectively. As expected,
these modified peptides were also degraded in HeLa cell
lysates and accumulated in the tumor cells. Degradation
was inhibited by the addition of a proteasome inhibitor.
Furthermore, by replacing the proline residues in KOP30
and DKOP30 that are essential for oxygen-dependent degra-
dation with L-alanine, the resulting peptides (mKOP30 and
mDKOP30, resp.,) were not degraded in HeLa cell lysates.
Taken together, these results indicate that the proline residues
and proteasome function are required for the degradation
of KOP30 and DKOP30, similar to HIF-1𝛼. Biodistribution
analysis showed that 125I-DKOP30 had better tumor accumu-
lation and tumor-to-blood ratio than 125I-KOP30. Therefore,
we performed an additional study using 123/125I-DKOP30.
Tumors were visualized clearly by planar imaging using
123I-DKOP30, and autoradiographic studies showed that the
intratumoral distribution of 125I-DKOP30 was consistent
with the HIF-1𝛼-positive areas detected using immunohis-
tochemical staining. Moreover, a positive and significant
correlation was observed between 125I-DKOP30 accumula-
tion and HIF-1-dependent luciferase bioluminescent signals
within the same tumor, whereas no correlation between 125I-
mDKOP30 accumulation and bioluminescent signals was
observed. These findings indicate that 123I-DKOP30 is a
useful peptide probe for imaging HIF-1-active tumors.

Because many peptide probes have already been used in
PET/SPECT imaging in humans [44–46], 123I-DKOP30 has
the most potential probe for imaging HIF-1-active tumors
in clinical settings so far. Using planar imaging, the accu-
mulation of 123I-DKOP30 in tumors was found to be higher
than the background radioactivity in the cervicofacial and
thoracic regions; therefore, it is possible to detect HIF-1
activity in the head and neck, breast, and lung cancers. How-
ever, the high background radioactivity in the abdominal
region would hamper the imaging of HIF-1-active abdom-
inal tumors. To overcome this issue, a probe that demon-
strates greater accumulation in tumors and/or faster clear-
ance from blood and normal abdominal organs should be
developed.

5. Molecular Imaging of HIF-1-Active Tumor
Microenvironments in Clinical Practice

No probes currently used in clinical practice can directly
detect HIF-1 activity. As described in Section 2, pO

2
values

at which HIF-1𝛼 is stable differ between organs. Thus,
in principle, probes targeting physically hypoxic regions
(pO
2
of ≤10mmHg) are not suitable for the detection of HIF-

1 expression or activity because the mechanisms underlying
their hypoxic accumulation are independent of HIF-1 expres-
sion. However, HIF-1𝛼-positive regions reportedly overlap
with pimonidazole-adducted regions in tumors. Although
microscopic observation has shown that unmatched
regions also exist [47, 48], the spatial resolution of nuclear
medical imaging is not sufficiently high to distinguish these
unmatched regions in vivo. Therefore, HIF-1 activity could
potentially be evaluated indirectly by using probes targeting
physically hypoxic regions. In fact, a number of clinical stud-
ies have been performed recently to evaluateHIF-1 expression
in areas of [18F]fluoromisonidazole (18F-FMISO) or 2-deoxy-
2-[18F]fluoro-d-glucose (18F-FDG) accumulation; however,
the obtained results have been discrepant. Furthermore, it
should be noted that neither 18F-FMISO nor 18F-FDG can be
used to evaluate directly the HIF-1 activity, even if the probe
accumulation is correlated with HIF-1 activity.

5.1. 18F-FMISO and Its Derivatives. Sato et al. [49] examined
the relationship between 18F-FMISO PET results and HIF-
1𝛼 expression in patients with oral squamous cell carci-
noma (OSCC). The maximum standardized uptake value
(SUVmax) of 18F-FMISO PET was significantly higher in
HIF-1𝛼-positive patients than in those negative for HIF-
1𝛼. The authors concluded that 18F-FMISO uptake into the
primary site of OSCC indicates the presence of a HIF-
1𝛼-positive hypoxic environment. Kawai et al. [50] evalu-
ated the correlations between 18F-FMISO uptake, HIF-1𝛼
expression, and expression of vascular endothelial growth
factor (VEGF), a HIF-1 target gene, in newly diagnosed
and recurrent malignant gliomas. In contrast to the findings
reported by Sato et al. [49], HIF-1𝛼 expression in the tumors
did not correlate with 18F-FMISO uptake in either newly
diagnosed or recurrent glioma patients. A significant but
weak correlation between VEGF expression and 18F-FMISO
uptake was observed in newly diagnosed glioma patients, but
not in those with recurrent glioma. Hu et al. [51] investigated
the relationship between [18F]fluoroerythronitroimidazole
(18F-FETNIM) uptake and expression of HIF-1𝛼, VEGF, and
glucose transporter 1 (GLUT-1) in nonsmall cell lung cancer.
A positive correlation existed between the tumor-to-muscle
ratio of 18F-FETNIMand the expression of each of theseHIF-
1𝛼 targets.

5.2. 18F-FDG. Sato et al. [49] examined the relationship
between the SUVmax of 18F-FDG and HIF-1𝛼 expression
in OSCC, and no significant correlation was observed. This
finding is in accordance with that reported by Cheng et al.
[52] who found no correlation between 18F-FDG uptake
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and HIF-1𝛼 expression in breast cancer patients. Conversely,
Takebayashi et al. [53] investigated the relationship between
the SUVmax of 18F-FDG, HIF-1𝛼 expression, and GLUT-1
expression in gastric cancer patients. The SUVmax was
correlated with HIF-1𝛼 expression, but, interestingly, not
with GLUT-1 expression. In this case, 18F-FDG accumulation
could indicate tissue hypoxia rather than glucose transport
activity in aggressive cancer growths.

6. Conclusion

In this paper, the current status of nuclear medical molecular
imaging strategies for HIF-1-active tumor microenviron-
ments was discussed. At the preclinical level, HIF-1 activ-
ity has been directly evaluated by using HIF-1-dependent
reporter systems and injectable probes that degrade in a
manner similar to HIF-1𝛼. However, these techniques have
not yet been applied clinically. At the clinical level, whether
the accumulation of 18F-FDG or 18F-FMISO can be utilized
as an index of HIF-1 activity has been investigated but results
obtained in these studies varied substantially. To address this
issue, the development of radiolabeled probes that directly
evaluate HIF-1 activity in humans is required.
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In early drug development advanced imaging techniques can help with progressing new molecular entities (NME) to subsequent
phases of drug development and thus reduce attrition. However, several organizational, operational, and regulatory hurdles pose
a significant barrier, potentially limiting the impact these techniques can have on modern drug development. Positron emission
tomography (PET) of radiolabelled NME is arguably the best example of a complex technique with a potential to deliver unique
decision-making data in small cohorts of subjects. However, to realise this potential the impediments to timely inclusion of PET
into the drug development process must be overcome. In the present paper, we discuss the value of PET imaging with radiolabelled
NME during early anticancer drug development, as exemplified with one such NME. We outline the multiple hurdles and propose
options on how to streamline the organizational steps for future studies.

1. Background

Access to and achieving therapeutic drug levels in the target
tissue are a basic prerequisite for the successful development
of a new molecular entity (NME). Conventionally, in drug
development, plasma drug pharmacokinetics supplemented
by preclinical data relating plasma to tissue pharmacokinetics
is used as surrogate for target pharmacokinetics. However,
increased realisation about interspecies differences and vari-
able drug access in tumours and in sanctuary tissue sites,
such as the brain, has led to the exploration of other methods
that can provide confidence in tissue drug biodistribution and
kinetics. One methodology that can provide such supportive
information noninvasively is positron emission tomography
(PET) imaging of radiolabelled NMEs. Radiolabelling of
NME with a positron-emitting radionuclide to enable imag-
ing does not change its biochemical properties and allows
quantification of the NME at picomolar levels in vivo in
tissue [1]. PET imaging continues to be used broadly in

neurosciences to evaluate drug access to the target during
early stages of clinical development [2, 3]. In oncology, PET
imaging studies can provide valuable information on drug
access to tumour tissue, which can be affected by a number
of factors such as the P-glycoprotein (PgP) and breast cancer
resistance protein (BCRP) [4, 5] drug efflux mechanisms
and aberrant tumour vasculature [6] (Table 1). Despite this
valuable tool, there have been no prospective studies which
used PET imaging for early decision-making in oncology
trials. Consequently, the full potential of such studies had not
been fully harnessed.

NMEs can be radiolabelled with short-lived positron-
emitting radioisotopes (e.g., carbon-11, half-life 20mins;
Fluorine-18, half-life 119mins) or with longer half-lives (e.g.,
Zirconium-89, half-life 3.3 days; Iodine-124, half-life 100
hours). Since the longer half-life of Zirconium-89 (89Zr) and
Iodine-124 (124I) matches the circulation half-lives of mono-
clonal antibodies (mAbs), theses isotopes have been used in
the radiolabelling and evaluation of mAbs (Immuno-PET).
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Table 1: Examples of some the clinical PET biodistribution studies performed with radiolabelled anticancer agents.

Drug References
5-Fluorouracil [10, 11]
Temozolomide [12, 13]
N-[(2-dimethylamino)ethyl]acridine-4-carboxamide (XR5000) [14, 15]
Antisense oligonucleotide to Survivin (LY2181308) [16, 17]
Docetaxel [18]
Paclitaxel [19]
Lapatinib [20]
Erlotinib [21–23]
Anti-CD44v6 chimeric monoclonal antibody, U36 [24]
Trastuzumab [25, 26]
Some radiolabelled molecular entities under evaluation in ongoing imaging studies (NIH trial database)
[89Zr]-Bevacizumab, [89Zr]-RO5323441 (placental growth factor antibody), [18F]-SKI-249380 (dasatinib derivative), [124I]-PUH71,
MMOT0530A (a monoclonal antibody), [18F]-Paclitaxel, [11C]-Erlotinib, and [89Zr]-Cetuximab

Crucial developments including commercial availability of
89Zr and 124I, development and implementation of simplified
radiolabelling techniques, and availability of radiolabelling
protocols have allowed broad-scale clinical application of
89Zr- and 124I-immuno-PET in clinical mAb development
studies [7]. However, such radiolabelling methods are not
suited for other NMEs, which require development of
molecule-specific radiochemistry. Moreover, the higher radi-
ation doses associated with longer-lived PET radioisotopes
limit its use in healthy volunteers and in performing repeat
scans in the same subject.

In this paper, we have specifically focused on imaging
studies of NMEs radiolabelledwith short-lived radioisotopes.
We will discuss the barriers in the implementation of PET
studies, which currently limit the value of this tool. Using
an example, we outline the logistics involved in conducting
such studies. Finally, we propose ways to overcome potential
barriers to streamline the performance of PET imaging
studies with a particular emphasis on the conduct of such
studies in the United Kingdom (UK).

2. PET Imaging Studies with Radiolabelled
NMEs Are Ethically Justified and Provide
Potential Savings in Drug Development

Because approximately 92% of oncology NMEs will not be
approved [8], hundreds of patients receive limited or no
additional benefit from participating in trials with NMEs.
Incorporation of PET imaging studies in proof of concept
studies, such as First-in-Human Dose (FHD) studies, is
therefore a way to reduce attrition and is ethically justified,
because it may help exclude ineffective NMEs early. As only
8% of oncology drugs reach the market, there has been an
impetus to reduce late phase attrition by performing early
proof of concept studies [9]. Typically phase I FHD studies
are about a tenth (∼£ 10m) as expensive of a phase III study
(∼£ 100m) [8]. Therefore, if PET studies are able to support a
futility decision on aNME in a phase I proof of concept study,

it will allow the drug developer to shift focus to other active
NMEs. In the experience of the authors, the additional cost of
a typical PET study in 6 to 10 patients including development
of radiochemical synthesis methods, regulatory approvals,
and data analysis can range between £ 0.5 and 1 million. Such
studies may also reduce the number of subjects needed in a
FHD study and thus offset the costs of the imaging study. All
of the above may potentially lead to increased efficiency in
drug development and lead to a significant reduction in the
costs of drug development.

3. Pharmacological Information Obtained
from Clinical PET Studies

PET is a highly sensitive technology allowing the quantifi-
cation of picomolar tissue levels, thereby enabling studies to
be performed at microdoses of the NME, typically defined
as 1–100 𝜇g or <1/100 of the therapeutic dose. For instance,
microdose studies with the radiolabelled topoisomerases I
and II inhibitor, DACA, and [11C]DACA were performed
at 1/1000th of the phase I starting dose [14], a significant
advantage during early drug development. PET studies with
radiolabelled NMEs can provide information on drug phar-
macology and are especially valuable where standard phar-
macokinetic evaluation cannot be extrapolated from plasma
pharmacokinetic profile of the NME (e.g., brain). They can
also provide key information on the drug pharmacokinetics
when the NME has a complex structure and there is an
uncertainty about the pharmacokinetic profile and its impact
on the target site (e.g., antisense oligonucleotide; ASO). In
the following we show the primary benefits of using PET.
A potential caveat with PET pharmacokinetic studies with
agents administered orally may result due to differences in
bioavailability as PET studies are conducted with intravenous
administration of the radiolabelled NME.

3.1. Direct Evidence of Drug Access to Tumour Tissue.
PET studies can provide direct evidence of drug access
to target and the relative uptake in tumours compared to
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normal tissue. PET studies with radiolabelled temozolo-
mide ([11C]temozolomide) performed during early devel-
opment demonstrated higher uptake of [11C]temozolomide
in gliomas compared to normal brain tissue suggestive of
a potentially advantageous therapeutic index [12]; currently,
temozolomide is an approved and frequently used agent in
the routine management of brain tumours.

3.2. Access to Sanctuary Sites. In contrast to brain tumours or
metastases wherein the blood-brain-barrier is generally dis-
rupted, drug access to normal brain remains a challenge.This
is particularly an issue for monoclonal antibodies because
their size does not allow them to cross an intact blood-
brain-barrier and thereby fail to prevent CNS recurrences
[27]. Although small molecules may have improved brain
access due to their lower molecular weight, a number of
factors influence the penetration of small molecules to the
brain, such as lipophilicity, electric charge, affinity to active
transport systems, or being a substrate compound for drug
efflux mechanisms [28, 29]. Since there are limited models
able to predict blood-brain-barrier penetration, a clinical
PET study can provide direct confirmation. For example,
a recent study of radiolabelled lapatinib, a small molecule
targeting Her-1 and Her-2 tyrosine kinase, suggested that the
drug did not cross an intact blood-brain-barrier [20]. Such
an imaging study in small number of subjects can provide
important insights into the lack of access to a sanctuary site,
such as the brain, and thus avoid an expensive large trial or
help design an appropriate confirmatory clinical study.

3.3. Evidence of Target Engagement and Drug Activity. Target
engagement is crucial with the arrival of novel cytostatic
and targeted agents especially since conventional structural
imaging methods may not show a decrease in tumour size
despite target engagement. For instance, target engagement of
the anticancer agent LY2181308 as evidenced by the biodistri-
bution of [11C]LY2181308 in tumours was proven through an
associated decrease in tumour glucose metabolismmeasured
by FDG-PET uptake [16]. Such direct and early evidence of
target engagement could not have been substantiated in the
absence of a decrease in tumour size on CT readout [16].
While PET studies using an appropriate pharmacodynamic
radiotracer can provide an early readout of target engage-
ment, they can also suggest resistance and/or sensitivity
mechanisms, that is, discrepancy between tumour uptake
and response to treatment. Other PET pharmacodynamic
(PD) markers assess glucose metabolism (FDG), prolif-
eration (Fluorothymidine), perfusion (water), angiogenesis
(Fluciclatide) and hypoxia (fluoromisonidazole, HX4). The
appropriate use of such a PET PD biomarker is based on the
biology of the drug action and its presumed target.

3.4. Target Engagement for Patient Stratification. Poten-
tial differences in tumour phenotypic expression may be
exploited to help stratify and in personalisation of ther-
apy as elegantly exemplified by clinical PET studies with
[11C]erlotinib, a tyrosine kinase inhibitor of epidermal
growth factor receptor (EGFR). In patients with nonsmall

cell lung cancer, higher uptake of [11C]erlotinib was observed
in patients with exon 19 mutations compared to patients
with wild type EGFR expression, potentially allowing for
personalisation of therapy [21, 22]. There is an increasing
interest in the radiolabelling tyrosine kinase inhibitor (TKI)
to aid their clinical development as shown by studies with 7
of the 12 FDA-approved TKIs [30]. cMET is a protooncogene
that encodes a protein known as hepatocyte growth factor
receptor, whose abnormal activation in cancer correlates with
poor prognosis. A cMET imaging radioligand is also under
development that may be used to potentially identify cMET
positive tumours prior to administration of a cMET inhibitor
[31].

3.5. Indication of Normal Tissue Toxicity. PET studies can
also provide crucial information on the differential uptake
of the NME and its radiolabelled metabolites in various
tissue organs. Although the presence of increased drug
concentrations in normal tissue do not necessarily signify
specific tissue toxicities, increased uptake, and retention in
tissues such as the cardiac muscle, renal cortex, or the
presence of enterohepatic circulation of radioactivity may
alert to the need of a vigorousmonitoring andmanagement of
potential normal tissue toxicities during drug development.
Microdosing clinical studies with [11C]DACA, a drug that
did not progress beyond phase II studies, demonstrated
drug accumulation in the heart suggestive of a potential
cardiotoxicity risk, which in the later phase II studies was
fortunately not observed [32–34].

3.6. Drug Scheduling. PET studiesmay potentially help in the
optimisation of drug scheduling strategies that are intended
to maximize drug levels/exposure to the target tissue, while
limiting exposure to healthy organs. Such studies can be con-
ducted either during early or late drug development stages.
By applying mathematical techniques to PET studies with
[11C]temozolomide, it was possible to predict brain tumour
and normal tissue temozolomide concentration profiles for
different temozolomide dosing regimens [13]. This study
suggested that the predicted biodistribution of temozolomide
in tumour was better for the 200mg/m2/day for 5 days q 28
days regimen compared to 100mg/m2/day for 5 days q 28 days
and 75mg/m2/day for 7 weeks regimens, a finding consistent
with current clinical practice.

3.7. Utility of PET Biodistribution Studies in Later Phase
Clinical Development. Although in this paper we primar-
ily focused on the utility of PET imaging in FHD or
early proof of concept studies, information provided from
such studies can also be helpful in later phase trials, in
order to interrogate drug combinations, novel-novel-drug
testing, schedule modification, and repositioning of the
compound. Some of these studies are currently under way
(Table 1).
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4. Implementation Challenges for PET
Imaging Exemplified by the FHD Study
with Antisense Oligonucleotide (ASO)
(LY2181308) Targeting the Apoptosis
Inhibitor Protein Survivin

Having discussed the potential advantages of performing
PET studies with radiolabelled NMEs in FHD studies, we
shall now provide an overview of one such study illustrating
the challenges during early cancer drug development. This
is one of the few examples of an imaging study with a
radiolabelled NME which was prospectively integrated in a
FHD study [16].

4.1. Study Genesis and Aims. The compound, LY2181308 (Eli
Lilly and Company), was radiolabelled because there was
uncertainty onwhether such anASOwould reach the tumour
tissue. For such a biodistribution study, there were several
advantages for an ASO and in particular for LY2181308:
(a) the pharmacokinetics of the agent allowed a nearly full
extrapolation from animals to humans [17]; (b) the manufac-
turing was well controlled with few impurities. Importantly,
at the time of conception, there was neither pharmacokinetic
nor biodistribution study data for any ASO performed
in cancer patients; consequently additional information on
distribution of the ASO to the tumour was needed prior to
moving the NME into the next phase of clinical development.
Therefore, normal tissue and tumour pharmacokinetics of
this NMEwas determined and its antitumour effect in cancer
patients was assessed.

4.2. Operational Setup and Study Organisation. Broadly, the
process consisted of 3 main tasks (a) development of radi-
olabelling conditions to non-Good Manufacturing Practice
(non-GMP) standards and performance of preclinical radia-
tion dosimetry, (b) transfer of non-GMP radiochemistry to
GMP standard, tracer validation for clinical use, and submis-
sion of a dossier detailing radiochemical manufacturing and
quality control processes to theUKMedicines andHealthcare
Regulatory Agency (MHRA) for approval, and (c) submis-
sion of the clinical study documents to the independent
Research Ethics Committee (REC) and the Administration
of Radioactive Substances Committee (ARSAC) for approval
to conduct the study in cancer patients. This required mul-
tidisciplinary and multi-institutional collaborations between
the Early Oncology Clinical Investigation Division at Eli
Lilly and Company, the sponsor and owner of LY2181308,
and the University of Washington, St. Louis, MO, USA
(UW) for development of non-GMP radiochemistry and
the University of Manchester Wolfson Molecular Imaging
Centre, Manchester, UK (WMIC), for implementation of
GMP radiochemistry and conducting the clinical study.

The initial step to perform feasibility evaluation of
radiosynthesis of [11C]LY2181308 and development of non-
GMP production at UW took over 15 months. The time
period for this step is variable and will depend on the ease
of introduction of the PET isotope. The synthetic route to
label the NME often differs from that of the corresponding

unlabelled drug since the short half-life of the isotope
requires the radioisotope to be introduced as part of the final
synthetic step. This means both precursor for labelling and
the radiotracer may require development of their respective
preparation route. Dosimetry studies were then conducted
in nonhuman primates to estimate the human radiation
effective dose [35]. Following this, technology transfer of
the methods to WMIC was undertaken for implementation
of GMP radiochemistry. Implementation of GMP radio-
chemistry and performance of validation runs were done to
confirm the manufacturing and quality control processes of
the tracer in accordance with the approved EU regulations.
Validation runs were performed to ensure that the impurities
and additives in the end-product were within acceptable
levels for human administration and confirmed the sterility
of the formulated [11C]LY2181308 doses produced. Although
the formulated [11C]LY2181308 was going to be given to
patients participating in the concurrent FHD study, the
radioactive form of [11C]LY2181308 required a separate and
updated Investigational Medicinal Product Dossier (IMPD)
for this substudy of the FHD.This requirement was based on
the fact that [11C]LY2181308 was prepared and formulated in
a different way than the authorised drug product for the con-
current FHD study. The IMPD therefore included updates to
the Chemistry, Manufacturing and Control (CMC) section.
Medical sections had to also be updated in the IMPD for the
FHD study to justify the PET biodistribution study.

4.3. Study Hurdles. A number of considerable delays were
encountered as this was the first of its kind study at that
time (2005-2006) after introduction of the new regulatory
processes emanating from the EU clinical trial directive. The
major delay related to compiling adequate and sometimes
novel documentation for regulatory review. In the light of
new guidelines by the European Medicines Agency (EMEA)
(EMEA 2006; [36]), a formal site inspection for assessing the
manufacturing and production of the radiolabeled agent was
performed by the UK Medicines and Healthcare products
Regulatory Agency (MHRA) which added to the timelines.
In parallel to the MHRA submissions other regulatory sub-
missions to the Research Ethics Committee (REC) and the
Administration of Radioactive Substances Advisory Com-
mittee (ARSAC) were made. Delays were also encountered
with ethics approval as there were concerns about adminis-
tration of radioactivity and the REC was unfamiliar with this
type of study. Overall, the time from early radiochemistry
work and dosimetry studies to the initiation of the clinical
study took about 3 years (Figure 1).

4.4. Scientific Information Provided by the Study. Despite the
long wait, this study provided valuable information, demon-
strating rapid biodistribution of the radiopharmaceutical in
tissues (including the tumour), an unanticipated but positive
finding. In addition, greater than anticipated accumulation
of [11C]LY2181308 was observed in the cortex of kidneys, a
finding that differed from the preclinical data. Consequently,
there was concern about ASO-related renal toxicity and
this directed adequate monitoring strategies for phase II
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Figure 1: Summary of timelines and procedures performed in the PET biodistribution study of the ASO LY2181308 in relation to the FHD
study (a). (b) Is proposed flowchart of future streamlined timelines of PET biodistribution studies in relation to FHD oncology studies with
NMEs.

studies. Incidentally, the FHD study with LY2181308 [16, 17]
included a patient in which the possible renal toxicity was of
concern [37]; fortunately, this grade 2 toxicity was not dose-
limiting and reversible. This unexpected finding during the
biodistribution study shows another advantage of conducting
such biodistribution studies early in drug development,
because it detected an otherwise unappreciated toxicity risk.
This study also demonstrated a decrease in tumour glucose
metabolism as observed by a decrease in FDG-PET uptake,
while simultaneously the target engagement was evaluated.

Complementing the otherwise favourable safety profile, this
concomitant tumour response and target engagement justi-
fied the advancement of LY2181308 into phase II development
[38–40].

5. Current Outlook and Future Considerations

Early drug development is a dynamic process with a focus
on timelines to ensure the delivery of NMEs to the next
development phase. Radiolabelling of an NME is often
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commissioned late within a drug lifecycle and the impact of
such data on key decisions can easily be lost. Delivery of a
radiolabelled NME study needs to focus on providing the
right data at the right time for the programme—andwe argue
that its greatest use is during early drug development.

Since the completion of the study with LY2181308, some
of the processes have been positively streamlined in the
UK. These include the implementation of the integrated
research application system (IRAS) that allows for parallel
submission to the various regulatory bodies including the
Research Ethics Committee (REC), ARSAC, MHRA, and
the hospital Research and Development (R&D) committees.
Despite this, we feel that regulatory processes can be further
streamlined in order to reduce timelines without sacrificing
quality and patient’s safety. For instance, although decisions
from regulatory bodies such as REC,MHRA, andARSAC are
dictated by strict timelines, addressing multiple queries from
RECs that either are unaware of or have not dealt with such
biodistribution studies with radiolabelled NMEs may result
in significant delays. Therefore, assignment of specialized
RECs to review such PET studies would likely minimise
delays.

In addition to the interaction with regulatory bodies,
recruitment of patients to PET studies is dependent on
the hospital R&D approval process, which is not time-
bound. Discussions with the hospital R&D departments can
lead to an impasse about study costs, extent of contractual
obligations, intellectual property (IP) rights, and other legal
interpretations of contracts. An early engagement with hos-
pital R&D departments and the clinical investigators and/or
mandating time-bound approval process may help reduce
delays. The European Commission has also recognised that
since the introduction of the EU Clinical Trials directive
2001/2/EC the number of clinical trial applications in the
EU between 2007 and 2011 has fallen by 25%, whilst the
costs for bureaucracy and resource requirements to handle
paperwork have doubled, and delays have increased by 90%.
The European Commission is therefore putting together
new proposals that will reduce bureaucracy and include
procedures to simplify and streamline the trial authorisation
procedures. We hope that these proposals likely to come into
effect in 2016 will improve the regulatory approval processes.

Currently PET clinical studies with radiolabelled NMEs
are considered a clinical trial by the MHRA, requiring
submission of an IMPD in the UK. As the MHRA now
regularly audit imaging centres for PET studies, it is no longer
a requirement that sites are reaudited before the initiation
of every such biodistribution study. Guidelines for animal
toxicity testing and for quality of all chemicals entering
the manufacturing process and of the radiopharmaceutical
(European commission GMP guidelines Annex 3, 2008 [41])
provide useful recommendations for the GMP implementa-
tion of radiopharmaceuticals for early phase clinical trials
[42]. However, time and resources to conduct additional
animal toxicology evaluation to enable PET imaging studies
are minimal and consideration is given to include such
studies in the standard animal toxicology evaluation if PET
studies are planned in order not to add further time to the
existing timelines.

Since animal dosimetry studies overestimate the radia-
tion dose in humans and the radiation exposure for carbon-11
radiotracers is quite low (on average equivalent to about one
year of background radiation exposure in the UK), we believe
that dosimetry studies are not required, especially for carbon-
11 labelled NMEs [43]. Even with Fluorine-18 radiolabelled
radiotracers, the radiation exposure to the subject is on
average similar to that obtained with a diagnostic FDG PET
scan (or equivalent to about 3-year background radiation
exposure) [44]; a case can bemade for not performing animal
dosimetry studies for radiolabelled NMEs, especially in a
group of patients with limited life span and where the tracer
is unlikely to be used as a diagnostic agent in the future.

Other processes may also lead to potential delays, includ-
ing those related to transference of non-GMP to GMPmeth-
ods. Radiolabelling feasibility of the NME and production of
the radiopharmaceutical with good reproducibility may be
highly variable. Hence, the feasibility evaluation processmust
consider the chemical structure and the ease of synthesis of
the NME. The performance of the labelling feasibility work
should be done on a similar automated platform as the one(s)
to be used for the GMP implementation. This requires an
appropriate PET radiochemistry infrastructure ideally with
duplication of equipment, as R&D gradematerials should not
be used on equipment forGMP synthesis in accordance to EU
guidelines. Involvement of the quality assurance department
early in the development process will also make for an easy
translation to the GMP settings. Finally, sourcing of a GMP-
grade precursor, failure of validation runs, and delays in
sterility analysis during validation may need to be addressed
to avoid potential delays.

Therefore, good project management including a GMP
implementation and risk management plan and regular
interaction between the drug developers, radiochemists, and
medicinal chemists during the development process will help
focus on the timelines and address unforeseen issues. Project
allocation to a team with expertise in R&D radiolabelling
feasibility and translation to GMP will especially help avoid
potential delays. Skilled leadership, effective communication
and decision-making, formation of study teams consisting
of members with the requisite skills, and identification of
favoured suppliers to source precursors are likely to help
prevent delays.

As the ultimate success of such studies is crucially depen-
dent on patient recruitment, protocols should be patient-
friendly. It is equally important that the small number of
imaging centres work closely with the FHD study sites
and the clinical investigators. Therefore, a well-established
nexus of the imaging centre, phase I units, and clinical
investigators that can deliver such studies will be attractive
to the pharmaceutical industry.

On the basis of our experience, a period of up to 6
months is expected from initiation of a study proposal to
confirmation of radiochemistry production feasibility. An
additional 9 months is then required for the implementation
of radiolabelling methods in accordance with the principles
of GMP, regulatory submission, and approval until the
initiation of the PET biodistribution study (Table 2). This
period of 15months for initiation of the PET study from study
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Table 2: Sequential stages of activities, their timelines, potential causes for delays, and recommendations to reduce delays in PET
biodistribution studies.

Activities Approx. time
(months) Potential causes for delays Comments and recommendations

for improvement in timelines
Stage I (all activities can be done simultaneously): time 1-2 months

Initial study discussion formulation
of an outline research plan 2 months Prevarication, and absence of key

decision makers

Clear communication and clear goal
setting by the respective team
leaders

Confidentiality agreements
completion 1-2 months Legal issues Preexistence of a master services

agreements
Formation of study teams with clear
definition of roles and
responsibilities

1 month
Organisational issues
Availability of experienced staff and
agreement

Ensure inclusion of key staff,
chemists, regulatory, clinical,
biologists

Contract agreements 1-2 months Disagreements on pricing and
intellectual property rights

Early finance and legal involvement.
Work with contract-based imaging
services providers

Stage II (all activities can be done simultaneously): time 4–7 months

Radiochemistry feasibility and
production of radiolabelled NME
(non-GMP or GMP)
Implementation of GMP
radiochemistry (RC) and its
validation
Preclinical dosimetry study
Animal toxicology studies

4–7 months

Radiochemical method
development issues
Issues with procurement of
precursor (GMP or non-GMP)
Problems transferring from
non-GMP to GMP settings

Selection of PET centre with good
track record of developing and
implementing
radiopharmaceuticals for clinical
use and management of drug maker
expectations
Preferred approved suppliers
Duplication of equipment for
straightforward transfer of methods,
development of cassette based
chemistry, good communication,
and regular interactions
Agreement of clear milestones and
associated timelines for “Go-No
Go” decisions

Stage III (all activities can be done simultaneously): time 3–6 months
Preparation of IMPD dossier for
submission to MHRA 1 month Subject to delays in GMP

implementation
Experienced personnel to complete
CMC section

Identification of clinical
collaborators
Initiation of contracts with hospital

3 months

Identification and selection of
appropriate clinicians
Realistic assessment of recruiting
potential

Initiate early in Stage III as can
cause significant delays
Preferred clinicians, imaging
centre-linked clinical units

Development of research study
protocol 2 months Internal hierarchical and regulatory

approval
Preparation and submission of
regulatory submission to the REC,
MHRA, and ARSAC and to hospital
R and D

2 months

CMC section completion due to RC
implementation delays
Delays in getting a date for an REC
meeting

Done via the common IRAS
However, MHRA and ARSAC
require additional information to
that provided by IRAS

Obtaining regulatory approvals and
study initiation 2-3 months

Delays if there are queries or need
for modifications
Variable calibre of ethics committee
to review such studies

Hospital R and D approval not
time-bound
Submission to or designation of
ethics committees to review such
studies

conception would fit well with the similar time required for
standard initiation of a FHD clinical study from compound
selection. We think that these streamlined timelines would
allow for a greater integration of PET biodistribution studies
during FHD clinical studies.

Despite the potential utility, anticipated improvements
of organisational and regulatory interactions, and increased

interest in radiolabelling NMEs [45], there is a missing
collection of examples supporting the value for early clinical
biodistribution studies. This lack of supporting information,
perceived high costs, timelines, and overall complexity of the
technology [46], in a current climate of tightening budgets,
prevents us from fully assessing the impact of biodistribution
studies on clinical development and hampers uptake by
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scientists and clinicians intimately involved in the drug
development process. However, it is heartening to note that
there are a few clinical PET biodistribution studies currently
underway worldwide, as reflected in the NIH trial database
(Table 1). While from this list it appears that NMEs are being
evaluated in imaging studies, their value in the overall drug
development is not clear. Nevertheless, we anticipate that
results from such and other well-designed studies integrated
into the drug development process will likely catalyse a wider
use of this technology and an even greater focus on efficiency
and timelines.

We would like to propose the following action points
that would lead to greater implementation of such studies.
Firstly, the key stakeholders from academia, industry, PET
community, and imaging bodies should be brought together
to act as a forum for discussion of proposals submitted
by members who are new to this area. We envisage that
this group would provide advice and guide in the setup
and implementation of studies and also interact with the
regulatory bodies. Because such specialized clinical imaging
centres are limited, we would propose creating a network of
accredited centres working closely with clinical investigators
and clinical units that are able to implement all aspects of
such studies. At the current stage, we do not expectmore than
5 such studies to occur every year worldwide; however, this
would likely increase if such studies prove their value in drug
development.
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Understanding cerebral oxygen metabolism is of great importance in both clinical diagnosis and animal experiments because
oxygen is a fundamental source of brain energy and supports brain functional activities. Since small animals such as rats are
widely used to study various diseases including cerebral ischemia, cerebrovascular diseases, and neurodegenerative diseases, the
development of a noninvasive in vivo measurement method of cerebral oxygen metabolic parameters such as oxygen extraction
fraction (OEF) and cerebral metabolic rate of oxygen (CMRO

2
) as well as cerebral blood flow (CBF) and cerebral blood volume

(CBV) has been a priority. Although positron emission tomography (PET) with 15O labeled gas tracers has been recognized as
a powerful way to evaluate cerebral oxygen metabolism in humans, this method could not be applied to rats due to technical
problems and there were no reports of PET measurement of cerebral oxygen metabolism in rats until an 15O-O

2
injection method

was developed a decade ago. Herein, we introduce an intravenous administration method using two types of injectable 15O-O
2
and

an 15O-O
2
gas inhalation method through an airway placed in the trachea, which enables oxygen metabolism measurements in

rats.

1. Introduction

Since cerebral blood flow (CBF) and oxygen metabolism
are fundamental for brain activity, the in vivo measurement
of CBF, oxygen extraction fraction (OEF), and cerebral
metabolic rate of oxygen (CMRO

2
) is of great importance in

clinical diagnosis and for animal experiments. In particular,
small animals such as mice and rats are widely used for
research in a variety of diseases such as cerebral ischemia [1],
dementia [2], Alzheimer’s disease [3], and neurodegenerative
diseases [4]. Small animals are also useful for the elucidation
of glial function in pathological conditions [5] and for
understanding the functional relationship between the brain
and peripheral organs [6]. Therefore, the development of a
noninvasive in vivo measurement method of such cerebral
metabolic parameters in small animals has been eagerly
sought.

Positron emitters, such as 18F, 15O, 11C, and 13N, emit
positrons (𝛽+) from which pairs of photons are detected

by positron emission tomography (PET) to generate recon-
structed images. This involves several corrections for ran-
dom coincidence events, dead time count losses, detector
inhomogeneity, photon attenuation, and scatter, among oth-
ers. The annihilation radiation can noninvasively transmit
through biological tissues.Thus positron-labeled compounds
are used in combination with PET imaging to obtain
biological information of living systems in research and
clinical settings. For instance, 15O labeled O

2
gas PET has

been used to estimate cerebral oxygenmetabolism in patients
for diagnostic purposes since the 1970s [7–12]. Although the
15O-O

2
gas PET technique also attracted researchers for the

evaluation of cerebral oxygenmetabolism in small animals, it
was applied unsuccessfully due to technical challenges until
the 1990s. To overcome these challenges, several method-
ological inventions have been tried, which have facilitated
the evaluation of CMRO

2
and OEF in small animals in the

current research setting.
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Figure 1: Injectable 15O-O
2
preparation system using an 18 cm long

artificial lung. The length of the artificial lung was 6 cm in the
original report [13] and was changed to 18 cm in the latter studies
for improvement of labeling efficiency [14, 15, 17].

Herein, we introduce an intravenous administration
method using injectable 15O-O

2
and an inhalation method

of 15O-O
2
gas, both of which can measure CMRO

2
and OEF

with PET in living rats under anesthesia.

2. Intravenous Administration Method

Although the importance of evaluating cerebral oxygen
metabolism in small animals has been recognized, applica-
tion of the inhalation method using 15O-O

2
gas in small

animals could not be performed due to technical issues
such as the potential influence of high radioactivity in the
inhalation tube on the rat brain data acquisition. To overcome
this situation, Magata et al. first developed an 15O-O

2
injec-

tion method, which made rat OEF measurement possible
using PET [13]. They collected blood from several rats and
labeled the blood with 15O-O

2
gas using an artificial lung

(Figure 1). After 10 minutes of 15O-O
2
uptake into the red

blood cells, they had 15O labeled blood (72MBq/mL) to use
as an injectable for intravenous administration into normal
rats for PET imaging. In fact, they performed two serial PET
scans with 15O-water and injectable 15O-O

2
and obtained

44 ± 4.5mL/min/100 g of CBF and 0.54 ± 0.11 of OEF in
normal rats under pentobarbital anesthesia. Subsequently,
the same group evaluated the utility of the injectable 15O-
O
2
PET system using brain infarction rats [14], hypertensive

rats [15], and normal monkeys [16]. The results indicated
that the injectable 15O-O

2
PET system could provide infor-

mation on cerebral oxygen metabolism under normal and
pathological conditions in rats as well as in larger animals.
In particular, using the injectable 15O-O

2
PET technique in

spontaneously hypertensive rats (SHR), this research group

clearly demonstrated that hypertension could intensify cere-
bral metabolic disturbances during the acute phase after the
onset of stroke (Figure 2 [15]). This same group also applied
the 15O-O

2
injection technique to miniature pigs to evaluate

myocardial oxygen metabolism, which was also considered
to be a difficult target for evaluation by 15O-O

2
gas inhalation

because of the existence of radioactivity spillover from the
gas volume in the lung to the myocardium due to limited
spatial resolution [17]. Although the blood-based injectable
15O-O

2
system provided a strong option that enabled oxygen

metabolism measurement in small animals under normal
and pathological conditions, some drawbacks were addressed
for further applications. Namely, the blood-based injectable
15O-O

2
system required that additional rats be sacrificed for

blood collection and there was a possibility that the biological
characteristics of the blood components might be damaged
during the preparation process.

Tiwari et al. then reported on a different injectable
15O-O

2
system using hemoglobin-containing vesicles (HbV)

to overcome these problems (Figure 3) [18]. The HbV,
originally developed as an alternative oxygen carrier [19],
was a liposome (about 300 nm in diameter) consisting of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC),
cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-phospho-
glycerol (DPPG) (5/5/1 at a molar ratio) and containing
10.8 g/dL hemoglobin molecules. The authors tested the
feasibility of the HbV as an 15O-oxygen carrier, optimized
a preparation system to obtain 15O-O

2
-HbV with a high

labeling yield, and performed a PET study in normal rats
after intravenous administration of 15O-O

2
-HbV. As a result,

they achieved optimization of the labeling procedure using
a direct bubbling method of 15O-O

2
gas into the HbV

solution containing L-cysteine using a vortex. They obtained
214 ± 7.8 MBq/mL 15O-O

2
-HbV, which is about 3-fold

higher than the previous blood-based injectable 15O-O
2

[13]. They also measured CBF, OEF, and CMRO
2
values

using the 15O-O
2
-HbV with PET imaging in normal rats.

The same research group from the University of Fukui
proceeded to lessen the invasiveness of the 15O-O

2
injection

method in the next step. In fact, all of the manuscripts
using the 15O-O

2
injection method described above adopted

continuous arterial blood sampling during the PET scans
for estimation of the input function to analyze cerebral
metabolic parameters [13–16, 18]. Since the total volume
of blood sampling is limited in small animals such as
rats, they applied a steady-state method they originally
developed for CBF measurement using 15O-water PET
in rats [20] to the 15O-O

2
-HbV PET to decrease the

injection and blood sampling volumes [21]. They prepared
15O-water, 15O-O

2
-HbV, and 15O-CO-HbV obtained in a

similar manner as the 15O-O
2
-HbV, and PET scans were

performed with continuous intravenous administration
of 15O-CO-HbV, 15O-water, and 15O-O

2
-HbV through a

multiprogrammed syringe pump with gradual changes in
the injection speed. They reported that the injection and
sampling blood volumes were 1.65 and 0.65mL in 15O-water
PET and 1.65 and 1.40mL in 15O-O

2
-HbV PET, respectively,
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Figure 2: (Figure 1 in [15]) Quantitative values of CBF (a), OEF (b), CMRO
2
(c), and cerebral metabolic rate of glucose (CMRglc) (d). PET

with 15O-water and injectable 15O-O
2
and an ex vivo autoradiographywith 18F-FDGwere performed one hour after the onset of a rightmiddle

cerebral artery occlusion using spontaneously hypertensive rats (SHR) andWistar Kyoto rats (WKY). CBF, OEF, and CMRO
2
were obtained

from PET and CMRglc was obtained from ARG. Each of the six marks indicates the hemispheric average of 4 slices in an individual. Bar-
shaped marks show the average and the error bars represent SD. Significant differences between hemispheres and between SHR and WKY
were determined using the Wilcoxon signed rank test, ∗𝑃 < 0.05, and the Mann-Whitney 𝑈 test, ∗𝑃 < 0.05, †𝑃 < 0.01.

and achieved the measurement of CBF, OEF, CMRO
2
, and

cerebral blood volume (CBV) values in several cerebral
regions using a high resolution PET system (SHR-41000;
Hamamatsu Photonics, Hamamatsu, Japan). In addition, the

usefulness of the steady-state method was confirmed in a rat
model of brain infarction. As such, in combination with the
improvement in small animal PET systems and experimental
procedures, the 15O-O

2
intravenous administration method
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Figure 3: A schematic diagram of the 15O-O
2
-HbV preparation system. Normal human red blood cells (RBC) (a, b), hemoglobin-vesicle

(HbV) structure (c) with shape and approximate diameters, and the final labeling setup with a lead shield for injectable 15O-O
2
-HbV

preparation (d) are shown (courtesy of Dr. Kiyono, University of Fukui, Fukui, Japan).

made possible cerebral oxygen metabolism measurement of
rats in normal and pathological conditions, with minimal
invasiveness.

3. Inhalation Method

Aside from the intravenous administration method,
researchers have also tried to develop an 15O-O

2
gas

inhalation method for small animals such as rats. Yee et
al. first performed a micro-PET experiment using normal
rats with briefly inhaled 15O-O

2
gas [22]. In this report, the

authors applied the one-step method using single inhalation
of 15O-O

2
gas [23] to rats, and the 15O-O

2
gas contained

in a syringe was administered by a bolus insufflation
into the lung through a cannula surgically placed in the
trachea. In addition, they omitted arterial blood sampling in
consideration of the limited blood volume of rats. Instead,
for the estimation of input function, the field of view (FOV)
of a PET scan was positioned to cover the brain and the
heart at the same time. The time activity curve data from
the heart was corrected using the volume ratio of the pure
arterial space inside the ROI as the arterial input function
[24]. As a result, 5.00 ± 0.36mL/min/100 g of CMRO

2
was

calculated in 10 normal rats under 𝛼-chloralose anesthesia
with continuous infusion. The study was successfully

performed to achieve rat CMRO
2

measurement with
only one PET scan and without arterial blood sampling;
however, a tracheotomy for tracer administration, animal
size restriction for simultaneous brain-heart scan, and poor
signal to noise ratio were mentioned as limitations.

Recently, Watabe et al. reported the application of a
steady-state 15O-O

2
gas inhalation method for normal rats

[25]. Namely, they performed a tracheotomy and placed a
flexible tube into the trachea to serve as an administration
route for the 15O-gas tracers.Theyperformed three serial PET
scans using 15O-CO

2
, 15O-O

2
, and 15O-CO gas, respectively,

and measured CBF, OEF, CMRO
2
, and CBV values in the

normal brains of rats under anesthesia according to the
original 15O gas steady-state inhalation method used in
clinical settings [26–28]. A clinical PET camera (Headtome-
V PET scanner; Shimadzu Corp.) was used and the feasibility
of using the camera for small animal studies was evaluated
by phantom experiments. After precise evaluation of partial
volume effects, scatter correction from the high radioactivity
in the pleural cavity, and application of a cross-calibration
factor, the authors succeeded in obtaining quantitative and
comparable values and functional images of CBF, OEF,
CMRO

2
, and CBV in normal rats. In addition, they tested the

applicability of the method to a small number of ischemia
model rats (𝑛 = 2) and successfully showed decreased CBF
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Figure 4: Functional images (“pseudo” CBF and CMRO
2
) of normal and infarction rat brains (Wistar rats, male, 8 weeks old). T2 weighted

MR images are shown as a position reference. PET scans were performed during continuous administration of 15O-CO
2
and 15O-O

2
gases

by spontaneous respiration of rats under isoflurane anesthesia.

and CMRO
2
values and increasedOEF value in the ipsilateral

hemisphere. The total time was about 73min for the entire
PET experiment in each rat. The results clearly indicated
that the steady-state 15O-gas inhalation method used in
clinical settings could be applied to rats with consideration
of the appropriate care to avoid possible errors. However,
tracheotomy was still required for gas tracer administration
and the rats underwent arterial blood sampling during the
PET scan, which might be considered a limitation in the
above study.

On this basis, we are now developing an 15O gas adminis-
tration technique that uses the spontaneous respiration of rats
under isoflurane anesthesia for micro-PET measurement of
cerebral metabolic function without arterial blood sampling.
As shown in Figure 4 (unpublished data), we can provide
“pseudo” functional images of a rat brain under both normal
and pathological conditions. We expect to successfully per-
form this technique in the near future.

Finally, regardless of the administration route of 15O-O
2
,

recirculating 15O labeled water, which is a metabolic product
of 15O-O

2
, should be taken into consideration for estimat-

ing quantitative CMRO
2
and OEF in small animals. The

recirculating 15O-water could have a crucial impact on these
parameters due to more rapid appearance after 15O-O

2

administration in small animals than in humans. In fact,most
of the studies described above measured the contribution of
recirculating 15O-water as an input function by separating
the plasma from the whole blood samples [13–15, 21, 25].
However, this procedure requires repetitive blood sampling
during a PET study, which may alter physiological function
due to the limited total blood volume in small animals.
Recently, an alternative approach has been applied, in which
the time activity curve of recirculating 15O-water could be
predicted from a whole blood radioactivity concentration
curve by modeling the kinetics of the metabolic process

of oxygen molecules in the whole body [29]. Thus, the
labor intensive procedure of frequent arterial blood sampling
with centrifugation can be avoided, making the protocol
applicable to many studies using clinical patients as well as
experimental animals. It is of note that this method was
shown to be applicable to a wide range of species fromhuman
to rats. Therefore, using the simplified method to predict the
contribution of recirculating 15O-water, in combination with
less invasive techniques to obtain the time activity curve such
as an online scintillation detector coupled to an arteriovenous
shunt [30] or ROI analysis of the cardiac ventricle in PET
images [22], the 15O PET technique could be more widely
applied to small animals under a broad range of conditions.

4. Conclusion

Since oxygen is a keymolecule for energy production in living
brains, the measurement of cerebral oxygen metabolism is
important to understand brain function in normal andpatho-
logical conditions. With some technological innovations
including the development of injectable 15O-O

2
preparations

and the successful application of an 15O-O
2
gas inhalation

method with appropriate corrections, measurement of cere-
bral oxygen metabolism (OEF and CMRO

2
) has become

possible in living rats, as compared to the difficult challenges
faced more than a decade ago. However, there are several
issues that remain unresolved for the ideal achievement of
noninvasive quantification of OEF and CMRO

2
in living rats

by PET using 15O gas tracers; these include tracheotomy,
arterial blood sampling, and long experimental time. In
contrast, the total examination time in clinical settings has
been dramatically reduced from more than 40 minutes [31]
to about 10 minutes by recent technical innovations [9,
32]. Therefore, experiments involving small animal models
would also benefit from further methodological progress
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including faster and less invasive measurement (e.g., 15O gas
administration by spontaneous respiration, input function
estimation from the heart or large arteries) with improvement
of resolution and sensitivity by dedicated PET scanners for
small animals and the development of a fully automated
rapid measurement system for animal 15O gas experiments.
With such innovation, the 15O PET technique could be more
widely applied to studies in model animals including not
only ischemia and infarction but also neurodegenerative and
psychiatric diseases.
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