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Volume 2014, Article ID 874785, 7 pages

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 426892, 3 pages
http://dx.doi.org/10.1155/2014/426892

Editorial
Radiopharmaceuticals in Nuclear Medicine: Recent
Developments for SPECT and PET Studies
Bianca Gutfilen1 and Gianluca Valentini2
1

Department of Radiology, Universidade Federal do Rio de Janeiro, Hospital Universitário Clementino Fraga Filho,
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Nuclear medicine is returning to its origin by studying
more and more metabolic signals using new positron or
single-photon-emitting radiopharmaceuticals. The history of
nuclear medicine over the past 50 years highlights the strong
link between investments in chemistry and the development
of radionuclides and radiolabeled compounds. In fact, one
can trace the major advances in nuclear medicine directly
to research in chemistry. These advances have had a major
impact on the practice of health care. According to the Society
of Nuclear Medicine, 20 million nuclear medicine procedures
using radiopharmaceuticals and imaging instruments are
carried out in hospitals in the United States alone each year
to diagnose disease and to deliver targeted treatments. These
techniques have also been adopted by basic and clinical
scientists in different fields (infection, immunology, gastroenterology, cardiology, oncology, neurology, psychiatry,
and others) for diagnosis as well as for scientific tools.
Many groups of research are now developing radiopharmaceuticals as biomarkers for new drug targets to facilitate
the entry of their new drugs into the practice of health
care and to objectively examine drug efficacy at a particular
target relative to clinical outcome. This has created a demand
for new radiopharmaceuticals and a corresponding need for
scientists who are trained to develop them.
The traditional lack of techniques suitable for in vivo
imaging has induced a great interest in molecular imaging
for preclinical research. Nevertheless, its use spreads slowly
due to the difficulties to justify the high cost of the current
dedicated preclinical scanners. An alternative for lowering

the costs is to repurpose old clinical gamma-cameras to be
used for preclinical imaging. In this paper P. Aguiar et al.
have assessed the performance of a portable device that is
working coupled to a single-head clinical gamma-camera
and have presented their preliminary experience in several
small animal applications. Their findings, based on phantom
experiments and animal studies, provided an image quality,
in terms of contrast-noise trade-off, comparable to dedicated
preclinical pinhole-based scanners. They suggest that their
device can offer an opportunity for recycling the widespread
availability of clinical gamma-cameras innuclear medicine
departments to be used in small animal SPECT imaging
contributing to spreading of the use of preclinical imaging
within institutions on tight budgets.
Molecular imaging using single-photon (gamma) imaging (SPECT) and positron emission tomography (PET) based
approaches is promising tools for noninvasive diagnosis
of acute allograft rejection (AR). Given the importance of
renal transplantation and the limitation of available donors,
detailed analysis of factors that affect transplant survival is
important. Episodes of acute allograft rejection are a negative prognostic factor for long-term graft survival. Invasive
core needle biopsies are still the gold standard in rejection
diagnostics. Nevertheless, they are cumbersome to the patient
and carry the risk of significant graft injury. Notably, they
cannot be performed on patients taking anticoagulant drugs.
Therefore, a noninvasive tool assessing the whole organ for
specific and fast detection of acute allograft rejection is desirable. H. Pawelski et al. have reviewed SPECT- and PET-based
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approaches for noninvasive molecular imaging-based diagnostics of acute transplant rejection.
Nuclear cardiology has experienced exponential growth
within the past four decades with converging capacity to diagnose and influence management of a variety of cardiovascular
diseases. SPECT myocardial perfusion imaging (MPI) with
technetium-99m radiotracers or thallium-201 has dominated
the field; however new hardware and software designs that
optimize image quality with reduced radiation exposure are
fuelling a resurgence of interest at the preclinical and clinical
levels to expand beyond MPI. Other imaging modalities
including PET and MRI continue to emerge as powerful
players with an expanded capacity to diagnose a variety of
cardiac conditions. At the forefront of this resurgence is the
development of novel target vectors based on an enhanced
understanding of the underlying pathophysiological process
in the subcellular domain. Molecular imaging with novel
radiopharmaceuticals engineered to target a specific subcellular process has the capacity to improve diagnostic accuracy and deliver enhanced prognostic information to alter
management. O. O. Sogbein et al. have reviewed the recent
advancements in radiotracer development for SPECT and
PET MPI, autonomic dysfunction, apoptosis, atherosclerotic
plaques, metabolism, and viability. The relevant radiochemistry, preclinical and clinical development, and molecular
imaging with emerging modalities such as cardiac MRI and
PET-MR have also been discussed.
Until recently, iodine-124 was not considered to be
an attractive isotope for medical applications owing to its
complex radioactive decay scheme, which includes several
high-energy gamma rays. However, its unique chemical
properties and convenient half-life of 4.2 days indicated it
would be only a matter of time for its frequent application to
become a reality. The development of new medical imaging
techniques, especially improvements in the technology of
PET such as the development of new detectors and signal
processing electronics, has opened up new prospects for its
application. With the increasing use of PET in medical oncology, pharmacokinetics, and drug metabolism, 124 I-labeled
radiopharmaceuticals are now becoming one of the most
useful tools for PET imaging, and owing to the convenient
half-life of I-124 they can be used in PET scanners far away
from the radionuclide production site.
124
Iodine (124 I) is particularly attractive for in vivo
detection and quantification of longer-term biological and
physiological processes; the long half-life of 124 I is especially
suited for prolonged time in vivo studies of high molecular
weight compounds uptake. Numerous small molecules and
larger compounds like proteins and antibodies have been
successfully labeled with 124 I. Advances in radionuclide
production allow the effective availability of sufficient quantities of 124 I on small biomedical cyclotrons for molecular
imaging purposes. Radioiodination chemistry with 124 I relies
on well-established radioiodine labeling methods, which
consists mainly in nucleophilic and electrophilic substitution
reactions. G. L. Cascini et al. have discussed all iodine
radioisotopes application focusing on 124 I that seems to be
the most promising for its half-life, radiation emissions,
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and stability, allowing several applications in oncological and
nononcological fields.
64
Cu-Labeled molecules are promising imaging agents
for PET due to the favorable nuclear characteristics of the
isotope (𝑡1/2 = 12.7 h, 𝛽+ 17.4%, 𝐸max = 0.656 MeV, 𝛽−
39%, 𝐸max = 0.573 MeV) and its availability in high specific
activity. The longer physical half-life of 64 Cu compared to 11 C
(𝑡1/2 = 20 min) and 18F (𝑡1/2 = 110 min) enables imaging at
delayed time points, which allows sufficient time for clearance from background tissues, resulting in increased image
contrast, particularly for targeting agents that demonstrate
long circulation times such as antibodies and nanoparticles.
Moreover, 64 Cu-based PET radiotracers have demonstrated
efficacy for radioimmunotherapy comparable to that for the
strictly therapeutic radionuclide, 67 Cu (𝑡1/2 = 61.5 h, 𝛽−
100%, 𝐸max = 0.121 MeV). Accordingly, 64 Cu could be used
for imaging and therapy concurrently.
Copper (Cu) is an important trace element in humans;
it plays role as a cofactor for numerous enzymes and other
proteins crucial for respiration, iron transport, metabolism,
cell growth, and hemostasis. Natural copper comprises two
stable isotopes, 63 Cu and 65 Cu, and 5 principal radioisotopes
for molecular imaging applications (60 Cu, 61 Cu, 62 Cu, and
64
Cu) and in vivo targeted radiation therapy (64 Cu and 67 Cu).
The two potential ways to produce Cu radioisotopes concern
the use of the cyclotron or the reactor. A noncopper target is
used to produce non-carrier-added Cu thanks to a chemical
separation from the target material using ion exchange
chromatography achieving a high amount of radioactivity
with the lowest possible amount of nonradioactive isotopes.
In recent years Cu isotopes have been linked to antibodies,
proteins, peptides, and nanoparticles for preclinical and
clinical research; pathological conditions that influence Cu
metabolism such as Menkes syndrome, Wilson disease,
inflammation, tumor growth, metastasis, angiogenesis, and
drug resistance have been studied. A. N. Asabella et al. have
discussed all Cu radioisotopes application focusing on 64 Cu
and in particular its form 64 CuCl2 that seems to be the most
promising for its half-life, radiation emissions, and stability
with chelators, allowing several applications in oncological
and nononcological fields.
Although neurological ailments continue to be some of
the main causes of disease burden in the world, current
therapies such as pharmacological agents have limited potential in the restoration of neural functions. Cell therapies,
firstly applied to treat different hematological diseases, are
now being investigated in preclinical and clinical studies
for neurological illnesses. However, the potential applications and mechanisms for such treatments are still poorly
comprehended and are the focus of permanent research.
In this setting, noninvasive in vivo imaging allows better
understanding of several aspects of stem cell therapies.
Amongst the various methods available, radioisotope cell
labeling has become one of the most promising since it
permits tracking of cells after injection by different routes
to investigate their biodistribution. A significant increase in
the number of studies utilizing this method has occurred in
the last years. P. H. Rosado-de-Castro et al. have reviewed
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the different radiopharmaceuticals, imaging techniques, and
findings of the preclinical and clinical reports published up to
now. Moreover, they have discussed the limitations and future
applications of radioisotope cell labeling in the field of cell
transplantation for neurological diseases.
W. Robeson et al. have demonstrated that, for dopaminergic radiotracers, 18F-FDOPA and 18F-FPCIT, the urinary
bladder is the critical organ. As these tracers accumulate in
the basal ganglia (BG) with high affinity and long residence
times, radiation dose to the BG may become significant,
especially in normal control subjects. They have performed
dynamic PET measurements using 18F-FPCIT in normal
adult subjects to determine if in fact the BG, although not
a whole organ but a well-defined substructure, receives the
highest dose. They have concluded that, for some normal
subjects studied with F-18 or long half-life radionuclide,
the BG may exceed bladder dose and become the critical
structure.
These papers represent important observations into different topics related to recent developments for SPECT
and PET studies. We hope that this special issue reaches
researches all over the world who deal with this field.
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Our previous dosimetry studies have demonstrated that for dopaminergic radiotracers, 18 F-FDOPA and 18 F-FPCIT, the urinary
bladder is the critical organ. As these tracers accumulate in the basal ganglia (BG) with high affinity and long residence times,
radiation dose to the BG may become significant, especially in normal control subjects. We have performed dynamic PET
measurements using 18 F-FPCIT in 16 normal adult subjects to determine if in fact the BG, although not a whole organ, but a
well-defined substructure, receives the highest dose. Regions of interest were drawn over left and right BG structures. Resultant
time-activity curves were generated and used to determine residence times for dosimetry calculations. S-factors were computed
using the MIRDOSE3 nodule model for each caudate and putamen. For 18 F-FPCIT, BG dose ranged from 0.029 to 0.069 mGy/MBq.
In half of all subjects, BG dose exceeded 85% of the published critical organ (bladder) dose, and in three of those, the BG dose
exceeded that for the bladder. The BG can become the dose-limiting organ in studies using dopamine transporter ligands. For
some normal subjects studied with F-18 or long half-life radionuclide, the BG may exceed bladder dose and become the critical
structure.

1. Introduction
Neurology and psychiatry PET research has focused on
compounds that localize in the basal ganglia (BG) and
trace different functions of the dopaminergic pathway. We
have studied three of these compounds: 18 F-FDOPA, 11 Craclopride, and 18 F-FPCIT. All of them localize in the BG with
varying affinity. Published dosimetry has demonstrated that
whole brain is not limiting for these compounds, but the BG
substructures may be [1–3].
Our previous paper in J Nucl Med [2] was a whole body
PET study designed to estimate dosimetry for all organs
especially the bladder (bladder was found to be the critical
organ in our previous dosimetry studies for 18 F-FDOPA [1]).
This study demonstrated that the critical organ was indeed
the bladder with estimated dose of 0.217 rads/mCi and the
maximum allowable injected dose was 23 mCi. Even though
the current study was performed to determine the kinetics of
18
F-FPCIT in the basal ganglia of normal subjects, we realized

that this data could also be used for estimating radiation dose
to these structures.
This particular study of 18 F-FPCIT was undertaken to
determine if, in subjects for which dynamic PET data
was available, the BG structures were dose-limiting. With
increasing clinical use of longer half-life labeled dopamine
transporter radioligand, 123 I-FPCIT (DatScan), this issue has
become even more relevant. Previous dosimetry work has
been focused on anatomically well-defined organs while the
current work takes into account both anatomy and significant
functional differences within the organs themselves. Uptake
of dopaminergic radiotracers is a case in point where uptake,
as well as the residence time, is far greater in BG (a welldefined substructure within the brain) compared to the rest
of the brain. This observation leads us to believe that the
radiation burden to BG will be higher than the rest of the
brain. The same logic can, in the future, be used to treat renal
cortex as distinct from the kidneys if new radiotracers were
to specifically target these locations. The principle is similar
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to that of labeled monoclonal antibody therapy where the
radionuclide binds to the tumor surface sites and delivers the
required therapeutic radiation dose. The tumor can be small
or large, homogeneously or heterogeneously distributed.
This is in contrast to the BG, which is anatomically welldelineated and homogeneous at least as far as dopaminergic
radiotracer uptake is concerned in normal subjects. The
uptake of dopaminergic tracers in normal control subjects
provides the worst-case scenario for dosimetry. All these
studies were conducted under Radioactive Drug Research
Committee approved protocols where the dose limits are
organ-based. Finally, another issue that needs to be addressed
is the question of radiosensitivity of brain compared to other
organs. We do not yet have any data to suggest that BG is
more radiosensitive than the rest of the brain (which itself
is not very radiosensitive compared to reproductive organs)
[4]. However, there is enough evidence to suggest that BG is
more sensitive to hypoxia and has larger mitochondrial load
and dopamine levels than the rest of the cortical structures.
These differences can potentially lend BG to be relatively
more sensitive to radiation than the rest of the brain [5].

2. Methods and Materials
Dynamic PET scans of the brain were acquired in 16 normal adult subjects. Data were acquired in 3D mode on
a GE Advance tomograph (General Electric, Milwaukee,
WI). Scanning protocol included 21 frames: 5 × 1 min, 5 ×
2 min, 5 × 5 min, and 6 × 10 min. Ethical permission for
the procedures was obtained from the Institutional Review
Board of North Shore University Hospital. Written consent
was obtained from each participant following a detailed
explanation of the procedures. Thirty-five slices parallel to
the orbital-meatus were collected over an axial field of view
of 15 cm so that the entire brain was covered. Emission
data were corrected for attenuation using a rotating Ge-68
source. Image reconstruction was performed using filtered
backprojection with a cutoff resolution of 8 mm. All brain
slices that included the BG were added to form a composite
image. Regions of interest (ROI) were drawn over the left
caudate, left putamen, right caudate, and right putamen,
and time-activity curves were generated over the duration
of the scan. No MRI scans were available for these normal
subjects. Also, it was assumed that for dosimetry purposes,
the ROI drawn on PET scans was sufficient without an
MRI coregistration. Activity concentrations (kBq/cc) were
computed using a calibration scan of a cylindrical phantom
of known activity concentration. Time-activity curves for the
four BG regions were fit to a nonlinear regression model of
exponential uptake and clearance and analytical integration
was employed to estimate the area under the curve (AUC).
Units for AUC are (kBq/cc)∗(min). For each subject and
each region, normalized AUC/MBq was calculated and then
multiplied by mass (grams) and the 𝑆-value (mGy/kBq∗min)
as follows:
Dose (mGy/MBq) = (

AUC
) ∗ mass ∗ 𝑆-value.
MBq

(1)

Basal ganglia uptake (kBq/cc)

2
20
16
12
8
4
0
0

50

100

150

200

250

Time (min)
L caudate
R caudate
L putamen

R putamen
Fit

Figure 1: Dynamic 18 F-FPCIT PET regions of interest data from
basal ganglia fitted to extract residence times. Data from four regions
of interest is presented (caudate and putamen on left and right
hemispheres). A multiexponential curve fit to the right putamen
data is also shown. Analytical area under the curve was obtained
from this fitted curve and dose estimated using (1) (see text).

We did not have individual MRI images available for estimating BG volumes. Therefore, BG structures were assumed
to be spherical regions of mass 3.7 and 4.4 grams for
caudate nuclei and putamen, respectively, in each brain
hemisphere; these were derived from average masses of BG
structures from seven published MRI datasets [6–12]. We
could not use age dependent masses because the published
data demonstrate no clear relationship between age and BG
volume [6–12]. 𝑆-factors for dosimetry calculations were
determined from interpolation based upon data from the
MIRDOSE 3 nodule module [13]. Doses were calculated for
the BG from activity in the BG substructures which were
then averaged and compared with published critical organ
values. Given that 18 F-FPCIT uptake decreases with age, we
also investigated the relationship between dose to the BG and
age [14].

3. Results
Figure 1 demonstrates an example of the fitting procedure
used to calculate BG doses. Data from all four substructures
from one subject are shown but only the right putamen data
has been fitted to demonstrate a typical example of curve fit.
Figure 2 presents 𝑆-values as a function of mass. A mass
from 2 to 6 grams covers the range expected for caudate
and putamen substructures of the BG [6–12]. A power
relationship (𝑆 = 0.039 ∗ mass−0.959 ) provides a good fit to
the data.
Table 1 presents the results for the BG doses for the 16
subjects studied. BG doses are compared to published values
for critical organ (bladder) dose established in the literature.
The average dose to the BG was approximately 81% of the
bladder dose (bladder dose was obtained as 0.059 mGy/MBq
from reference [2]). In half of the subjects (𝑛 = 8) the BG
dose was close to the dose to the urinary bladder (>85%).
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Table 1: Radiation absorbed doses to basal ganglia.

Sex

Age

m
f
f
m
f
f
m
f
f
f
f
f
m
m
f
f

53
52
23
50
28
23
69
65
39
56
55
73
47
70
53
76
Mean
SD

L Cau
0.0444
0.0749
0.0501
0.0304
0.0577
0.0435
0.0688
0.0359
0.0301
0.0265
0.0479
0.0532
0.0582
0.0479
0.0725
0.0655
0.0505
0.0147

Dose (mGy/MBq)
R Cau
L Put
0.0404
0.0390
0.0489
0.0576
0.0535
0.0431
0.0301
0.0281
0.0559
0.0538
0.0428
0.0410
0.0719
0.0696
0.0364
0.0343
0.0734
0.0260
0.0324
0.0345
0.0413
0.0403
0.0423
0.0736
0.0552
0.0556
0.0453
0.0394
0.0725
0.0534
0.0657
0.0544
0.0505
0.0465
0.0138
0.0134

Average BG dose
(mGy/MBq)
0.0411
0.0574
0.0518
0.0292
0.0551
0.0417
0.0693
0.0353
0.0453
0.0302
0.0419
0.0526
0.0526
0.0426
0.0628
0.0594
0.0480
0.0112

R Put
0.0406
0.0482
0.0607
0.0283
0.0529
0.0392
0.0670
0.0345
0.0518
0.0275
0.0381
0.0412
0.0414
0.0380
0.0528
0.0519
0.0446
0.0107

BG fractional
Dose∗
0.6966
0.9728
0.8785
0.4954
0.9336
0.7060
1.1750
0.5977
0.7681
0.5125
0.7099
0.8915
0.8914
0.7228
1.0648
1.0063
0.8139
0.1890

Caudate (Cau); putamen (Put); basal ganglia (BG). ∗ Fractional dose is calculated by dividing the BG dose by bladder dose of 0.059 mGy/MBq taken from [2].

0.025
0.020

S-value

In three out of 16 subjects the BG dose exceeded the dose to
the bladder (Table 1, bold italics). Therefore, in three subjects,
the BG became the critical “organ” (not traditionally defined
as an organ but a substructure in the brain).
Figure 3 presents graphically the data from Table 1
demonstrating that in three subjects the dose to the BG
exceeded that of the urinary bladder (critical organ for 18 FFPCIT) and the regression line between age and BG dose. No
relationship between age and BG dose could be demonstrated
(𝑅2 = 0.0136, 𝑃 = 0.67). BG dose based upon individually
derived measures of BG volume could provide a better age
versus dose relationship.

0.010
y = 0.039x−0.959

0.005
0.000

4. Discussion
PET studies utilizing radiopharmaceuticals that localize in
the BG have become very useful in patients with movement
disorders. Radiation dosimetry using the MIRD techniques
has traditionally evaluated whole organ doses. Using standard
dosimetry in humans with F-18 PET compounds, the urinary
bladder is the critical organ. Neuroleptic compounds localize
in the BG, and although the whole brain might not be critical,
BG may be. We have used the MIRDOSE 3 software and the
ability to determine lesion doses to evaluate BG dosimetry.
Even though BG structures are not perfect spheres, this
approximation may be sufficient for dosimetry purposes.
This enabled us to calculate self-dose from BG uptake and
determine if injected dosages should be modified to account
for these structures. As the maximum dose to BG in one
subject exceeded bladder dose by 18%, we are changing our
guidelines to limit the maximum permissible injected dosage
for 18 F-FPCIT from 23 mCi to 19 mCi [2].

0.015

0

2

4
Mass (g)

6

8

Figure 2: 𝑆-values as a function of mass. 𝑆-values were calculated
for different masses. A range from 2 to 6 grams covers the expected
caudate and putamen masses [6–12]. A power relationship provides
a good fit to the data.

Even though we use 5 mCi for routine brain imaging with
F-FPCIT, we think that it is not a question of 23 versus
5 mCi, but whether the limit of 23 mCi should be based upon
bladder dose or BG dose [2]. We want to stress in this paper
that BG should be considered a special structure because
dopaminergic tracers bind avidly to these regions and have
long residence times. It has been demonstrated that bladder
is the dose-limiting organ for these radiotracers which we
think is not appropriate. In the future, as we develop new
radiotracers with high affinity to BG, especially for SPECT
tracers with long half-life nuclides, BG exposure indeed may

18

4
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label are developed, BG dosimetry should be considered in
the development process.

BG/bladder dose
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1.00
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Acknowledgments
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Figure 3: Ratio of basal ganglia and bladder dose as a function of
age. In three out of 16 subjects, basal ganglia (BG) dose exceeded that
of the critical organ (urinary bladder) for 18 F-FPCIT. In half of the
subjects (𝑛 = 8), the BG dose exceeded 85% of the bladder dose. No
aging effect on the BG dose was observed (𝑅2 = 0.0136, 𝑃 = 0.67).

easily exceed bladder dose and thus become the dose-limiting
“organ.” There are no prior studies suggesting that bladder
is a very radiosensitive organ but it is still considered doselimiting. This may be true for BG as well; we just do not
have any direct studies on BG radiosensitivity. We have,
however, mentioned in the introduction how BG may be
more radiosensitive than the rest of the brain. We would
prefer to err on the side of caution.
It is likely that F-18 labeled tracers, which take a long
time to achieve BG equilibrium as opposed to C-11 labeled
tracers, may need special focus on BG dosimetry. For tracers
with long half-life, such as I-131 (half-life: 8 days), thyroid
dose is high enough to limit the diagnostic (not therapeutic)
injection to 4 mCi, which is a suboptimal dose for imaging.
Similarly, Mn-52 and Sc-46 (half-lives: 5.6 days and 84 days,
resp.), which have been recently considered for nonhuman
imaging studies, will have serious limitations as to the
injected dose for human diagnostic studies because of long
residence times.
In our laboratory, we perform multitracer multiday protocols on the same subject and have to often limit the injected
activity well below maximum allowable limit for 18 F-FPCIT,
18
F-FDG, and H2 15 O in order to remain within radiation
exposure guidelines. This compromise forces us to extend
the scan time for 18 F-FDG studies to keep signal-to-noise
acceptable.
There are two limitations of the study: (1) no individual
MRI estimates of caudate and putamen; and (2) bladder
doses for individual subjects not being available. Nonetheless,
these two issues are expected to have minor influence on our
findings.
From the 16 normal subjects studied, BG appears to
be the critical organ for dosimetric consideration in three
subjects. In a total of eight subjects, BG dose exceeded 85%
of the bladder dose and in three subjects BG dose actually
exceeded the bladder dose. As new compounds with high
affinity or for similar tracers with long half-life radionuclide
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Although neurological ailments continue to be some of the main causes of disease burden in the world, current therapies such
as pharmacological agents have limited potential in the restoration of neural functions. Cell therapies, firstly applied to treat
different hematological diseases, are now being investigated in preclinical and clinical studies for neurological illnesses. However,
the potential applications and mechanisms for such treatments are still poorly comprehended and are the focus of permanent
research. In this setting, noninvasive in vivo imaging allows better understanding of several aspects of stem cell therapies. Amongst
the various methods available, radioisotope cell labeling has become one of the most promising since it permits tracking of cells
after injection by different routes to investigate their biodistribution. A significant increase in the number of studies utilizing this
method has occurred in the last years. Here, we review the different radiopharmaceuticals, imaging techniques, and findings of the
preclinical and clinical reports published up to now. Moreover, we discuss the limitations and future applications of radioisotope
cell labeling in the field of cell transplantation for neurological diseases.

1. Introduction
In spite of the significant progress achieved in the medical
field in the past decades, neurological illnesses remain as
one of the leading causes of disease burden in the world
[1, 2]. In the next years, with the progressive ageing of the
population, the prevalence of these diseases and the expenses
associated with them are expected to increase even more [2].
Contemporary treatments such as pharmacological agents
are restricted in their potential to improve neurological function and are unable to promote restoration of lost neurons
and other brain cells damaged in such diseases. Stem cell
transplantation, initially developed more than 40 years ago

to treat hematological malignant disorder, has more recently
demonstrated promising results in different ailments, including autoimmune, cardiovascular, and neurological diseases
[3, 4].
The use of noninvasive in vivo imaging to track the
transplanted cells allows a better understanding of several
aspects of cell therapies, including their biodistribution. In
this scenario, radioisotope cell labeling, an already wellestablished nuclear medicine technique, has emerged as one
of the most powerful tools. In the following sections, we will
review the preclinical and clinical studies that used radiopharmaceutical stem cell tracking for neurological diseases
and discuss important aspects in the area.

2

2. Radiopharmaceutical Cell Labeling
Radiopharmaceutical cell labeling has been used for decades
to systemically monitor cells in nuclear medicine studies such
as labeled leukocyte scintigraphy for detection of infectious
and inflammatory diseases [5–7]. Technetium-99m ( 99m Tc)
is currently the most used radionuclide in the world and is
imaged with conventional nuclear medicine techniques, that
is, 2-dimensional planar scans or 3-dimensional single photon emission computed tomography (SPECT). Additionally,
SPECT images may be fused with conventional computed
tomography (CT), resulting in SPECT/CT images that allow
attenuation correction and better localization of nuclear
medicine findings, significantly improving both sensitivity
and specificity [8]. 99m Tc has wider availability and lower
cost than other radionuclides, and its 6-h physical half-life
allows cell tracking for up to 24 h with good resolution and
low radiation dose to the patient and to the labeled cells
[5–7].
Another conventional nuclear medicine radiopharmaceutical indium-111-oxine (111 In-oxine) allows cell tracking
for up to 96 h but results in lower resolution images and
leads to higher radiation dose to the patient and to the
labeled cells. In addition, different studies have indicated
that Auger electrons of 111 In-oxine labeling affect cellular integrity and lead to cytotoxicity of stem cells [9–12].
18
F-FDG, which has a 110-minute half-life, is the most
commonly used radiopharmaceutical for positron emission
tomography (PET) and allows cell labeling and tracking
for a few hours. Unlike SPECT scans, which are less
commonly acquired with hybrid CT equipment, PET is
routinely made in scanners that allow PET/CT acquisition. Moreover, PET has a two- to threefold higher spatial
resolution than SPECT (3–6 mm versus 10–15 mm) and
allows quantification of standardized uptake values, which
may be used to compare response to different therapies
[13–15].
Stem cell tracking with SPECT and PET may be separated
in two strategies: direct and indirect. Direct labeling is made
by incubating stem cells with a radiotracer in vitro and
subsequently transplanting them and can be done with radiopharmaceuticals such as 99m Tc-hexamethylpropyleneamine
oxime ( 99m Tc-HMPAO) or 111 In-oxine for SPECT and 18 FFDG for PET. Indirect cell labeling may be carried out via
reporter gene/probe systems, which has been subject to excellent reviews [16–18]. In brief, reporter gene/probe systems
have traditionally been divided in three groups, according to
the way that the protein product of the reporter gene interacts
with the reporter probe and causes its accumulation on the
surface or inside the cells [16–18]: (1) reporter genes that
encode enzymes that phosphorylate specific reporter probes
leading to their entrapment; (2) reporter genes that encode
protein receptors which in their turn bind to specific reporter
probes; and (3) reporter genes that encode cell membrane
transporters that accelerate the accumulation of reporter
probes in the cells. One example of a reporter gene/probe
system is the herpes simplex virus type I thymidine kinase
(HSV1-TK) reporter gene that catalyzes reactions leading to
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the entrapment of a probe such as iodine-131-2 -fluoro-2 deoxy-5 -iodo-1𝛽-D-arabinofuranosyluracil (131 I-FIAU) for
SPECT.

3. Search Strategy
For this review, references were identified in MEDLINE
databases using the terms “nuclear medicine,” “cell therapy,”
“labeled,” “neurologic,” and “brain.” Only articles published in
English were reviewed and no date restriction was made.

4. Published Preclinical Trials
We identified 17 published articles in English that used radiopharmaceuticals to track the biodistribution of transplanted
cells in animal models of neurological diseases. Eight of
these were performed in a model of transient middle cerebral
artery occlusion (MCAO), 3 in traumatic brain injury, 3 in
global brain ischemia, two in spinal cord lesion, and one in
thermocoagulation focal brain ischemia. Seven studies used
111
In-oxine, another 7 utilized 99m Tc or 99m Tc-HMPAO, two
employed 131 I-FIAU, and 18 F-FDG was used in one (Table 1).
Of note, eight (47%) of these studies were published in 2013.
4.1. Spinal Cord Injury. de Haro et al. [19] investigated
radiopharmaceutical cell tracking 3 months after compressive
spinal cord injury at T6-T8 level in rats. They injected 6 ×
106 rat bone marrow derived mesenchymal stem cells (BMMSCs) labeled with 111 In-oxine by the tail vein or by intralesional injection and performed whole-body planar imaging
from 3 to 10 days. They found that intravenous injection of
111
In-oxine labeled BM-MSCs led to biodistribution mainly
to the spleen, liver, and kidneys, while the vertebral column
showed faint migration and the spinal cord did not show any
activity. Also, there was high activity in the tail, where the
cells were injected. In contrast, when the 111 In-oxine labeled
cells were injected into the traumatic centromedullar cavity,
there was a persistent homing into the lesion site, without any
distribution to the rest of the organism in the 10-day imaging
period.
Lo et al. [22] carried out the transplantation of mouse
embryo-derived fibroblasts from lineage NIH3T3 in a rat
model of compressive spinal cord injury at T10 level. These
cells contained the HSV1-TK reporter gene. A total of 1 ×
106 cells labeled with 131 I-FIAU were injected at the L1 level
immediately after the spinal cord lesion and whole-body
planar imaging was performed at 2, 24, and 48 h. After cell
transplantation, uptake was observed in the injection site at
all time points.
4.2. Traumatic Brain Injury. Yoon et al. [24] explored the
migration of rat BM-MSCs labeled with 111 In-oxine injected
in rats subjected to traumatic brain injury and in shamoperated animals. A total of 1 × 106 cells were injected in
the tail vein 24 h after the lesion and whole-body planar
imaging was performed 24 h later. The viability and proliferation of labeled BM-MSCs were assessed for 14 days.
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Vasconcelos-dosSantos et al., 2012
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Lappalainen et al.,
2008 [21]

de Haro et al., 2005
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Mäkinen et al., 2006
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Study reference

Table 1: Preclinical studies using radiopharmaceuticals for stem cell tracking in neurology.
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In the whole-body images, the majority of 111 In-BM-MSC
signal was detected in the liver and spleen. Uptake in the brain
was higher in animals that suffered traumatic brain injury
(1.4%) in comparison to sham-operated (0.5%) or normal rats
(0.3%).
In another study by the same group, Park et al. [25]
tracked 99m Tc-HMPAO-labeled rat BM-MSCs transplanted
in rats with traumatic brain injury and in sham-operated animals. Approximately 1 × 106 cells were infused in the tail vein
24 h after the lesion. Whole-body images were made 4 h later
and subsequently the animals were euthanized and tissue
samples were collected for gamma well counting. The authors
also performed cytometric evaluation to assess apoptotic or
necrotic changes up to the 7th day after labeling. Gamma well
counting indicated that homing to the liver, kidneys, lungs,
and spleen was not different between traumatic brain injury
(36.7%±6.9%, 16.1%±1.7%, 8.2%±0.7%, and 2.6±0.7%, resp.)
and sham-operated rats (41.2% ± 6.7%, 17.4% ± 2.1%, 8.1% ±
0.9%, and 2.9±1.0%, resp.; all 𝑃 > 0.05). In spite of that, brain
signal in traumatic hemispheres was significantly higher than
in contralateral hemispheres, and this did not occur in shamoperated animals. Notwithstanding, on whole-body images
there was no significant uptake in the brains of traumatic
animals or controls.
Guan et al. [35] performed the only study using 18 FFDG for stem cell labeling in a neurological disease. Rats
submitted to traumatic brain injury received human BMMSCs only or collagen scaffolds impregnated with human
BM-MSCs. A total of 3 × 106 18 F-FDG labeled cells were
used in each group and whole-body PET imaging was carried
at 3, 6, and 12 h after cell transplantation. At the end of
the imaging experiments, rats were euthanized and tissue
samples from the two cerebral hemispheres, cerebellum,
heart, lungs, liver, spleen, and kidneys were obtained for
gamma-well counting. In whole-body scans at 6 and 12 h,
animals that received the collagen scaffolds with BM-MSCs
showed higher uptake in the lesion cavity and lower uptake in
the contralateral hemisphere and other organs in comparison
with animals that received BM-MSCs only. Furthermore, this
finding was confirmed in gamma-well counting at 12 h after
transplantation.
4.3. Transient Middle Cerebral Artery Occlusion. Mäkinen
et al. [20] evaluated the homing of human umbilical cord
blood mononuclear cells labeled with 111 In-oxine 24 h after
120 minutes of transient MCAO in rats, one of the most
commonly used models of stroke. An infusion of 1–7 × 106
cells was carried out in the femoral vein and SPECT/CT
imaging was performed after 30 minutes and 24 h. The
authors found that accumulation was greater in the lungs at
30 minutes and at 24 h in the liver. Homing of 111 In-labeled
cells was also seen in the spleen and kidneys, but not in the
brain. Immunohistochemistry for human nuclei showed the
presence of few cells in the brain, mainly in the ipsilateral
hemisphere close to blood vessels.
Lappalainen et al. [21] examined the biodistribution of
human embryonic stem cell-derived neural progenitor cells
or rat hippocampal progenitor cells after 120 minutes of
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transient MCAO in rats. An injection of 1 × 106 cells was
made in the carotid artery or femoral vein 24 h after the
lesion and SPECT/CT imaging was done at 0 and 24 h.
After the last images, tissue samples from the liver, spleen,
lungs, kidneys, and brain were analyzed in a gamma well
counter. The authors found that intravenous infusion led to
accumulation of transplanted cells mainly in the liver, spleen,
and kidneys, respectively, with no visible uptake in the brain.
On the other hand, after carotid artery injection a low uptake
was seen in the brain, with the remaining uptake in the
other internal organs. Furthermore, the authors estimated the
detection sensitivity of SPECT/CT to be of about 1000 111 Inoxine labeled cells and that labeling did not influence cell
viability.
Detante et al. [23] studied the migration of human BMMSCs after 90 minutes of transient MCAO in rats and in a
control group without cerebral ischemia. A mean of 3.4 ±
1.2 × 106 cells were injected into the saphenous vein 7
days after the ischemia and planar imaging was performed
after 2 and 20 h. Animals were euthanized after both time
points and samples from different tissues were analyzed
by gamma well counting. Whole-body imaging indicated a
trend toward higher uptake in the brain in the ischemic
group in comparison to control animals at both time points.
Significant lung trapping occurred in all rats at 2 h but
decreased at 20 h. Gamma well counting indicated higher
activity in the ischemic hemisphere in comparison to the
control group at 20 h. The authors estimated that 1 out of
10.000 cells migrated to the ischemic hemisphere. Strikingly,
the uptake in the spleen increased between 2 and 20 h, while
in the other organs it decreased. This finding could indicate
that labeled human MSCs are sequestered in the spleen.
Arbab et al. [27] labeled human umbilical tissue-derived
cells with 111 In-oxine and injected them in the tail vein 48 h
after transient MCAO in rats for 120 minutes. A total of 3×108
cells were used and SPECT imaging was performed at 0, 1,
and 3 days. The authors found that the majority of the cells
were retained in the lungs on day 0 (43.36 ± 23.07%), while
on days 1 and 3 this number declined to 8.81 ± 7.75 and
4.01 ± 4.52%, respectively. On the contrary, uptake in the
lungs of rats that were given 111 In-oxine alone persisted fairly
unaltered from day 0 (18.38 ± 5.45%) to day 1 (12.59 ± 5.94%)
and fell to 8.34 ± 4.25% on day 3. They also reported that
the ratio between the ischemic and nonischemic hemispheres
was significantly higher (𝑃 < 0.05) on days 0, 1, and 3 in the
animals that were given 111 In-oxine labeled cells (1.24 ± 0.29,
1.63 ± 0.39, 1.75 ± 0.59, resp.) compared to the animals that
were given only 111 In-oxine (0.95±0.18, 1.13±0.22, 1.16±0.29,
resp.).
Mitkari et al. [28] assessed the distribution of 111 Inoxine labeled human BM-MSCs after 90 minutes of transient
MCAO in rats and in sham operated animals. In addition
to these two groups, they also analyzed the distribution of
BM-MSCs treated with a proteolytic enzyme named Pronase
(Roche, Mannheim, Germany), instead of trypsin, to transiently modify cell surface proteins. The rationale for the use
of the proteolytic enzyme was that in previous unpublished
data the authors saw a decrease in lung entrapment of
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healthy mice after intravenous injection of unspecified cells.
Approximately 0.5 × 106 (Pronase detached) to 1.1 × 106 cells
(trypsin detached) were injected in the external carotid artery
24 h after the injury and SPECT/CT images were acquired at
30 minutes and 24 hours. After the last scan animals were
euthanized and samples from the brain, liver, lungs, spleen,
and kidneys were collected for gamma well counting. At
30 minutes after cell transplantation, there was high uptake
in the brain in both MCAO and sham-operated animals.
Nevertheless, the cells seemed to relocate to the liver and
other organs at 24 h. Gamma well counting indicated higher
uptake in the ischemic hemisphere in MCAO rats. There was
no significant difference in the homing between Pronase and
trypsin treated cells.
Goldmacher et al. [30] explored the homing of 111 Inoxine labeled rat BM-MSCs in rats after 120 minutes of
transient MCAO and in sham operated animals. A total of
5 × 106 cells were injected in the tail vein 24 h after the
ischemia and whole-body planar images and brain pinhole
images were acquired after 4, 20, 44, and 70 h. The authors
described that the majority of intravenously infused cells
remained in the lungs, while the uptake in the liver and spleen
increased over time. Moreover, they described that in 44 and
70 h images higher activity was seen on the lesioned side of
the head. However, no quantification was made in the images
or by gamma well counting.
Manley et al. [32] tracked rat bone marrow dendritic cells
(BM-DCs) labeled with 99m Tc-HMPAO transplanted after a
transient MCAO for 60 minutes in rats. About 2 × 106 cells
were injected in the carotid artery 3 h after the injury and
SPECT images were performed at 5 to 20 minutes and 5 to
6 hours after transplantation. At 5 minutes after injection,
31% of the labeled BM-DCs homed to the lungs, 11% to the
lesioned side of the head, and 26% to the liver, spleen, and
gut. After 6 hours, 2–5% of the labeled BM-DCs remained
in the lungs, 2-3% in the lesioned side of the head, and the
remaining activity was found in the liver, spleen, and gut.
Wu et al. [34] analyzed the migration of rat BM-MSCs
after 60 minutes of transient MCAO in rats. Cells were first
transfected with the HSV1-TK reporter gene. Then, a total
of 2 × 106 cells were injected 24 h after the lesion by one of
the 4 following routes: intracerebral, intraventricular, carotid
artery, or tail vein. 131 I-FIAU was injected subsequently
and the animals underwent whole-body planar imaging at
2, 8, and 24 h. At 24 h, the animals were euthanized and
samples from different tissues were obtained for gamma well
counting. The authors reported that in whole-body images it
was possible to visualize the liver and bladder and that the
signal in the brain was small but augmented gradually over
time. In gamma well counting, the uptake in the lesioned
hemisphere was greater than in the contralateral hemisphere
in MCAO animals but not in controls. Cell homing to the
lesioned hemisphere was greater in animals that received
intracerebral injection in comparison to the other routes.
4.4. Focal Cerebral Ischemia. Vasconcelos-dos-Santos et al.
[26] conducted experiments after labeling bone marrow
mononuclear cells (BM-MNCs) with 99m Tc for cell therapy
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in rats subjected to focal cerebral ischemia by permanent
thermocoagulation of pial blood vessels or in sham-operated
animals. A total of 3 × 107 cells were injected in the common
carotid artery or in the jugular vein 24 h after the lesion
or sham operation and whole-body imaging was carried
out 2 and 24 h later. Animals were euthanized at 2 or 24 h
and tissue samples were collected for gamma well counting.
Whole-body images at 2 h showed high uptake in the head
after intra-arterial infusion in ischemic and sham-operated
groups, but not following intravenous administration of the
cells. High uptake in the lungs, liver, and kidneys was also
seen at 2 h. Gamma well counting at 2 h confirmed similar
biodistribution between all groups, with high activity in the
liver and lungs. Interestingly, the uptake seen in the head of
the intra-arterial group was not due to signal in the brain.
A possible reason for this finding could be that cells were
dispersed along the tissues irrigated by the external carotid
artery, such as the nasopharynx area. At 24 h, whole-body
images showed that the remaining signal was seen mainly in
the liver and kidneys, with a sharp decrease in lung uptake.
Moreover, the uptake present in the head of intra-arterial
groups at 2 h was no longer seen. These findings were also
confirmed in gamma well counting. Although the uptake in
the brain continued being low, the ischemic hemisphere had
higher activity than the contralateral hemisphere, both for
intravenous and intra-arterial groups.
4.5. Global Brain Ischemia. In a paper from our group,
Gubert et al. [29] carried out the transplantation of rat BMMNCs labeled with 99m Tc in a rat model of global cerebral
ischemia by bilateral common carotid artery ligation. About
2 × 107 cells were infused in the tail vein 24 h after the injury
and whole-body planar imaging was performed 1 h later. Liver
and spleen were the organs with highest signal. Uptake in the
head was similar to that of the other organs and soft tissues.
Makela et al. [31] performed cell therapy using pig BMMNCs labeled with 99m Tc-HMPAO in a model of global
brain ischemia. In this model, pigs underwent transient
brachiocephalic trunk and subclavian artery occlusion for 7
minutes. Approximately 6 to 20×106 cells were injected in the
brachiocephalic trunk 24 h after the lesion and whole-body
planar imaging and head SPECT/CT imaging was made 2, 4,
6, 12, and 24 h later. Animals were euthanized at the different
time points and tissue samples were obtained for gamma well
counting. The mean uptake for all time points was quantified
in whole-body images and showed that the lungs had the
highest signal (32.7%), followed by the liver (14.2%), spleen
(7.3%), and kidneys (2.5%). There was no significant uptake
in the brain in whole-body images or gamma well counting.
Ramos et al. [33], from our group, studied the migration
of rat BM-MNCs after cell transplantation in rats with
transient global ischemia and in sham-operated controls. The
lesion was produced by permanent vertebral ligation and
transient carotid artery occlusion for 17 minutes. Then, 24 or
72 h after the ischemic insult, 3 × 107 cells were infused in
the common carotid artery. Whole-body planar imaging and
SPECT/CT were performed 2 h later. Subsequently, animals
from the group that received cells at 72 h after the lesion
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were euthanized and their brains were isolated for gamma
well counting. On planar and SPECT/CT images, activity was
observed mainly in the site of injection, liver and spleen, with
no significant activity in the brain. Gamma well counting
indicated higher activity in the brains of ischemic animals,
indicating that, although in very low amount, global ischemic
lesion increased the homing of 99m Tc-BM-MNCs to the
brain.

5. Published Clinical Trials
There have been 5 published articles in English concerning 2
different trials that used radiopharmaceuticals to track stem
cell transplantation for neurological diseases, with a total of
13 treated patients (Table 2).

5.1. Acute Ischemic Stroke. Correa et al. [36] published a case
report of a patient that received 99m Tc-HMPAO labeled BMMNCs after an ischemic stroke in the posterior branch of
the left middle cerebral artery. A total of 3 × 107 cells, 1%
of them labeled, were injected in the left middle cerebral
artery 9 days after the infarct. A whole-body planar scan and
SPECT of the head were performed 8 h later. The SPECT
scan showed homing of labeled cells to the anterior branch of
the left middle cerebral artery, what probably occurred due
to the persistent occlusion of the posterior branch. Wholebody images showed that uptake in the remaining organs
occurred mainly to the liver and spleen. Nevertheless, no
quantification of cell uptake in the different organs was
made.

5.2. Subacute Ischemic Stroke. Our research group published
a series of articles on a trial that used 99m Tc labeled cells for
subacute middle cerebral artery stroke [37–40]. A total of 1
to 5 × 108 cells were infused in the middle cerebral artery
or in the cephalic vein. Whole-body planar imaging was
performed at 2 and 24 h and a SPECT of the head was carried
out at 2 h after transplantation. Additionally, CT or MRI were
performed before and up to 180 days after the therapy and the
fusion of SPECT and CT or SPECT and MRI was performed.
Seven patients were included in the intra-arterial group and
5 in the intravenous group, between 19 and 89 days after the
stroke. The quantification of whole-body scans showed that
the intra-arterial injection led to higher signal in the liver and
spleen and lower signal in the lungs at 2 h when compared
with the intravenous route. The analysis of SPECT images
showed that the relative uptake in the ipsilateral hemisphere
in comparison to the uptake in the brain was also higher in
the intra-arterial group. At 24 h, the intravenous group had an
increase in the percentage of homing to the liver and spleen
and a decrease to the lungs when compared to 2 h scans.
Nonetheless, the signal in the brain compared to the whole
body continued being low and similar between both groups
at 2 and 24 h.
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6. Discussion
In addition to radiopharmaceutical cell labeling, there are
other methods being investigated to track stem cells. For
example, bioluminescence imaging has been successfully
used to label cells in different models of stem cell therapies
for neurological diseases [41–45]. However, it has narrow
depth penetration (∼1 cm) and cannot be used clinically
[46]. Superparamagnetic iron oxide nanoparticles (SPIOs),
initially developed for detection of hepatic lesions after
intravenous injection, have also been used for cell labeling. In
preclinical models, cell labeling with SPIOs allows tracking
for days or weeks after injection with excellent resolution
and anatomical correlation with MRI [47–49]. A few clinical
trials have successfully labeled different stem cells with
SPIOs for neurological diseases [50–53]. Nevertheless, SPIO
labeling suffers from common limitations to other exogenous
contrasts, such as dilution of the contrast media with cell
division and the possibility that apoptotic stem cells may be
phagocytized by macrophages, leading to signal that could be
incorrectly associated with the cells. Furthermore, there are
conflicting reports on the impact of nanoparticles in cellular
events [54–57], and health authorities have not yet approved
the use of SPIOs for cell labeling.
For these reasons, radiopharmaceutical cell tracking
remains an important tool for evaluation of stem cell migration and homing. In addition to a more precise localization
of the site of homing, the fusion of nuclear medicine images
with CT or MRI allows evaluation of different aspects, such
as (1) correlation of cell homing with positive morphological
and functional effects, (2) evaluation of adverse reactions
including brain hemorrhage or formation of tumors, and (3)
the effect of different doses and routes of injection on cell
migration and proliferation.
Studies using radiopharmaceuticals and other imaging
modalities to track the fate of transplanted cells have given
important clues about the mechanisms of action of cell-based
therapies for neurological diseases. In many of these studies,
the systemic delivery of different lineages of stem/progenitor
cells exerted therapeutic effects by limiting tissue damage
and/or by stimulating regeneration and plasticity of the
diseased central nervous system (CNS) [58–60]. Although
these effects have been associated with increased functional
recovery, in most cases the number of transplanted cells
that persisted at the lesion site was very low, as discussed
above. These apparently paradoxical findings have shifted the
attention from the controversial differentiation capacity of
non-neural adult stem/progenitor cells (i.e., their potential
to replace lost cells) to the mechanisms of intercellular
communication between the transplanted and the host cells.
Actually, even the therapeutic efficacy of cells committed to
the neural fate, such as neural stem/progenitor cells, seems
to be at least partially related to the secretion of innumerous
neurotrophic, anti-inflammatory, and proangiogenic factors
that contribute to CNS repair [61, 62]. Other potentially protective mechanisms that remain to be further characterized in
the CNS are cell fusion [63] and mitochondrial transfer [64]
between transplanted cells and host neurons.

99m

99m

99m

Tc

Tc-HMPAO

Radiopharmaceutical

Cell type

Type of lesion

Middle cerebral
Middle cerebral
artery or
BM-MNCs artery ischemic
cephalic vein
stroke

Middle cerebral
Middle cerebral
BM-MNCs artery ischemic
artery
stroke

Route

19–89 days

9 days

Time from
lesion

12 (no controls)

1 (no controls)

1 × 108 to
5 × 108

3 × 107

10 mL in 10 min
(1 mL/min)

Not specified

2 and 24 h

8h

Number of treated
Number of Infusion volume, Imaging time
patients
cells injected rate, and duration
points
(number of controls)

Tc: Technetium-99m; 99m Tc-HMPAO: Technetium-99m-hexamethylpropyleneamine oxime; BM-MNCs: bone marrow mononuclear cells.

Barbosa da Fonseca et al.,
2009 [37], 2010 [38];
Battistella et al., 2011 [39];
Rosado-de-Castro et al.,
2013 [40]

Correa et al., 2007 [36]

Study reference

Table 2: Clinical studies using radiopharmaceuticals for stem cell tracking in neurology.
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Some stem/progenitor cells, such as BM-MSC, can also
produce and secrete microvesicles and exosomes carrying
proteins, bioactive lipids, microRNA, and mRNA. These
exosomes could act through a paracrine mechanism or could
be used for long-distance cellular communication when
released in the systemic circulation [65]. For instance, a
recent study has demonstrated that the systemic administration of purified exosomes from BM-MSC promoted
functional recovery in a rodent model of stroke [66]. On
the other hand, it has been shown that the exposure of
BM-MSCs to ischemic brain extracts increased the levels of
microRNA 133b in their exosomes. Interestingly, microRNA
133b was responsible for the increased neurite outgrowth
observed in cultured neurons treated with these exosomes,
suggesting that the ischemic brain could provide some
cues that induce a proregenerative phenotype in BM-MSC
[67].
These studies indicate that pharmacological and genetic
manipulations aimed at stimulating the homing and engraftment of stem/progenitor cells in the CNS could enhance
their therapeutic effects, by increasing the concentration of
secreted factors at the lesion site, as well as by exposing
the transplanted cells to local inflammatory cues. It is also
necessary to improve the engraftment and long-term survival
of neural stem cells (and their differentiated daughter cells)
in some conditions where the main outcome depends on
remyelination or on the replacement of lost cells, such as in
congenital demyelinating diseases and in Parkinson’s disease,
respectively. For this purpose it will be important to investigate the signaling mechanisms regulating the expression of
chemokine receptors and adhesion molecules involved in the
trafficking of these cells to inflammatory sites [68–70] and
to understand how the diseased CNS environment modulate
the phenotype and viability of the transplanted cells. For
instance, BM-MSC can adopt different phenotypes when
stimulated by proinflammatory cytokines, toll-like receptors
agonists or when exposed to a hypoxic culture environment
in vitro [71]. However, it is unclear how these factors could
affect the secretome of transplanted stem/progenitor cells
in vivo. Nuclear medicine imaging and other neuroimaging
methods are therefore important tools to investigate all these
questions.
Another line of evidence indicates that cell-based therapies could also exert their beneficial effects at long distances from the lesion site. Large numbers of injected cells
migrate to the liver and spleen, where they could interact with inflammatory cells, such as splenocytes, invariant
natural killer T cells, and tissue macrophages [72, 73].
Although still poorly understood, these interactions result
in the modulation of systemic inflammation and seem
to be necessary for the therapeutic effects following the
administration of stem/progenitor cells in models of stroke,
experimental autoimmune encephalomyelitis, and traumatic
brain injury [74–85]. In the latter, intravenously transplanted
bone marrow-derived progenitors promoted the preservation
of splenic mass, by increasing the survival and the proliferation of splenocytes [81]. This treatment also stimulated
the production of the anti-inflammatory cytokine IL-10 by
splenocytes and increased the percentage of T regulatory
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cells in the spleen and blood, which are known for their
immunosuppressive effects [80, 81].
As reviewed above, in many cases systemically transplanted stem/progenitor cells can be trapped in the lungs.
The pulmonary passage may represent a barrier for the
delivery of these cells into the CNS [86] but could also be
necessary for the activation of some cell types, before their
migration to the brain, as occurs with potentially autoaggressive T cells in experimental autoimmune encephalomyelitis
[87]. Indeed, Lee et al. [88] observed the upregulation
of the anti-inflammatory protein tumor necrosis factoralpha stimulated gene/protein 6 (TGS-6) in intravenously
infused MSC trapped in the lungs, in a mouse model of
acute myocardial infarct. Their study indicated that MSC
were activated in the lungs to secrete TGS-6, which in
turn modulated the inflammatory response in the heart.
Moreover, it has been shown that BM-MSC induced the
production of the anti-inflammatory cytokine IL-10 by
macrophages from septic lungs [89]. Finally, it remains to
be investigated whether stem cells could exert a beneficial effect in the lungs in some neurological conditions
like stroke, which is commonly associated with pneumonia
[90, 91].
Another point that remains to be investigated is the
combined use of endogenous labeling of other stem cell
targets. For example, activated microglia play a central part
in neuroinflammation and express a protein named the
translocator protein 18 kDa (TSPO) [92–95]. Augmented
TSPO expression has been demonstrated in different diseases
such as Alzheimer’s disease, multiple sclerosis, encephalitis,
and stroke [92–96]. PK11195 is a ligand of TSPO, and carbon11 labeled PK11195 (11 C-PK11195) is a PET radiotracer that has
been used for more than 20 years to quantify TSPO expression in the brain [92, 94]. Nevertheless, it has limitations such
as high nonspecific binding and new tracers such as 11 CPBR28 [97], 11C-DPA713 [98], and 18 F-FEPPA [99] are under
investigation.
In an example of combined use of labeling, Cicchetti et
al. [100] labeled subventricular zone- (SVZ-) derived neural
stem/progenitor cells with SPIOs to evaluate their migration
with MRI and simultaneously utilized different radiotracers
to analyze physiological aspects with PET. In their study,
SVZ cells were transplanted into either the right rostral
migratory stream (RMS) or striatum of adult Sprague-Dawley
rats. While little migration of the cells transplanted into the
striatum was seen after 3 weeks, neural stem/progenitor cells
transplanted into the RMS migrated toward the olfactory
bulb after 1 week. Interestingly, PET with 18 F-FDG showed
increased glucose metabolism and higher uptake of 11 CCFT (dopamine transporter) and 11 C-raclopride (dopamine
receptor type 2) in the striatum 3 months after the transplant.
Moreover, transplanted cells did not lead to a significant local
inflammatory response as evaluated by 11C-PK11195 PET.
Therefore, the combination of different imaging modalities
allowed cell tracking in conjunction with the assessment of
cell metabolism noninvasively. Taken together, such methods
have the potential of answering important questions in the
field of stem cell therapy.
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7. Conclusion
Radiopharmaceutical cell labeling is a well-established technique that allowed tracking of stem cells in preclinical
and clinical studies for neurological diseases. Intralesional
transplantation of radiopharmaceutically labeled stem cells
led to accumulation in the site of injection in animal
models of spinal cord injury. Similar findings occurred after
intracerebral injection in animal models of traumatic brain
injury and MCAO. In contrast, intravenous and intra-arterial
injection led to small homing to the brain or spinal cord,
and biodistribution was mainly to the liver, spleen, lungs, and
kidneys, what also occurred in the clinical trials for stroke.
Further studies are necessary to improve the understanding
of the mechanisms behind cell homing and their correlation
with the morphological and functional effects of stem cell
therapies.
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The traditional lack of techniques suitable for in vivo imaging has induced a great interest in molecular imaging for preclinical
research. Nevertheless, its use spreads slowly due to the difficulties in justifying the high cost of the current dedicated preclinical
scanners. An alternative for lowering the costs is to repurpose old clinical gamma cameras to be used for preclinical imaging. In
this paper we assess the performance of a portable device, that is, working coupled to a single-head clinical gamma camera, and
we present our preliminary experience in several small animal applications. Our findings, based on phantom experiments and
animal studies, provided an image quality, in terms of contrast-noise trade-off, comparable to dedicated preclinical pinhole-based
scanners. We feel that our portable device offers an opportunity for recycling the widespread availability of clinical gamma cameras
in nuclear medicine departments to be used in small animal SPECT imaging and we hope that it can contribute to spreading the
use of preclinical imaging within institutions on tight budgets.

1. Introduction
The traditional lack of techniques suitable for in vivo imaging
has induced a great interest in molecular imaging for preclinical research. Single photon emission computed tomography
(SPECT) and positron emission tomography (PET) are the
most commonly employed molecular imaging techniques.
They are noninvasive imaging techniques used for in vivo
measurement of biological tracers for the diagnosis and
treatment of many diseases. The application of SPECT and
PET imaging techniques in preclinical research has similar
benefits as in clinical routine, being used in drug discovery
and development, to assess drugs’ effects prior to clinical
trials and to provide a better understanding of animal models
with prospective clinical applications [1, 2]. In vivo imaging
not only complements ex vivo techniques, but also proves
advantageous in certain situations, for example, allowing
more than one-time exams or repeated observations over
extended periods of time. Furthermore and importantly, it

reduces the number of animals used in preclinical research
significantly. At present, existing preclinical imaging systems
are able to provide high quality and very detailed images
of small animals and are thus a natural complement to
classical techniques such as autoradiography and microscopy.
Nevertheless, the great interest of preclinical imaging has
been hindered by the high cost of preclinical scanners, similar
to their clinical counterparts, which is due to the major
improvements in detector instrumentation and tomographic
reconstruction required to image small animals.
In particular, molecular SPECT imaging is based on
gamma-emitting radionuclides that are injected into the
patient and then emit a single photon that is detected by
using a collimator and a gamma camera. The collimator provides information on the direction where the disintegration
occurred. The collimator used for preclinical SPECT imaging
is a pinhole collimator, that is, with just one small hole,
which creates magnified projections and therefore interesting
effects for imaging small organs and small animals [3].
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The magnification factor is defined as the ratio between the
distance from the pinhole to the detector (focal distance)
and the distance from the pinhole to the object (radius of
rotation). Therefore, high magnification factors require low
radius of rotation or high focal distances. The radius can
be decreased at the expense of the size of the FOV. The
focal distance can be increased by positioning the detector
farther from the collimator, but this requires using larger
detectors. Yet, as large detectors are pricy, the current trend
in preclinical SPECT is to design low-magnification systems
with very small pinhole diameters, in order to improve the
spatial resolution despite decreasing the sensitivity [4–7].
Advanced preclinical SPECT scanners circumvent the lowsensitivity problem including multipinhole collimators and
several gamma camera heads [8–11].
An option to decrease the cost of a preclinical SPECT
scanner is to repurpose a clinical gamma camera. The
detectors integrated in clinical gamma cameras are large and
therefore high magnification factors can be used to improve
the spatial resolution [12]. The problem is that they were
designed to rotate around human patients, and, in preclinical
imaging the animals to be scanned are typically ten times
smaller. The rotating system of the clinical gamma camera
should be extremely precise, which greatly increases the cost
of the system. A low-cost solution is to keep static the gamma
camera and rotate the animal [13, 14]. Following this trend,
we have designed a portable device that can be attached to a
clinical gamma camera to generate preclinical SPECT images.
In this paper, we present our preliminary experience with
a portable device working coupled to a single-head clinical
gamma camera and we assess its performance to be used for
small animal SPECT imaging.

2. Materials and Methods
Firstly, we describe the design and structure of the small animal SPECT system, as well as the acquisition and reconstruction software. In the second part, we present an evaluation
of the image quality based on phantom measurements and
different in vivo animal studies.
2.1. Pinhole SPECT System: Design, Acquisition, and Reconstruction. The pinhole SPECT system consists of a clinical
gamma camera and a portable device (Figure 1). The clinical
gamma camera is a single-head clinical Siemens Orbiter
gamma camera (Siemens Medical Solutions, Inc., USA),
available at our nuclear medicine department. The portable
device is composed of the animal holder, the positioning
system, and the pinhole collimator. The animal holder is a
methacrylate plastic cylinder of 3.2 cm in diameter in order to
support the animal being scanned. It is open to allow for easy
access to the animal for anaesthetization and monitoring of
vital constants. The positioning system consists of automated
rotatory and linear stages. The collimator is a single pinhole
2 mm in diameter made of tungsten sheets. The entire device
is mounted on a portable support that ensures that these
components are kept in the selected positions with respect

BioMed Research International
to each other. The device has to be placed in front of the
gamma camera, and this portable support allows for relative
movement between them, which in turn allows variations of
the focal distance.
Firstly, the number of projections and the total duration
of the study have to be selected. Then, data is acquired for the
first projection and, when finished, the rotatory system moves
the object to the next projection angle. Any number of projections (1–360) and any study duration time can be selected.
Data is acquired in list-mode format, so corrections, such as
energy and spatial linearity, and uniformity corrections can
be performed. All experiments were carried out using a fixed
radius of rotation of 3.4 cm, 60 projections (6∘ angular steps
and 60 seconds per projection), an energy window of 110–
170 keV, and bin size of 3.2 mm.
Projection data are then reconstructed using an iterative
algorithm based on the ordered subsets expectation maximization (OSEM) algorithm. This reconstruction algorithm
was developed by [7], validated by [15], and finally adapted to
our system. It includes the effect of the pinhole aperture, septal penetration, an experimental model for intrinsic detector
response, and a calibration of the geometric parameters that
describe the acquisition. The reconstruction was performed
with 100 × 100 × 50 voxels (0.32 × 0.32 × 0.64 mm3 voxel size),
using 20 subsets and different numbers of iterations, ranging
from 1 to 500; no postreconstruction filters were applied.
2.2. Phantom Experiments. Phantom experiments were performed to evaluate the system performance in order to
define protocols for animal studies. It is well known that an
optimal trade-off between contrast and noise must be found
by choosing an optimal iteration number. Nevertheless, the
appropriate number of iterations is dependent on several
factors, such as the lesion size and the scan statistics. In
theory each patient and each lesion may need an individual
assessment of the appropriate number of iterations.
We have carried out a performance evaluation in terms
of image noise, contrast, and number of iterations by using
a cylindrical phantom of diameter 16 mm and length 3 cm
that contains 6 rod inserts with diameters of 0.5, 1, 2, 3, 4,
and 5 mm. The rods were filled with a solution of 99m Tc and
water (activity concentration of 247 MBq/mL) and no activity
in the background was added. Every section of the phantom
was uniformly filled with the same activity concentration.
2.2.1. Contrast. It was obtained by measuring the average
counts within a cylindrical volume of interest centered in
each rod and the average counts within a cylindrical volume
of interest centred in the background. It represents a measure
of the convergence of the reconstruction algorithm and
depends on the size of the source of activity and the number
of iterations.
2.2.2. Image Noise. It was evaluated through the coefficient
of variation, also called normalized image noise. It is defined
as the ratio of the standard deviation to the mean value of
the counts measured in a volume of interest. It was calculated
for different iterations as the ratio of the average standard
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Figure 1: Scheme of a large detector with the portable device (top) and photograph of the clinical gamma camera working with the device,
with the positioning system, animal holder, and the collimator.

deviation to the mean counts in a cylindrical volume of
interest of diameter 12 mm and height 5 mm centered in the
uniform section of the phantom.
2.3. In Vivo Animal Studies. The results derived from phantom experiments in the previous section were used to find
optimal protocols for animal studies. Two in vivo mouse
studies were carried out in order to evaluate the performance
of the portable device in small animal imaging.
2.3.1. Whole-Body Bone Scan. The second study was a bone
scan obtained by using a healthy laboratory mouse, scanned
2 hours after injection of 100 MBq of 99m Tc-HDP (hydroxymethane diphosphonate) in the tail vein. The whole-body
scan was obtained by acquiring four 1 h bed positions,
with decay correction applied by adequately increasing the
projection time for each bed position. HDP uptake occurs
as a function of skeletal blood flow and osteogenic activity
and therefore HDP-SPECT can be used for imaging of areas

of abnormal osteogenesis associated with malignant bone
lesions. It is clear that the visualization of the mouse skeleton
and the localization of small bone lesions require a better
spatial resolution than the renal scan, and therefore a different
protocol in terms of number of iterations should be used.
2.3.2. Thyroid Scan. The third study was a thyroid scan. To
perform this study, a healthy mouse was scanned 10 minutes
after peritoneal injection of 37 MBq of 99m Tc. A single 1 h
bed position was acquired over the intended region. The
normal size of the mouse thyroid gland is about 2–4 mm
and the dimension of each lobule can be less than 1 mm. The
protocol for these studies should include a larger number of
iterations in order to resolve submilimetric structures with
high contrast.

3. Results
3.1. Phantom Experiments. Figure 2 shows transaxial images
of the hot phantom acquisition reconstructed using 1, 4, and

4
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Figure 2: Hot rod phantom, reconstructed transaxial slices using 1, 4, and 32 iterations.
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Figure 3: Hot phantom, contrast values measured for the different
rod inserts at different numbers of iterations (1–32).

32 iterations. Of the six hot rods, the smallest 0.5 mm rod
cannot be clearly identified after 1 iteration, but it becomes
visible using larger number of iterations. The remaining rods
are clearly identified after just 1 iteration, although 1 mm rod
is rather blurred. Ring-type artefacts and overshoot are visible
in the three largest hot rods (diameters 5, 4, and 3 mm) after
4 iterations and become more evident at larger number of
iterations. These types of artifacts are likely caused by the
Gibbs phenomenon.
Figure 3 shows the contrast obtained for the different rod
diameters as a function of the normalized image noise of
the reconstructed image. As expected, the undesired effect of
convergence is that the image noise values increase monotonically with the number of iterations; that is, the improvements
in contrast are achieved at the expense of increased image
noise. The contrast of the larger rod diameters (5 mm, 4 mm,
3 mm, and 2 mm) is already close to its maximum value
(>95%) after iteration 1 and therefore at image noise values
as low as 5%. Nevertheless, the convergence of the smaller
rod diameters (1 mm and 0.5 mm) requires more iterations.
The 1 mm rod was obtained with contrast values higher than
95% after iteration 4 and therefore image noise values of 7%.
The 0.5 mm rod was obtained with contrast values higher
than 95% after iteration 32 and therefore image noise values

MIP projections

Coronal

Figure 4: Healthy mice studies. HDP-SPECT: MIP projections
(left); sagittal and coronal SPECT images (right), obtained 2 h after
injection of 99m Tc-HDM.

of 23%. In summary, our findings show that the number
of iterations should be matched to diagnostic task of each
study, taking into account considerations such as the required
spatial resolution.
3.2. In Vivo Animal Tests. Figure 4 shows the reconstructed
images of 99m Tc-HDP mouse bone study, showing the maximum intensity projections (MIP) and sagittal and coronal
views of the SPECT images. Detailed images of the bones
were obtained, and even small structures such as the vertebrae
were resolved by using a number of iterations equal to 4.
Figure 5 shows multimodality images from the coregistration of the bone SPECT scan to MRI and CT images.
The comparison with anatomical images (MRI and CT)
shows that the functional information obtained with SPECT
perfectly matches the bone structural information.
Figure 6 shows the reconstructed images from the 99m Tc
mouse thyroid study. Clear images of the thyroid with high
contrast were obtained, and the two thyroid lobes could be
clearly resolved after 32 iterations.
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4. Discussion
It is well known that the optimal contrast-noise trade-off has
to be found by choosing an appropriate iteration number,
which is dependent on factors such as the lesion size and the
detected counts. The problem is that each patient and each
lesion may need an individual assessment of the appropriate
number of iterations. To overcome this, we have performed
phantoms’ studies to assess the quality of our images and
the reconstruction procedure in different cases. Our findings
showed that our device is capable of resolving with high
contrast (>94%) structures larger than 2 mm at noise levels of
5% (iteration 1), structures about 1 mm at noise levels of 7%
(iteration 4), and very small structures about 0.5 mm at noise
levels of 23% (iteration 32). The latter results based on phantom experiments were used for defining optimal protocols in
terms of number of iterations for in vivo animal scans. The
whole-body bone scan was obtained after only 4 iterations
and makes it possible to distinguish most of the bony structures appearing in the corresponding MRI and CT image. The
thyroid scan allowed us to distinguish the two lobes of the
mouse thyroid clearly separated. Unlike renal and bone scans,
this study required 32 iterations in order to resolve the two
thyroid lobes with high contrast. We should be aware that the
normal size of each lobule of the mouse thyroid is about 1 mm.
We will discuss the strengths and weaknesses of our
design. One of the positive features of our system is that it
provides high contrast images of relatively small structures
(about 1 mm) with an acceptable noise level (about 7%).
This success comes from the fact that we have combined a
large pinhole collimator (2 mm) with high magnification,
in order to avoid degrading the spatial resolution. We feel
that the outcome performance of our system is a great result
as it is comparable to the trade-off between contrast and
noise obtained from other pinhole-based prototypes [6, 13].
Nevertheless, the performance of our system is worse than the
performance of the novel multipinhole-based commercial
systems [16]. Due to this, animal tests reported here were
obtained after administration of high doses and the total
acquisition times about 1 h, which has to be mentioned as an
important weakness of proposed preclinical imaging system
compared to multipinhole-based commercial systems.
Regarding this, our system could be used with larger
pinhole diameters (3-4 mm), so that the sensitivity could be
increased. Nevertheless, further studies should be carried
out in order to analyze whether this gain in sensitivity can
be sustained without a significant loss of spatial resolution.
Among the main strengths of our device are also its versatility,
portability, and simplicity. For example, the system is versatile
to be used with a different gamma camera model and even
with gamma cameras that are also being used in clinical
practice. The simplicity of the design allows us to keep the
cost to a small fraction of the tag price of a commercial system
and it offers an opportunity for recycling the widespread
availability of clinical gamma cameras in nuclear medicine
departments to be used in small animal SPECT imaging.
Among the weaknesses, it has to be also mentioned that some
ring-type artifacts were observed, likely caused by the wellknown Gibbs effect [17] and due to the truncation of a Fourier
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series of a discontinuous function during the reconstruction
process. This was particularly relevant for larger rods, with
diameters of 5, 4, and 3 mm, whereas it was not observed in
rods with diameters of 2, 1, and 0.5 mm. This phenomenon
has been extensively studied in a previous work [7], and the
authors are investigating strategies to reduce its effects.

5. Conclusions
We have assessed the performance of a device that can
be used with a clinical gamma camera to generate small
animal SPECT images. Our findings, based on phantom
experiments and animal studies, showed that the proposed
system can be used for preclinical imaging with an image
quality comparable to dedicated pinhole-based preclinical
imaging scanners. The main strengths of our device are its
versatility and portability, as it is not physically attached to
the gamma camera and therefore can be used with a different
gamma camera model and even with gamma cameras that
are also being used in clinical practice. Furthermore, the
simplicity of the design allows us to keep the cost to a
small fraction of the tag price of a commercial system. For
all these reasons and finally we feel that our system offers
an opportunity for recycling the widespread availability of
clinical gamma cameras in nuclear medicine departments to
be used in small animal SPECT imaging and we hope that
it can contribute to spreading the use of preclinical SPECT
imaging within institutions on tight budgets.
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Copper (Cu) is an important trace element in humans; it plays a role as a cofactor for numerous enzymes and other proteins crucial
for respiration, iron transport, metabolism, cell growth, and hemostasis. Natural copper comprises two stable isotopes, 63 Cu and
65
Cu, and 5 principal radioisotopes for molecular imaging applications (60 Cu, 61 Cu, 62 Cu, and 64 Cu) and in vivo targeted radiation
therapy (64 Cu and 67 Cu). The two potential ways to produce Cu radioisotopes concern the use of the cyclotron or the reactor.
A noncopper target is used to produce noncarrier-added Cu thanks to a chemical separation from the target material using ion
exchange chromatography achieving a high amount of radioactivity with the lowest possible amount of nonradioactive isotopes. In
recent years, Cu isotopes have been linked to antibodies, proteins, peptides, and nanoparticles for preclinical and clinical research;
pathological conditions that influence Cu metabolism such as Menkes syndrome, Wilson disease, inflammation, tumor growth,
metastasis, angiogenesis, and drug resistance have been studied. We aim to discuss all Cu radioisotopes application focusing on
64
Cu and in particular its form 64 CuCl2 that seems to be the most promising for its half-life, radiation emissions, and stability with
chelators, allowing several applications in oncological and nononcological fields.

1. Introduction
Copper (Cu) is a transition metal with atomic number 29,
known since ancient times. It is an important trace element
for most organisms in all kingdoms. In humans, copper plays
a role as a cofactor for numerous enzymes, such as Cu/Znsuperoxide dismutase, cytochrome c oxidase, tyrosinase,
ceruloplasmin, and other proteins, crucial for respiration,
iron transport and metabolism, cell growth, and hemostasis
[1, 2].
In the last decades, the scientific knowledge and the
technological development permitted to overcome the limit
of the morphological imaging and to move in the way of
biometabolic imaging. This new approach creates further
opportunities for clinical research, diseases diagnosis, and
treatment. It allows physicians to generate high-resolution

images of the human body noninvasively, diagnose illness,
and choose treatment regimens based upon them [3].
New radioisotopes in Nuclear Medicine can be used
in their simple form or bound with carrier molecules for
the production of complex radiopharmaceutical, creating
new opportunities for different metabolic imaging of several
organs and systems.
For widespread use in medicine of any radioisotope, two
factors are essential: availability of the isotope and a stable
and effective mode of binding with an appropriate chemical
carrier [4].
Selection of the proper radionuclide in radiopharmaceutical design is critical and depends upon several factors. The
half-life of the radionuclide should allow sufficient uptake
and distribution to yield considerable contrast and quality
images. The energies of the radionuclide emission should be
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Table 1: Main characteristic of the medically relevant Cu radioisotopes.

Isotope

60

61

𝑇1/2

Cu

23.7 min

Cu

3.32 h

62

64

67

Cu

Cu

Cu

9.7 min

12.7 h

61.83 h

Decay mode

𝛽+ (93%)
𝛾 (7%)
𝛽+ (60%)
𝛾 (40%)
𝛽+ (98%)
𝛾 (2%)
𝛽+ (19%)
𝛾 (43%)

Production

Energy (keV)

Incident
beam energy
(MeV)

2940
Cyclotron
511/467/826/1332
1159
Cyclotron
511/283/589/656
2925
Cyclotron
511
657
Cyclotron
511/1346

𝛽− (38%)

141

𝛽− (100%)

390/482/575

𝛾 (52%)

91/93/185

Reactor

Cyclotron

Reaction

11

60

19

61

5–14

62

12
19

Yield at recovery
(MBq/𝜇Ah or MBq/mg)

Ni(p,n)60 Cu

370

Ni(p,n)61 Cu

573∗∗

Ni(p,n)62 Cu

19800∗∗

64

Ni(p,n)64 Cu
Ni(d,2n)64 Cu

243∗∗∗
388∗∗∗

Zn(p,xn)64 Cu
Zn(n,p)64 Cu
63
Cu(n,𝛾)64 Cu

67
14.5∗∗∗∗
ND

64

ND
1.8∗
ND

nat

ND

68

64

Zn(p,2p)67 Cu

ND

70

ND
ND

67
68

ND

67

ND

67

ND
ND

Zn(p,a) Cu

Zn(n,p) Cu
Zn(g,p)67 Cu

ND: data not available.
∗
Approximate minimum neutron energy.
∗∗
Predicted yield.
∗∗∗
Maximum of results.
∗∗∗∗
Mean of results.

appropriate for proper detection by the equipment, while cost
and availability are also important considerations [3].
With the progress in medical sciences, copper has gained
a lot of attention.
Natural copper comprises two stable isotopes, 63 Cu
(69.17%) and 65 Cu (30.83%), and 27 known radioisotopes, five
of them are particularly interesting for molecular imaging
applications (60 Cu, 61 Cu, 62 Cu, and 64 Cu), and in vivo
targeted radiation therapy (64 Cu and 67 Cu) [4].
Copper radionuclides offer a varying range of half-lives
and decay modes [3].

2. Production of Cu Radioisotopes
One of the major challenges is the production of radionuclides with high specific activity, that is, a high amount of
radioactivity with the lowest possible amount of nonradioactive isotopes.
Preparing high specific activity Cu radionuclides is an
even bigger challenge, since Cu is ubiquitous in the environment. For all of the Cu isotopes, a noncopper target is used
to produce noncarrier-added Cu. In using a target, having a
different atomic number, a chemical separation of the copper
radionuclide from the target material is possible. In addition,
the experimental conditions for preparing the target and
separating the copper radionuclides from it must be as metalfree as possible [3].

The following fundamental step is the extraction of
each Cu radioisotope from the target, performed using ion
exchange chromatography [5].
The two potential ways to produce Cu radioisotopes
concern the use of the cyclotron or the reactor. At the state
of the art, the cyclotron production is the most studied.
The main characteristics of the Cu radioisotopes of
medical interest and their most common ways of production
are reported on Table 1.
2.1. 60 Cu. 60 Cu is a 𝛽+ emitter with decay properties making
it possible candidate tracer for positron emission tomography (PET), even it has the disadvantage of 𝛾 emissions
[4]. 60 Cu is a proton-rich nuclide that decays to its stable
Ni isotopes through a combination of positron decay and
electron capture processes. It can be produced on a medical
cyclotron at relatively low costs using proton or deuteron
induced reactions on enriched 60 Ni targets [5, 6]. Other ways
of production have been recently developed (e.g. nat Co + 3 He,
nat
Co + a) [7, 8].
2.2. 61 Cu. 61 Cu isotope can be produced from zinc, nickel,
or cobalt targets on a medical cyclotron using proton or
deuteron or alpha particles induced reactions. Necessity of
highly enriched Ni and Zn targets or high-energy particle
beams limited accessibility of 61 Cu for biomedical use, until
more economic production methods from natural Zn or Co
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will be developed [9, 10]. Half-life longer than that of 60 Cu
and 62 Cu makes 61 Cu better choice for prolonged imaging of
processes with slower kinetics. This isotope, however, is much
less popular in today’s biomedical studies than other copper
radioisotopes [4, 8, 11–14].
2.3. 62 Cu. 62 Cu has unique properties being almost pure
𝛽+ emitter (98%) with short half-life of 9.7 min. 62 Cu is
a proton-rich nuclide that decays to its stable Ni isotope
through a combination of positron decay and electron capture processes. It can be produced on a medical cyclotron
using proton or deuteron induced reactions on enriched 62 Ni
targets. 62 Cu can also be produced indirectly through its
parent 62 Zn in a 62 Zn/62 Cu generator system. This is the
preferred option, reducing the levels of radioactivity that need
to be manipulated and allowing 62 Cu to be eluted as required
[5].
Current 62 Zn/62 Cu generators can start with 62 Zn activities of 5-6 GBq, 93% of this activity being released as 62 Cu
in the first 3.2 mL of eluate; however relatively short half-life
of parent 62 Zn makes these generators operable for not more
than three days.
Currently the proton induced reactions on natural copper
is the method of choice for the production of the mother
nuclide 62 Zn. Recently, 62 Cu production was also investigated
via nat Zn + p reactions [15, 16].
This isotope is currently the most intensively studied
copper radioisotope besides 64 Cu [4].
2.4. 64 Cu. 64 Cu is a highly unusual isotope because it decays
by three processes, namely, positron, electron capture, and
beta decays. This property allows either cyclotron or reactor
production, with the latter route resulting in either low
specific activity (n,𝛾) or high specific activity (n,p) products
[5].
At present, the most common production method for
64
Cu utilizes the 64 Ni(p,n)64 Cu reaction [17, 18].
The production of noncarrier-added 64 Cu via the
64
Ni(p,n)64 Cu reaction on a biomedical cyclotron was proposed by Szelecsenyi et al. Subsequent studies by McCarthy
et al. were performed, and this method is now used to provide
64
Cu to researchers throughout the United States [17, 19].
The target for producing 64 Cu is enriched 64 Ni (99.6%).
The 64 Ni (typically 10–50 mg) is prepared and electroplated
onto a gold disk using a procedure modified from Piel et al.
[20].
The target is bombarded on the cyclotron. Recently, Obata
et al. reported the production of 64 Cu on a 12 MeV cyclotron,
which is more representative of the modern cyclotrons
currently in operation [21].
After bombardment, the 64 Cu is separated from the target
nickel in a one-step procedure using an ion exchange column.
Typically, 18.5 GBq of 64 Cu are produced with a 40 mg 64 Ni
target and a bombardment time of 4 h. The specific activity
of the 64 Cu ranges from 47.4 to 474 GBq/𝜇mol (1280 to
12,800 mCi/𝜇mol). The typical yields for 64 Cu productions
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are 0.2 mCi/𝜇A⋅h per mg 64 Ni. The enriched 64 Ni can be 85–
95% recovered as previously described and reused for future
bombardments, which contributes to the cost-efficiency of
this method of 64 Cu production [3].
Another method of 64 Cu production is the
64
Zn(n,p)64 Cu reaction in a nuclear reactor [22, 23].
Most reactor-produced radionuclides are produced using
thermal neutron reactions, or (n,𝛾) reactions, where the
thermal neutron is of relatively low energy, and the target
material is of the same element as the product radionuclide.
For producing high specific activity 64 Cu, fast neutrons
are used to bombard the target in a (n,p) reaction [22–26].
Unfortunately, one of the byproducts of producing 64 Cu
with a natural Zn target was 65 Zn (𝑇1/2 = 245 d), which limits
the practicality of production by this method [27].
Smith et al. separated large amounts of 64 Cu by product
from cyclotron production of 67 Ga via the 68 Zn(p,2n)67 Ga
reaction at the National Medical Cyclotron, Sydney, Australia [28]. This method of production has the advantage
of being very economical and allows for the production of
very large amounts (>111 GBq (>3 Ci)) of reasonably high
specific activity material (∼31.8 TBq/mmol (∼860 Ci/mmol)).
The disadvantage is that on-demand production would be
problematic, since the major radionuclide produced is longlived 67 Ga (𝑇1/2 = 72 h).
The production of 67 Ga, which has identical gamma energies to 67 Cu, makes activity measurements prior to separation
difficult. In addition, isotopes of nickel, cobalt, manganese,
and chromium have been observed that while being relatively
easy to separate add complexity to the required separation
scheme [5].
Although the proton induced reaction on enriched 64 Ni
plays a key role for practical production, recently the
deuteron induced reactions are also intensively studied and
seem to be very promising [29].
2.5. 67 Cu. This isotope of copper, owning to interesting decay
properties, is potentially useful for radioimmunotherapy, but
due to limited availability, researches that actually use this
isotope are few, compared to other Cu isotopes [30, 31].
Dynamic growth of radioimmunotherapy can increase
demand for this isotope. Medvedev et al. reported an attempt
to produce 67 Cu in a larger scale, which gives perspectives for
wider commercial availability of the isotope in the near future
[32].
67
Cu is the longest living copper radioisotope and also one
of the most difficult to produce, since it requires fast neutron
flux reactor or high-energy proton beams and costly 68 Zn
target [33]. Therapeutic amounts of 67 Cu can be produced
via several reactions on Zn. The production by the reaction
68
Zn(p,2p)67 Cu is the largest contributor of 67 Cu in North
America. Providing a reliable supply of 67 Cu by this method
requires dedicated proton beam and chemistry station that
are rarely possible at one of these multipurpose facilities
[34, 35].
The 68 Zn(p,2p)67 Cu reaction requires increasing proton
energy, from 20 to 70 MeV, according to Stoll et al. (which
includes data from two other studies) [36].
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Due to the nature of the spallation process, there will
always be a variety of products in the target and enriched
targets are seldom used except to determine the reaction cross
section. Targets are mainly zinc metal foils which allow for
greater heat dissipation and have a higher density than zinc
oxide [34, 36].
A small subset of the literature involves the use of a
low energy proton beam, 20 MeV, driving a reaction on
70
Zn(p,a)67 Cu. The presence of 67 Ga complicates gamma
counting of the sample until after a radiochemical separation.
Large amounts of 65 Zn are also expected to accumulate in any
recycled target due to its 244-day half-life. A demonstration
with a larger target mass will determine if this method of
production is comparable to other techniques. In contrast to
other production methods, the 70 Zn(p,a)67 Cu reaction does
not coproduce large amounts of other radioisotopes due to
the low energy protons used [34, 37].
The production of 67 Cu in a nuclear reactor by the
reaction 67 Zn(n,p)67 Cu has been pursued in part due to its
simplicity. One only needs to place a suitably contained zinc
target in a commercial or research reactor to produce a usable
amount of 67 Cu. However, access to reactors, waste concerns,
and undesirable side reactions complicate the use of this
reaction for extended productions and medical applications.
In the literature the production of 67 Cu by the reaction
68
Zn(𝛾,p)67 Cu is also reported. Linear accelerators producing
30–60 MeV electrons were focused on a convertor plate,
usually tungsten or tantalum, which produces photons with
a similar energy range [34].
However, the best yield for the (𝛾,p) reaction on an
enriched target only used a few milligrams of zinc; a demonstration with a larger target is required to produce a more
accurate yield and validate this method [34].

3. Clinical Application
Nuclear medicine imaging provides information about function and structure, using safe, not invasive, and cost-effective
techniques for diagnosis and therapy [38].
This discipline is of great importance to medical specialties such as cardiology, neurology, oncology, orthopedics,
endocrinology, hematology, nephrology, and pulmonology
[38–43].
Copper radioisotopes can have a “conventional role” as
radioactive markers that can be added to carrier molecules,
conferring all the biological targeting specificity that is
needed; furthermore, they can be used as “real tracers,” when
directed at the in vivo study of the Cu metabolism itself.
As molecular imaging continues to advance, PET and
single photon emission computed tomography (SPECT)
techniques are nowadays an integral part of the molecular
imaging toolbox; among all the available molecular imaging
strategies, PET and SPECT allow targeting of extracellular,
cell surface, intracellular proteins, and nucleic acids.
Availability of Cu isotopes for preclinical and clinical
research has greatly improved in recent years, also because
many potential chelators were developed during over past 20–
30 years [4, 44, 45].
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The well-established coordination chemistry of Cu allows
for its reaction with a wide variety of chelator systems that can
potentially be linked to antibodies, proteins, peptides, and
other biologically relevant small molecules [3].
Cu metabolism varies from individual to individual.
Physiological and pathological conditions that influence Cu
metabolism include inherited copper metabolic defects, such
as Menkes syndrome and Wilson disease, and acquired copper metabolism disorder or imbalance caused by pregnancy,
inflammation, and tumor growth, metastasis, angiogenesis,
and drug resistance [46–48].
All Cu radioisotopes are currently investigated for clinical
applications but at the state-of- art 64 Cu, and, in particular, its
form 64 CuCl2 seems to be the most promising for its half-life,
radiation emissions, and stability with chelators.
3.1. The Role of Cu in Oncology. In the last years, many
preclinical studies have demonstrated an effect of Cu on
cancer development. In fact, in comparison with normal
human subjects, significantly higher copper levels have been
measured in serum and tumor cells of patients with cancer
including prostate, breast, and brain cancer [49].
64
CuCl2 is the most widely isotope studied, for its potential role in PET imaging and therapy; it has been bound
to several carrier that can be applied to monitor copper
metabolism status and guide personalized copper chelator
treatment in cancer patients [50].
3.1.1. Cu-Labeled Antibodies and Peptides for Tumor Targeting.
Monoclonal antibodies (mAbs) are a vast group of biotechnologically produced proteins, with constantly rising number of
applications in immunotherapy, targeted drug delivery, and
in vivo/in vitro diagnostics. 64 Cu-labeled antibodies for PET
imaging are trastuzumab (breast cancers expressing human
epidermal growth factor receptor 2 or HER2), cetuximab (targeting EGFR-epidermal growth-factor receptor expressing
tumors), TRC105-Fab (targeting CD105), and etaracizumab
(antibody against human 𝛼V 𝛽3 integrin) [4].
Radiolabeling of trastuzumab as well as related fragments
and antibodies have been investigated for both diagnostic and
radiotherapeutic applications [51].
EGFR expression is increased in many human tumors
such as breast cancer, squamous-cell carcinoma of the head
and neck, and prostate cancer. At present mAbs, which
block the binding of EGF to the extracellular ligand-binding
domain of the receptor, have shown promise from a therapeutic standpoint. Cetuximab (C225; Erbitux, Bristol-Myers
Squibb, New York, NY) was the first mAb targeted against the
EGFR approved by the U.S. Food and Drug Administration
(FDA) for the treatment of patients with EGFR-expressing,
metastatic colorectal carcinoma [52].
The growth and metastasis of most solid tumors
depend on angiogenesis, without which they cannot grow
beyond a few millimeters in size. The most widely studied
angiogenesis-related targets include CD105 (i.e., endoglin),
integrin 𝛼V 𝛽3 , and vascular endothelial growth factor
receptors (VEGFRs) [53].
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CD105 immunohistochemistry is now the accepted standard approach for identifying actively proliferating tumor
vessels; it has several advantages over the other targets,
including high levels of expression in a wide variety of
solid malignancies, independence from its expression on
neoplastic cells, lack of tumor histotype specificity, and
immediate accessibility of malignant lesions through the
bloodstream. With high affinity/specificity for CD105, radiolabeled TRC105-Fab demonstrated its potential in several
preclinical tumor models to serve as a promising diagnostic
agent for PET imaging. [54].
3.1.2. Cu Labeled Peptides for Tumor Angiogenesis. 64 Cu
labeled peptides for targeted cancer therapy/imaging are one
of the largest groups of copper radiopharmaceuticals currently researched. They are built of a targeting peptide such as
bombesin or octreotide analogue, a linker, and a bifunctional
chelator (BFC), commonly tetraazamacrocycle derivate, like
TETA or DOTA. The peptide binds to a specific receptor
expressed by cancer cells, while copper isotope-BFC moiety
allows localization of the tumor by positron emission detection. Attractiveness of peptides for targeted radiotherapy,
in comparison to monoclonal antibodies, comes from their
good tissue distribution, fast clearance, low immunogenicity,
and inexpensive, automated production [4].
It was also observed that copper salts were the simplest
angiogenic component of the tumor extract, acting through
a stimulation of the migration of the endothelial cells [49].
Alpha V beta 3 (𝛼V 𝛽3 ) is one of the most widely studied
integrins, since it is upregulated in endothelial cells involved
in active angiogenesis but not in quiescent endothelial cells,
making it an ideal biomarker for angiogenesis and tumor
imaging. Tumors where 𝛼V 𝛽3 is found to be highly expressed
include glioblastomas, breast and prostate tumors, malignant
melanomas, and ovarian carcinomas. The 𝛼V 𝛽3 integrin binds
to extracellular proteins through a specific binding pocket
that recognizes the three-amimo-acid sequence, arginineglycine-aspartic acid (Arg-Gly-Asp or RGD).
Sprague et al. conjugated c (RGDyK) to a different
chelator, CB-TE2A, and found that the corresponding 64 Cu
complex was taken up specifically by osteoclasts, which are
upregulated in osteolytic lesions and bone metastases. These
investigations open the possibility of other applications for
imaging 𝛼V 𝛽3 in diseases, such as osteoarthritis or osteoporosis, as well as imaging osteolytic bone metastases [52, 54].
Hao et al. found 61 Cu-1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA)-human serum albumin to be
good blood pool imaging agent and suggested its application
in antiangiogenic therapy monitoring [55].
67
Cu is one of the best-suited isotopes for radioimmunotherapy, because its half-life is long enough to allow
good biodistribution within tumor (similar to biological
half-life of many mAbs), relatively low gamma radiation
abundance (lower whole body dose for patient and safer
for medical personnel), higher tumor uptake (compared to
iodine-131), and simple radiolabeling procedure. Examples
of 67 Cu labelled mAbs are chCE7, an anti-L1-cell adhesion
molecule antibody for neuroblastoma, ovarian, and some
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renal carcinoma therapy, Lym-1 for non-Hodgkin’s lymphoma, C595 an anti-MUC1 mucin antibody for bladder
cancer treatment [4].
3.1.3. Cu Labeled Somatostatin Analogs for Targeting Neuroendocrine Tumors. Somatostatin is a 14-amino-acid peptide
involved in the regulation and release of several hormones.
Somatostatin receptors (SSRs) are present in many different normal organ systems, such as the central nervous system
(CNS), the gastrointestinal tract, the exocrine, and endocrine
pancreas, breast, and lung, making it a viable disease target
[52].
Targeting of SSRs in tumors has been a goal in cancer
treatment and diagnosis since the 1980s, labeling octreotide
(OC) with 123I, 111In, and 67 Ga [52].
In the first-in-humans study, Pfeifer et al. found 64 CuDOTATATE PET useful for clinical somatostatin receptor
imaging. Compared with 111 In-DTPA-octreotride SPECT,
64
Cu-DOTATATE PET provided superior image quality,
detected more true-positive lesions, and was associated with
a lower radiation burden [56].
3.1.4. Imaging Tumor Hypoxia. It is well established that
hypoxia is an important determinant of the overall tumor
response to conventional therapy. Hypoxia can result in an
increase in tumor aggressiveness, failure of local control, and
activation of transcription factors that support cell survival
and migration [57].
The ability to locate and quantify the extent of hypoxia
within solid tumors by using noninvasive nuclear imaging
would facilitate early diagnosis and help clinicians select the
most appropriate treatment for each individual patient [52].
Diacetyl-2,3-bis(N4 -methyl-3-thiosemicarbazone)
(ATSM) seems to be an innovative compound for hypoxia
imaging which could be labeled with copper positron emitter
radioactive isotopes like 60/61/62/64 Cu. The metabolism and
pharmacological pathway of Cu-ATSM complex is the same
for all the copper isotopes, and the choice for clinical use
between these isotopes is based on physical properties.
60
Cu-ATSM was clinically studied for monitoring tumor
hypoxia in lung and cervical cancer and found to be feasible
for prediction of tumor response to therapy [57, 58]. Chao
et al. suggested that PET images obtained with 60 Cu-ATSM
can be used for intensity-modulated radiation therapy of
head and neck cancer [59].
61
Cu-2-acetylpyridine thiosemicarbazone (61 Cu-APTS)
complex, for PET imaging of cancer, was proposed by
Belicchi-Ferrari et al. Using APTS as a ligand can give
additional antiproliferative activity to the compound, which
was previously observed by other authors [60].
62
Cu-pyruvaldehyde-bis(N4 -methylthiosemicarbazone)
62
( Cu-PTSM) can be used together with 62 Cu-ATSM to
obtain complementary data on tumor hypoxia and blood
circulation in a single PET session [4, 61].
64
Cu presents the best compromise between adapted
physical properties (sufficiently long half-life, better intrinsic
image resolution with low 𝛽+ maximal energy) and good
production yield (reasonable production costs) [57].
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Similar to 60/61/62 Cu isotopes, 64 Cu-ATSM is subject
of many ongoing researches as selective tumor hypoxia
imaging agent. Phase II clinical trials of 64 Cu-ATSM
PET/CT are monitoring therapeutic progress in patients
with cervical cancer. Similar compound, 64 Cu-diacetylbis(N4 ethylthiosemicarbazone) (64 Cu-ATSE), has wider
tissue-oxygenation level specificity than 64 Cu-ATSM. In
various clinical trials, 64 Cu-ATSM provided images of tumor
hypoxia that improved the clinical outcome of patients
submitted to external beam radiotherapy [57].
In conclusion, 64 Cu-ATSM has several advantages over
other radiopharmaceuticals used for PET of hypoxia, including a simple and rapid method for radiolabeling, faster clearance from normoxic tissues (allowing a short time between
injection and imaging), a simple method for quantification,
and very good image quality [57].
3.1.5. Chemotherapy Resistance. The chemotherapeutic agent
Cisplatin (DDP) is a highly polar molecule not readily
diffusible across lipid membranes. In many cell types, DDP
triggers, as the Cu, a rapid degradation of human copper transporter 1 (hCtr1). This DDP action is obtained at
much lower concentrations and more rapidly respect to
copper. hCtr1 expression decreases with the acquisition of
a DDP resistance, so, in accordance with this phenomenon,
a reduced Cu intracellular uptake should be observed in
presence of a DDP resistance [49].
In particular, 64 CuCl2 can be used to test the drug resistance to therapeutic schemes based on DDP, as in patients
affected by breast, ovarian, or colon cancer [49].
3.1.6. Prostate Cancer. In view of the fact that human tumor
tissues contain high concentrations of copper, Peng et al.
hypothesized that human prostate cancers express high levels
of hCtr1 and can be detected by 64 Cu PET. hCtr1 is a highaffinity copper transporter that mediates cellular uptake of
copper in humans and is highly expressed in the liver [62].
The hCtr1 expression level may be related to the
aggressiveness or prognosis of the prostate cancer and to
the response of prostate cancer to cisplatin chemotherapy
because hCtr1 was recently reported to be able to mediate
cellular uptake of cisplatin [62].
On the 64 Cu PET images, there was less background
activity in the urinary bladder region because 64 CuCl2 was
cleared mainly by the hepatobiliary pathway, instead of
renally as 18 F-FDG [62].
3.2. The Role of Cu in Neurology. It was assumed that Wilson
Disease (WD) patient will have increased uptake of copper in
brain tissue and pathologic analysis of the brain may show
gliosis and neuronal loss in association with increased Cu
deposition. Some WD patients have copper accumulation in
the brain and show neurological disorder, while others do not
[63].
Diagnosis of WD can be challenging as symptoms mimic
other diseases and may gradually appear over time. In
addition, the presence of many different mutations in Atp7b
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gene makes it difficult to screen and diagnose WD by genetic
testing. 64 CuCl2 PET may change the management of WD
patients because it could reflect the symptoms variation
of WD and thus affect the treatment strategy. With more
detailed information and a SUV cut-off value obtained from
further validation of the methodology, 64 CuCl2 PET could
serve as a simple, straightforward, and noninvasive method
for WD diagnosis [63].
Diagnosis of Alzheimer’s disease has been investigated
using imaging agent that targets 𝛽 amyloid plaque burden,
but new approach highlights altered copper homeostasis. A
bis-(thiosemicarbazonato) complex radiolabeled with 64 Cu
can be used for a new and alternative method for the
noninvasive diagnosis of Alzheimer’s disease using PET.
This approach has the potential to offer complementary
information to other diagnostic procedures that elucidate
plaque burden [64].
Furthermore, studies in Parkinson’s patients and cerebral
perfusion preclinical studies have been performed in freely
moving subjects using 60/61/62/64 Cu-PTSM and later 62 Cuethylglyoaxal bis(thiosemicarbazone) (62 Cu-ETS), suggesting their potential application to clinical neurology or neuropsychiatry [65–68].

3.3. Other Potential Roles. Studies over the last 20 years
investigated the usefulness of Cu radioisotopes complexed
with ATSM for the detection of myocardial perfusion. 62 CuATSM complex is widely researched for PET imaging of
myocardial ischaemia; 64 Cu-ATSM seems to be useful to
study myocardial hypoxia [69–72].
Furthermore, 5,13-dioximino-6,9,9,12-tetramethyl-7,11diazaheptadeca-6,11-diene complex of 64 Cu synthesized by
Packard et al. can be potentially used as myocardial perfusion
imaging agent and PECAM-1 antibody conjugated with
DOTA and labeled with 64 Cu was successfully performed
to evaluate induced myocardial infarction in mouse model
[70].
Novel approach for therapy of multinodular goitre, using
human chorionic gonadotropin (hCG) directly labeled with
ionic Cu 𝛽+ emitters was proposed by Maiti et al. [73].
Initial studies indicate that copper-hCG complex half-life
is shorter than that of a hCG-TSH (thyroid stimulating
hormone) receptor complex, thus hyperactive thyroid cells
can be destroyed before internalization of the receptor occurs.
More in vitro and in vivo studies are required to assess
usefulness of this purpose [4].
Interesting perspectives for copper imaging with PET
could be related to the analysis of inflammatory conditions
[49].
Nanoparticles labeled with 64 Cu were used to detect
macrophages in atherosclerotic plaques showing high sensitivity and direct correlation with CD68 expression [74].
Locke et al. showed in mouse model that 64 Cu labeled
peptides targeting the formil peptide receptor on neutrophil
in vitro accumulate at sites of inflammation in vivo, suggesting that new radiolabeled peptides may prove to be a useful
tool to probe inflammation [75].
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4. Conclusions
Copper isotopes are gaining a worthy role in the PET
radionuclide scenario. Versatility of copper isotopes gives
them a strong position in development of new pharmaceuticals. Currently, there are few applications in medicine but
numerous ongoing studies will most likely result in novel use
in the future.
The longer half-life allows 64 Cu to be produced at regional
or national cyclotron facilities and distributed to local nuclear
medicine departments. In addition, 64 Cu longer half-life is
compatible with the time scales required for the ability to
create complex radiopharmaceutical, optimal biodistribution of slower clearing agents, such as monoclonal antibodies (mAbs), nanoparticles, and higher molecular weight
polypeptides requiring longer imaging times allowing several
applications in oncological and nononcological fields.
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Molecular imaging techniques such as single photon emission computed tomography (SPECT) or positron emission tomography
are promising tools for noninvasive diagnosis of acute allograft rejection (AR). Given the importance of renal transplantation and
the limitation of available donors, detailed analysis of factors that affect transplant survival is important. Episodes of acute allograft
rejection are a negative prognostic factor for long-term graft survival. Invasive core needle biopsies are still the “goldstandard” in
rejection diagnostics. Nevertheless, they are cumbersome to the patient and carry the risk of significant graft injury. Notably, they
cannot be performed on patients taking anticoagulant drugs. Therefore, a noninvasive tool assessing the whole organ for specific
and fast detection of acute allograft rejection is desirable. We herein review SPECT- and PET-based approaches for noninvasive
molecular imaging-based diagnostics of acute transplant rejection.

1. Introduction
Noninvasive imaging techniques for medical diagnosis allowing visualization of specific biological processes have made
tremendous progress in the last decades. One major issue
focused on the advances in sensitivity and specificity but also
on compatibility, accessibility, and affordability.
Scintigraphy, single-photon emission computed tomography (SPECT), and positron emission tomography (PET)
are imaging procedures based on the detection of internal
radiation (mostly intravenous injection of a radioactive
tracer), where gamma rays emitted by tracers containing
radionuclides (directly in gamma scintigraphy and SPECT
or indirectly (annihilation) in PET) are captured via an
external detector system (gamma camera). Nuclear imaging
has the benefits of high intrinsic sensitivity, recognising
targets present in a very low concentration, exceptional
penetration of tissues, whole-body visualisation, and a large

range of available, clinically tested tracers and consequently a
high specificity [1, 2].
While planar scintigraphy produces two-dimensional
pictures, SPECT and PET offer the possibility to generate
three-dimensional images allowing higher resolution and
therefore better monitoring of the deposition and clearance
of the employed tracers. The difference of SPECT and PET
lies in the detection procedure, resolution, and utilized
radionuclides. The spatial resolution is restricted to 3–5 mm
in PET and 8–10 mm in SPECT; however, detection of the
contrast agent is even possible in the nano- and picomolar
range [3]. Although PET offers better quantification and a
2- to 3-fold superior sensitivity than SPECT, the latter still
reflects the most commonly used imaging technology due
to cost-effectiveness, availability, and existence of a broader
array of adequate radionuclides [4]. Both imaging techniques
generate functional images of metabolic processes and not
morphological visualisation. Therefore, these modalities are
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utilized for evaluation of the function of the examined
organ and illustration of molecular and cellular events
like apoptosis, inflammation, infection, change in pH, and
metabolism [5]. This review focuses on the principles of
SPECT and PET and their field of preclinical and clinical
application and gives an overview of their potential mode
of operation diagnosis of acute (renal) allograft rejection
(AR).

2. Radiopharmaceuticals
In order to receive expedient information about the biological
process of interest, the applied radiotracers have to fulfil a
variation of features. First, the utilized contrast agent needs
to bind sufficiently to the target of interest, delivering a
clear signal greater than the background noise of the surrounding tissue (good signal-to-noise ratio) [5]. Appropriate
tracers have a great binding specificity for molecular targets,
upregulated under specific pathologic settings, permitting
comparison to the physiological state. Further, a good tracer
allows visualisation in very low concentration and of low
concentrated targets, limiting its side effects. The more
specific the marker for a condition or a disease is, the
more precise the information obtained is. Fast clearance
of the used radionuclides is also an aspect that needs to
be taken into consideration. Otherwise, distinction between
specific and unspecific signal is not possible [5]. Distinct
radiopharmaceuticals have been developed for SPECT and
PET, nicely overviewed by Signore and Fani [2, 6].
In PET, the predominant radionuclide used for tracers
depicts 18 F, but other markers to visualize biological processes
like 11 C, 13 N, 15 O, 68 Ga, 64 Cu, 60 Cu, 86 Y, 89 Zr, and 124 I
have been developed. 18 F-based tracers utilized in PET
directly incorporate the radionuclide into the biomolecule via
substitution making it almost undistinguishable from their
nonradioactive analogs by displaying the same characteristics
[7]. Depending on the target of interest (e.g., proteins and
cellular processes), a suitable compound (peptide, proteins,
antibodies, or small molecules), serving as basis for the tracer,
needs to be selected [8]. Not only should the duration of the
process of interest correspond to the half-life of the chosen
radionuclide but also the emitted energy of the positrons
needs to be considered for the spatial resolution (low energy
and better spatial resolution) [8]. The radiopharmaceutical
most commonly used in clinics is 18 F-FDG (with a comparable metabolism to normal glucose but trapping of 18 FFDG in the cell) for determination of metabolic activity,
inflammatory sites, and oncologic analysis.
99m
Tc, 111 In, 67 Ga, and 123 I depict the deployed markers
for SPECT imaging. Among these 99m Tc represents the
radionuclide with the largest area of application due to its
optimal decay characteristics, easy production, and availability [7]. Compared to PET tracers, the generally longer halflives of these SPECT radionuclides constitute an advantage
correlating better with the half-lives of biological processes.
In addition, these radiotracers are generally available. Furthermore, 99m Tc-based tracers are easy to produce by a
generator and do not need a nearby medical cyclotron [9] in
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contrast to rather short-lived unstable PET tracers. However,
SPECT tracers also show some disadvantages. Incorporation
of 99m Tc, for example, into a molecule is more complex than
the substitution of 18 F in PET, involving chelating moieties
and leading to possible steric hindrance [7]. Therefore, 99m Tcbased labelling is not suitable for imaging every process. It has
been employed for visualisation of bone and joint infections,
while 67 Ga was successfully applied in tumor imaging [10].
For identification of hypoxic areas different tracers usable
for standard gamma cameras have been developed such as
123
I-labelled iodoazomycin arabinoside and different 99m Tcbased compounds [11–13].

3. Labelling of Intracellular Targets
Gallagher et al. reported already in 1978 the potential of
18
F-FDG for scintigraphic detection of glucose metabolism
[14]. The cellular uptake of the radiolabelled glucose analog,
which has a similar metabolic route as glucose, via glucose
transporters (e.g., GLUT1) correlates with the metabolic
activity of the cell and therefore with the cells energy demand.
In the cell, the hexokinase phosphorylates 18 F-FDG into 18 FFDG-6-phosphate. Because of the inability of the glucosefructose isomerase to transduce phosphorylated 18 F-FDG, it
is metabolically trapped in cells displaying high metabolism
and allowing visualization of 18 F-FDG-biodistribution [15].
While the technique remained constant, the detection procedure was refined with PET. By now, assessment of metabolic
activity via evaluation of glucose metabolism depicts a clinically well-established method.
It has to be noted that 18 F-FDG uptake is not a specific
event, meaning that no specificity for a disease or target exists.
Its uptake is related to tissue metabolism and presence of
glucose transporters. Since stimulated inflammatory cells as
well as tumor cells are metabolically very active and show an
increased expression of glucose transporters, 18 F-FDG can be
deployed to reveal sites of inflammation and tumors.
Furthermore, the glucose transporters exhibit an elevated
affinity for deoxyglucose in an ongoing inflammatory state. In
fact, 18 F-FDG has been successfully applied for clinical and
preclinical diagnosis in many pathologic settings like cancer
[15–18], inflammatory diseases such as atherosclerosis [19–
21], arterial inflammation [22], psoriasis [23], transplantation
medicine [24–28], asthma [29, 30], and fibrosis [31].
Kidney transplantation represents the therapy of choice
for patients suffering from end-stage renal failure. Despite
exceeding advances in transplantation medicine throughout
the last decades, allograft rejection still depicts a central issue
of graft failure. The leading cause of death-censored graft
loss is either humoral-mediated or T cell-mediated allograft
rejection. In this context, acute rejection (AR) episodes have
a great impact on the survival of the transplant. Since AR
correlates with the constraint of graft function, it is of major
importance to counteract its effect immediately. Therefore,
early detection of AR is essential. Different techniques to
address this aspect have been developed and until today
core-needle biopsy still constitutes the gold standard among
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these. However, considering the invasiveness of this method
it would be beneficial if noninvasive imaging methods were
clinically available which do not pose a risk for the grafts
integrity. We have demonstrated an interesting noninvasive
approach monitoring the uptake of 18 F-FDG [27]. In PET,
visualisation of the transplant’s function as well as cellular
and molecular processes characteristic for AR like leukocyte recruitment, restriction of renal activity, hypoxia, and
cell death is possible. Because of high metabolism due to
infiltration of inflammatory cells, a specific 18 F-FDG-uptake
pattern arises, allowing determination of AR, while at the
same time discriminating fundamental differential diagnosis
in a rat renal allograft model [27].
In transplantation medicine, imaging of 18 F-FDG uptake
has great potential to become a new method to accurately
determine and monitor rejection episodes (Figure 1) [27].
One fact concerning the clearance of 18 F-FDG needs to be
taken into consideration. Elimination of 18 F-FDG happens
via the urine causing drainage of the radiolabelled glucose
into the pelvis. This leads to a false positive signal which can
be significantly reduced by extending the time between tracer
application and tracer detection (late acquisition), ensuring
elimination of excessive tracer [27]. For clinical use, further
studies and careful assessment of risks for the patient need to
be performed.
As mentioned before, 18 F-FDG uptake is a nonspecific
process. 18 F-FDG is administered intravenously to monitor
biodistribution subsequently. A great amount of 18 F-FDG
is needed in order to receive a clear signal of enhanced
metabolic activity since all cells exhibit metabolism to some
extent.
Because of the clinical importance of 18 F-FDG as a
diagnostic tool, the development of inexpensive and readily
available glucose analogs applicable in SPECT was supported.
99m
Tc-based glucose labelling was performed resulting in
the formation of glucose tracers failing to exhibit similar characteristics as 18 F-FDG. Transport of these glucose
analogs into the cell was not mediated through GLUT1
nor did phosphorylation take place via hexokinase. Since
these features are essential for accumulation of the glucose
analogs in metabolic active cells, the 99m Tc-labelled glucose is not feasible for imaging of metabolism and fails to
substitute 18 F-FDG. A reason for this could be a sterical
hindrance of the GLUT1 binding site through the 99m Tc tag
[4].

4. Ex Vivo Labelling of Leukocytes
Inflammation is a process occurring in many distinctive
disease settings such as autoimmune diseases, infections, and
allograft rejection. During an ongoing inflammation, specific
cells including lymphocytes, granulocytes, and macrophages
are activated and recruited to the inflammatory site where
they infiltrate the affected tissue. Approaches to visualise
these infiltrating cells and therefore to image inflammation
have been performed via radiolabelled white blood cells
(WBC) and it has been shown that autologous leukocytes
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radiolabelled with either 99m Tc-HMPAO or 111 In-oxine for
SPECT or 18 F-FDG or 64 Cu for PET, respectively, specifically
are enriched in inflamed tissues [32–34]. In fact, this is
an established clinical procedure used in many different
pathologic settings such as Crohn’s disease [35], osteomyelitis [36], fever of unknown origin, infection [37], acute
appendicitis [38], and arterial and colonic inflammation
[39].
For successful imaging of radiolabelled cells a few aspects
need to be taken into account. First, regarding the applied
cells, it is notable that, before entering the reticuloendothelial
system consisting of spleen, liver, and bone marrow and
centre of acute and chronic inflammation through the blood
pool, the administered labelled WBC accumulate briefly in
the lung. Second, while the biodistribution of the radioactivity in normal human subjects forms a similar pattern independent of the radionuclide (18 F-FDG, 111 In, and 99m Tc) used
[40], the labelling stability varies. This aspect is important
to ensure that the captured radioactive signal reflects WBC
accumulation and that signal artefacts due to free (i.e., not
cell bound) tracers are eliminated. Third, compound stability
of the tracer and radionuclide half-life have to be taken into
account. 18 F-labelling exhibits the lowest compound stability
and a radioactive half-life of 109 min. Due to this short halflife, long-time stability of this tracer is not of clinical interest.
For processes with a longer duration, other radionuclides
should be considered for labelling ( 99m Tc-HMPAO half-life =
66 h).
Furthermore, labelling efficiency and viability of marked
cells reveal discrepancies when distinct radionuclides were
deployed. Labelling with 111 In-oxine and 64 Cu leads to
an approximate efficiency of 80% while the labelling rate
of 18 F-FDG yields in 60% [41]. However, since labelling
of cytotoxic T cells reaches different efficiencies (111 Inoxine (68%), 18 F-FDG (64%), and 99m Tc-HMPAO (31%)),
labelling potential seems to be cell-type dependant [42].
Another important issue is viability of marked cells. Studies
have addressed this factor and demonstrated that similar
viability rates are reached with 111 In-oxine-, 99m Tc-HMPAO, 18 F-FDG-, and 64 Cu-labelling approaches in the first four
hours [41]. However, after a time period of 24 hours, a
sharp decline of cell survival was observed restricting longtime monitoring of specific processes with a single-dose
application.
In preclinical and clinical studies labelled leukocytes were
utilized for detection of acute rejection in different organs
(intestine, heart, skin, or kidney). In kidney-transplanted
patients, scintigraphic analysis of 99m Tc-labelled mononuclear cells allowed diagnosis of AR and discrimination from
acute tubular necrosis (ATN) [43]. In a more sophisticated
approach with PET, human leukocytes, in particular human
cytotoxic lymphocytes, marked with low amounts of 18 FFDG ex vivo were applied in a rat kidney-transplant model
[44]. Subsequent PET analysis led to the differential diagnosis
of AR excluding other causes of early graft dysfunction
such as ischemia, ATN, or immunosuppressive toxicity
(Figure 2).
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Figure 1: A series of PET images of dynamic whole-body acquisitions 180 min after a single tail vein injection of 18 F-FDG into an allogeneically
kidney-transplanted rat on postoperative day 4 (POD4). After development of acute rejection (the allograft shows an intense 18 F-FDG
uptake on POD4) the recipient was treated with cyclosporine A showing already 24 h after commencement of immunosuppressive therapy
a significant decrease of the 18 F-FDG uptake into the renal parenchyma (≜ therapy response). Please note that urine in the renal pelvis can
contain eliminated 18 F-FDG. Therefore, it should be excluded from the assessments. Renal graft is marked with yellow circle. % ID: % of
injected dose. The figure was adapted from Reuter et al. [28].
3% ID

aTX 60 min

sTX 60 min

IRI 60 min

CSA 60 min

0% ID

Figure 2: Exemplary PET images (day 4 after surgery) of dynamic whole-body acquisitions of allogeneically (aTX) and syngeneically
transplanted (sTX) rats, rats with ATN (IRI), and rats with acute cyclosporine toxicity (CSA). Effects are summarized after tail vein injection
of 18 F-FDG—labeled T cells (maximum-intensity projection, whole-body acquisition for 20 min at 60 min (50–70 min after injection). On
postoperative day 4 aTX kidneys exhibited significantly elevated 18 F-FDG uptake in comparison to native controls. Accumulation of labelled
cells in kidneys with IRI or acute CSA toxicity and sTX was not significantly different from native controls. Please note that the renal pelvis
can contain eliminated 18 F-FDG/18 F-fluoride. Therefore, it has to be excluded from the measurements. ID: injected dose. The figure was taken
from Grabner et al. [44].

5. In Vivo Labelling with Antibodies
Visualisation of inflammation without ex vivo labelled leukocytes is possible via another approach utilizing radiolabelled
monoclonal antibodies (mAb) directed against infiltrating
cells. On first sight, many advantages are connected to this
procedure. On the one hand, a vast quantity of targeting
possibilities exists, allowing, at least theoretically, high specificity and a reasonable signal-to-noise ratio. On the other

hand, the procedure of antibody production is standardized
coming along with easy storage, simple administration, and
cost-effectiveness [2]. In spite of many advantages of this
method, some problems concerning target accessibility and
safety exist. Since the antibodies are not able to penetrate
tissues, targeting is restricted to intra- and perivascular
antigens, limiting their range of action. Furthermore, allergic
complications can arise when administering the antibodies
to a patient. Additionally, since antibodies are able to elicit
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an immune response, their immunogenicity needs to be
determined before their usage in order to prevent falsification
through their activity.
Numerous radiolabelled mAb and mAb fragments have
been designed to address infiltrating cells. Since T cells
and B cells constitute cell types playing a major role during inflammation, antibodies directed against CD3, CD4,
CD8, CD25, CD20, and granulocytes have been developed. They are mainly marked with 99m Tc, 111 In, and 123 I
[2].
In transplantation medicine a few approaches have
been performed to elucidate rejection episodes. Antibodies
directed against the CD3 complex, expressed on T cells,
natural killer cells (NK), and natural killer T cells (NK T),
have been designed to illustrate T-cell infiltration and thus
to determine AR. In a preliminary study, Martins et al.
applied 99m Tc-OKT3 to successfully diagnose AR in kidneytransplanted patients [45]; however, more data is needed to
confirm this finding. A clear disadvantage of this antibody
is a side effect due to immunogenicity. A more biocompatible humanized alternative but still in need of further
evaluation is the radiolabelled CD3 antibody 99m Tc-SHNHvisilizumab.
A vast number of possibilities exist to image targets
of interest accessible via the vascular system. In order to
deploy them for diagnosis of different diseases, identification
of specific markers upregulated during distinct pathologic
processes is necessary. Antibodies directed against vascular
proteins such as vascular adhesion molecule-1 (VCAM1), intercellular adhesion molecule-1 (ICAM-1), or selectins
could be used to address vascular-related diseases such as
atherosclerosis and visualise the sites of thrombus formation.
The greatest problem that needs to be overcome in this
setting is the clearance of unbound radiolabelled antibody
in order to improve the background-to-noise ratio. Since
free tracer circulates in the vascular system, producing a
SPECT or PET signal, the signal arising from the bound
antibody might be masked depending on the ratio of freeto-bound antibody. Moreover, the high molecular weight of
most mAb constitutes a limitation since sequestration by
specific cells might result in diminution of available, free mAb
able to bind to the target of interest. On the contrary, mAb
tracers with low molecular weight might produce unspecific
signals due to their passive diffusion into and enrichment in
inflamed tissues. A possible solution of this problem could
be the selection of radiolabelled antibody fragments with
intermediate molecular weight (40–80 kDa). These have been
demonstrated to exhibit features ideal for PET and SPECT
tracers such as low immunogenicity, fast blood clearance,
better enrichment in sites of inflammation, and no unspecific
binding to Fc receptors due to the absence of the Fc part [2].

6. Conclusion
Specific noninvasive methods for diagnosis of AR in transplant patients are highly in demand. Molecular and cellular
imaging strategies using SPECT- or PET-based approaches
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have great potential to fulfil these requests of allograft surveillance. Advances in technology and tracer development open
new possibilities in regard to diagnosis and management
of renal rejection. Currently, nearly all of these promising
new approaches are still at an experimental stage. Future
studies will elucidate whether these diagnostics tools are
transmissible to transplant patients in clinical routine.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
This work was supported in part by the Collaborative
Research Centre 656 (Deutsche Forschungsgemeinschaft,
SFB656, Project C7) and the IMF (Innovative Medizinische
Forschung, Medical Faculty, University of Münster, Project
IRE121102).

References
[1] L. T. Hall, A. F. Struck, and S. B. Perlman, “Clinical molecular
imaging with PET agents other than18F-FDG,” Current Pharmaceutical Biotechnology, vol. 11, no. 6, pp. 545–554, 2010.
[2] A. Signore, S. J. Mather, G. Piaggio, G. Malviya, and R. A. Dierckx, “Molecular imaging of inflammation/infection: nuclear
medicine and optical imaging agents and methods,” Chemical
Reviews, vol. 110, no. 5, pp. 3112–3145, 2010.
[3] M. Gotthardt, C. P. Bleeker-Rovers, O. C. Boerman, and W.
J. G. Oyen, “Imaging of inflammation by PET, conventional
scintigraphy, and other imaging techniques,” The Journal of
Nuclear Medicine, vol. 51, no. 12, pp. 1937–1949, 2010.
[4] C. Müller and R. Schibli, “Single photon emission computed
tomography tracer,” in Molecular Imaging in Oncology, vol. 187
of Recent Results in Cancer Research, pp. 65–105, 2013.
[5] T. Skotland, “Molecular imaging: challenges of bringing imaging of intracellular targets into common clinical use,” Contrast
Media and Molecular Imaging, vol. 7, no. 1, pp. 1–6, 2012.
[6] M. Fani and H. R. Maecke, “Radiopharmaceutical development
of radiolabelled peptides,” European Journal of Nuclear Medicine
and Molecular Imaging, vol. 39, no. 1, pp. S11–S30, 2012.
[7] S. L. Pimlott and A. Sutherland, “Molecular tracers for the PET
and SPECT imaging of disease,” Chemical Society Reviews, vol.
40, no. 1, pp. 149–162, 2011.
[8] N. Gillings, “Radiotracers for positron emission tomography
imaging,” Magnetic Resonance Materials in Physics, Biology and
Medicine, vol. 26, no. 1, pp. 149–158, 2013.
[9] D. L. Bailey and K. P. Willowson, “An evidence-based review
of quantitative SPECT imaging and potential clinical applications,” The Journal of Nuclear Medicine, vol. 54, no. 1, pp. 83–89,
2013.
[10] S. Navalkissoor, E. Nowosinska, G. Gnanasegaran, and J. R.
Buscombe, “Single-photon emission computed tomographycomputed tomography in imaging infection,” Nuclear Medicine
Communications, vol. 34, no. 4, pp. 283–290, 2013.
[11] T. Melo, J. Duncan, J. R. Ballinger, and A. M. Rauth, “BRU5921, a second-generation 99mTc-labeled 2-nitroimidazole for

6

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

BioMed Research International
imaging hypoxia in tumors,” The Journal of Nuclear Medicine,
vol. 41, no. 1, pp. 169–176, 2000.
K. Yutani, H. Kusuoka, K. Fukuchi, M. Tatsumi, and T.
Nishimura, “Applicability of 99mTc-HL91, a putative hypoxic
tracer, to detection of tumor hypoxia,” The Journal of Nuclear
Medicine, vol. 40, no. 5, pp. 854–861, 1999.
J. R. Ballinger, J. W. M. Kee, and A. M. Rauth, “In vitro and in
vivo evaluation of a technetium-99m-labeled 2-nitroimidazole
(BMS181321) as a marker of tumor hypoxia,” The Journal of
Nuclear Medicine, vol. 37, no. 6, pp. 1023–1031, 1996.
B. M. Gallagher, J. S. Fowler, and N. I. Gutterson, “Metabolic
trapping as a principle of radiopharmaceutical design: some
factors responsible for the biodistribution of [18F] 2-deoxy-2fluoro-D-glucose,” The Journal of Nuclear Medicine, vol. 19, no.
10, pp. 1154–1161, 1978.
E. K. J. Pauwels, M. J. Ribeiro, J. H. M. B. Stoot, V. R. McCready,
M. Bourguignon, and B. Mazière, “FDG accumulation and
tumor biology,” Nuclear Medicine and Biology, vol. 25, no. 4, pp.
317–322, 1998.
D. Delbeke, “Oncological applications of FDG PET imaging:
brain tumors, colorectal cancer lymphoma and melanoma,” The
Journal of Nuclear Medicine, vol. 40, no. 4, pp. 591–603, 1999.
C. K. Hoh and C. Schiepers, “18-FDG imaging in breast cancer,”
Seminars in Nuclear Medicine, vol. 29, no. 1, pp. 49–56, 1999.
D. S. Tyler, M. Onaitis, A. Kherani et al., “Positron emission
tomography scanning in malignant melanoma,” Cancer, vol. 89,
no. 5, pp. 1019–1025, 2000.
N. Tahara, A. Tahara, A. Honda et al., “Molecular imaging of
vascular inflammation,” Current Pharmaceutical Design, 2013.
A. M. Hag, S. F. Pedersen, C. Christoffersen et al., “(18)F-FDG
PET imaging of murine atherosclerosis: association with gene
expression of key molecular markers,” PLoS ONE, vol. 7, no. 11,
Article ID e50908, 2012.
D. Rosenbaum, A. Millon, and Z. A. Fayad, “Molecular imaging
in atherosclerosis: FDG PET,” Current Atherosclerosis Reports,
vol. 14, no. 5, pp. 429–437, 2012.
J. Vijayakumar, S. Subramanian, P. Singh et al., “Arterial inflammation in bronchial asthma,” Journal of Nuclear Cardiology, vol.
20, no. 3, pp. 385–395, 2013.
R. Bissonnette, J. C. Tardif, F. Harel, J. Pressacco, C. Bolduc,
and M. C. Guertin, “Effects of the tumor necrosis factor-alpha
antagonist adalimumab on arterial inflammation assessed by
positron emission tomography in patients with psoriasis: results
of a randomized controlled trial,” Circulation: Cardiovascular
Imaging, vol. 6, no. 1, pp. 83–90, 2013.
H. Balink, J. Collins, G. Bruyn, and F. Gemmel, “F-18 FDG
PET/CT in the diagnosis of fever of unknown origin,” Clinical
Nuclear Medicine, vol. 34, no. 12, pp. 862–868, 2009.
R. K. Braun, M. Molitor-Dart, C. Wigfield et al., “Transfer
of tolerance to collagen type v suppresses T-helper-cell-17
lymphocyte-mediated acute lung transplant rejection,” Transplantation, vol. 88, no. 12, pp. 1341–1348, 2009.
D. L. Chen, X. Wang, S. Yamamoto et al., “Increased T cell
glucose uptake reflects acute rejection in lung grafts,” American
Journal of Transplantation, vol. 13, no. 10, pp. 2540–2549, 2013.
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