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Molecular imaging differs from traditional imaging in that
imaging agents or probes enable the visualization of the
cellular or molecular function and followup of the molecular
process in living subjects. It has been shown to be an
effective noninvasive technology on improving diagnosis,
prognosis, planning, and monitoring of personalized med-
ication. Molecular imaging is a diverse technology which
includes various modalities, for instance, positron emis-
sion tomography (PET), single photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI),
computed tomography (CT), ultrasound (US), and optical
imaging (Raman, quantum dots, bioluminescence, photoa-
coustic imaging, etc.). In the era of personalized theranostics
(therapeutics and diagnostics), molecular imaging with the
specific probe(s) would allow the clinical physicians to select
the right patients for the appropriate treatment.

Topics covered in this special issue include advances in
biomarkers in preclinical drug discovery, molecular imaging
modalities in disease management, image-guided therapy
approach of diseases, and imaging technology in drug devel-
opment. For example, Dr. Z. Cheng’s group at Stanford Uni-
versity reported an Affibody molecule, Ac-Cys-ZEGFR:1907,
targeting the extracellular domain of epidermal growth factor
receptor (EGFR), which was newly developed and used for
detection of hepatocellular carcinoma (HCC).They observed
that EGFR-expressing HCC lesions could be specifically
detected by Ac-Cys-ZEGFR:1907. PET imaging might have bet-
ter diagnostic value than optical imaging based on the same

Affibody. The early and sensitive detection of HCC based on
molecular cancer markers, such as EGFR, is a critical step in
improving the currently dismal prognosis of HCC patients.
Dr. H. Ma et al. presented a comparison study on 99mTc-N-
DBODC5 and 99mTc-MIBI in patients with coronary artery
disease. Their study results demonstrated that 99mTc-N-
DBODC5 and 99mTc-MIBI MPI provide comparable diag-
nostic information for patients undergoing exercise rest for
detection of CAD. In addition, 99mTc-N-DBODC5 does not
exhibit the disadvantages of 99mTc-MIBI in their study.

Stem cell therapy is a promising therapeutic approach
for some human major diseases. Molecular imaging plays an
important role in terms of noninvasive, in vivo trafficking and
evaluation of short-term or long-term therapeutic response.
In this issue,molecular imaging in stem cell therapy for spinal
cord injury and stroke were reviewed by F. Song et al. and
F. Chao et al., who provided up-to-date information and
future perspectives on these hot topics. Recently, molecular
imaging, especially PET, has been introduced to evaluate the
functional or metabolic changes in cerebral ischemia after
administration of traditionalChinesemedicine.Most of these
works were done by the group from the Second Hospital of
Zhejiang University School of Medicine. Z. Wang et al. from
the same group reviewed molecular imaging in applications
of traditional Chinese medicine in neurological disease.

New technologies, such as microfluidics for synthesis of
PET tracers and acoustic droplet vaporization, were included
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in this special issue. Over the last decade, microfluidics and
lab-on-a-chip (LOC) technology have boomed as powerful
tools in the field of organic chemistry, which potentially
provides significant help to the PET chemistry. Microfluidic
radiolabeling technology and its application for synthesis of
peptide-based PET tracers are summarized and discussed
in the review paper by Dr. Y. Liu et al. Acoustic droplet
vaporization (ADV) is a physical process in which the pres-
sure waves of ultrasound induce a phase transition that
causes superheated liquid nanodroplets to form gas bubbles.
The bubbles provide ultrasonic imaging contrast and other
functions. C.-Y. Lin and W. G. Pitt reviewed the literature
regarding the use of ADV in clinical applications of imaging,
embolic therapy, and therapeutic delivery.

An interesting study on abacus training in Chinese kids
using functional magnetic resonance imaging (fMRI) found
that abacus training modulates the neural correlations of
exact and approximate calculations. Additionally, findings
on the influence of 131I radioablation on the important
lymphocytes subtypes of regulatory T and B cells in patients
with papillary thyroid carcinoma and the prognostic value of
interim and final FDG-PET inmajor histotypes of B cell NHL
patients treated with rituximab-containing chemotherapy
have been discussed in this special issue.

In summary, molecular imaging could be applied to
target characterization, underlying disease progression, and
evaluation of therapeutic response after administration of
western medication, stem cell, and traditional medicine.This
special issue provides a platform of efficacy of personalized
medication from molecular imaging technology which may
have high impact on patient care and drug development.

Hong Zhang
Mei Tian

Ignasi Carrio
Ali Cahid Civelek

Yasuhisa Fujibayashi
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Spinal cord injury (SCI) is a serious disease of the center nervous system (CNS). It is a devastating injury with sudden loss of motor,
sensory, and autonomic function distal to the level of trauma and produces great personal and societal costs. Currently, there are
no remarkable effective therapies for the treatment of SCI. Compared to traditional treatment methods, stem cell transplantation
therapy holds potential for repair and functional plasticity after SCI. However, the mechanism of stem cell therapy for SCI remains
largely unknown and obscure partly due to the lack of efficient stem cell trafficking methods. Molecular imaging technology
including positron emission tomography (PET), magnetic resonance imaging (MRI), optical imaging (i.e., bioluminescence
imaging (BLI)) gives the hope to complete the knowledge concerning basic stem cell biology survival, migration, differentiation,
and integration in real time when transplanted into damaged spinal cord. In this paper, we mainly review the molecular imaging
technology in stem cell therapy for SCI.

1. Introduction

Spinal cord injury (SCI), which results from trauma or pro-
gressive neurodegeneration, is a devastating and life-altering
injury. It often affects young and healthy individuals who are
suffering from severe functional and sensory deficits. This
debilitating conditionnot only creates enormous physical and
emotional cost to individuals but also is a significant financial
burden to the society. The annual incidence of SCI is 15–40
cases per million worldwidely [1].

SCI is mainly divided into two types: traumatic SCI
and nontraumatic SCI. A global-incident rate (2007) of
traumatic SCI is estimated at 23 traumatic SCI cases per
million [2]. The most common causes of traumatic SCI are
road traffic accidents, falls, occupationalmishaps, and sports-
related injuries [3]. Most SCI occurs at the cervical level
(approximately 55%) with a mortality of 10% in the first year
following injury and an expected lifespan of only 10 to 15 years
after injury. Thoracic, thoracolumbar, and lumbosacral level
injury each accounts for approximately 15% of SCI [3].

Despite the progress ofmedical and surgicalmanagement
as well as rehabilitation approaches, many SCI patients still
experience substantial neurological disabilities [4, 5]. More-
over, clinical trials of pharmacologic therapeutics within
the last two decades have either failed to prove efficacy or
provided only modest reductions in functional deficits [6–8].

Previous researches on SCI mainly focused on improving
neurological manifestations of SCI while ignoring the patho-
logical changes of spinal cord. According to the progress,
SCI could be divided into primary injury phase which is
the physical injury and secondary injury phase [9, 10].
The primary injury phase damages both upper and lower
motor neurons and disrupts sensory, motor, and autonomic
(including respiration, cardiac output, and vascular tone)
functions. The secondary injury phase is the amplification of
the original injury with a subsequent cascade of molecular
and cellular events [11]. Pathophysiological processes occur
after the primary injury phase and are rapidly instigated
in response to the primary injury in order to control and
minimize the damage. However, these are largely responsible
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for exacerbating the initial damage and creating an inhibitory
microenvironment which prevent endogenous efforts of
regeneration and remyelination. Such secondary processes
include ischemia, inflammation, lipid peroxidation, disrup-
tion of ion channels, fluid and electrolyte disturbances,
producing of free radicals, axonal demyelination, necrosis,
glial scar formation, and apoptosis [12, 13]. Nevertheless,
endogenous repair and regeneration happen during the
secondary phase of SCI to minimize the extent of the lesion,
reorganize blood supply through angiogenesis, clear cellular
debris, reunite and remodel damaged neural circuits, and
offer exploitable targets for therapeutic intervention [14, 15].
Thus, these secondary damages are crucial to SCI therapy.

Increasing interest has focused on the development of
innovative therapeutic methods that aim to regenerate dam-
aged CNS tissue by taking advantages of recent advances
in stem cell and neuroscience research [25, 26]. Preclinical
models demonstrated that stem cell transplantation could
ameliorate some secondary events of SCI through neuro-
protection and restore lost tissue through regeneration [27].
Cumulative researches have demonstrated the feasibility of
stem cell therapy and various stem cells have been used
to protect against the secondary damage with enhancing
the regeneration of a damaged spinal cord. Thus, stem cell
transplantationwould be one of the promising approaches for
the regeneration of an injured spinal cord [28].

Recent studies suggested that stem cell therapy could
improve neural function in SCI by replacing damaged cells
[29, 30]. Therefore, it becomes more and more important
to explore the detailed mechanisms of stem cell therapy for
SCI and monitor the fate of these cells in vivo, including
survival, migration, distribution, rejection, integration, and
differentiation.

Fortunately, molecular imaging gives an effective way for
such research. Well-established imaging modalities used by
researchers for the purpose ofmolecular imaging are positron
emission tomography (PET), magnetic resonance imaging
(MRI), whereas others have employed newer modalities
based on the transmission of light through tissues, such
as in vivo bioluminescence imaging (BLI) and fluorescence
imaging (FLI). The label of stem cells requires labelling
methods making grafted cells distinguishable from host cells
to follow transplanted stem cells by the above methods.

PET is a nuclear imaging technique that produces a
three-dimensional image or picture of functional processes
in the body. The system detects pairs of gamma rays emitted
indirectly by a positron-emitting radionuclide (tracer), which
is introduced into the body on a biologically active molecule.
It can provide metabolic changes and be used for tracing
radioactively labeled stem cells in vivo. MRI can be used for
noninvasive tracking of transplanted cells which are usually
labeled with super-paramagnetic nanoparticles as contrast
agents in longitudinal studies on living animals. Gadolinium
and ferric oxide are two common contrast media used for
cell labeling in MRI [31]. Recently, there were several studies
using MRI to trace the transplanted stem cells in SCI models
[32–34]. Their results showed that the transplanted stem
cells could be readily detected in vivo using noninvasive
MRI techniques. BLI is a newly developing technology for

dynamically observing biological behavior. It is based on an
enzymatic light production system.The enzyme in action is a
luciferase which uses the substrate luciferin to produce light.
Then the emitted light is subsequently captured by a highly
sensitive CCD camera. Using this technology, cells should be
transgenically modified to steadily express luciferase. Then,
cells can be tracked in a long periods of time because
luciferase expression is preserved during proliferation so that
all cells and their descendants express luciferase without
dilution. Thus, we can observe the stem cells’ dynamic
behavior in vivo through this method.

2. Stem/Progenitor Cell Therapy in SCI

2.1. Mechanism of StemCellTherapy. According to the patho-
physiological targets of SCI, transplanted cells should satisfy
the following requirements. Firstly, enable regenerating axons
to cross any cysts or cavities; secondly, functionally replace
dead cells; thirdly, create an environment to support axonal
regeneration and myelination. Stem or progenitor cells are
capable of modifying the lesion environment, providing
structural support, myelination, increasing neurotrophic fac-
tors for neuroprotection, and endogenous activation [35–
38]. As a result, stem cells have potential for remyelinating
lesions and are an attractive cell source for cell therapy of
SCI. And recent experimental studies suggested that stem cell
therapy can improve neural function in SCI (Table 1). The
opportunity to enhance endogenous adaptability through
cell-based approaches has led to a great interest in developing
stem cell transplantation therapies that could potentiate
and synergise with other treatment modalities to maximise
neuroplasticity and produce meaningful recovery.

Characteristics and purported mechanisms of action of
stem cells will then be discussed, with specific attention
paid to axonal regeneration and regrowth, growth factor
release, guidance through inhibitory cues, remyelination, and
induction of anatomical neuroplasticity.

2.2. Bone Marrow Stem Cells. Transplantation of bone mar-
row-derived mesenchymal stem cells (BMSCs) for SCI has
been previously reviewed [39–43]. Many studies have exam-
ined BMSCs in SCI rodents and the results showed improved
locomotor recovery [44–46].

There are two types of adult bone marrow stem cells:
hematopoietic stem cells (HSCs) and mesenchymal stem
cells (MSCs). Zhu et al. compared various properties of
human umbilical cord-derived MSCs (HUCMSCs) with
human placenta-derived MSCs (HPDMSCs), including cell
proliferation, apoptosis, cellular morphology, ultrastructure,
and their ability to secrete various growth factors. Their
findings indicate that different sources ofMSCs have different
properties and that care should be taken when choosing the
appropriate sources of MSCs for stem cell transplantation
[47]. In rodent studies, BMSCs was able to promote a
certain degree of axonal regrowth and sprouting, at least in
transectionmodels [48]. Lee et al. have used humanumbilical
cord blood derived mesenchymal stem cells (hUCB-MSCs)
to treat dogs with SCI and observed its long-term effects on
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Table 1: Stem cell-based cell therapy in experimental SCI models.

Cell type Cell number Route Time after
SCI

Weeks after
cell injection

Host
animal

Cotreatment
method Functional outcome References

BMSCs 5 × 106 IL 24 h 3 Rabbit BMSCs were Ngb
gene-modified

Significant functional
improvement [16]

OPCs 5 × 105 IL 3 d 4 Rat No

Functional
improvements in

SSEP amplitudes and
latencies

[17]

iPSC-NS/PCs 1 × 106 IL 9 d 12 Marmoset No Promoted functional
recovery [18]

NSCs + OECs 3 × 105 IL Immediately 4 Rat Cotransplantation
of NSCs and OECs

Improve sensory
function [19]

ESCs 5 × 105 IV 2 h 4 Mice No Promoted hind-limb
recovery [20]

iPSCs 5 × 105 IL 9 d 6 Mice No Promoting locomotor
function recovery [21]

NS/PCs 8 × 104 IL 9 d 8 Rat Coinjected with
HAMC

Enhanced tissue
benefit and functional

recovery
[22]

EMSCs 5 × 104 IL 0.5 h 12 Rat Coinjected with
fibrin scaffolds

Improve the
behavioral

and histological
recovery

[23]

BMSCs 1 × 107 IL 7 d 4 Dog No Improved functional
recovery [24]

IL: intralesional injection, IT: intratheca injection, IV: intravenous injection, BMSCs: bone marrow mesenchymal stem cells, Ngb: neuroglobin, SSEPs:
somatosensory evoked potential, iPSC-NS/PCs: induced pluripotent stem cell-derived neural stem/progenitor cells, HUCBCs: human umbilical cord blood
cells, hES: transplanted human embryonic stem, OPCs: cell-derived oligodendrocyte progenitor cells, ESCs: embryonic stem cells, iPSCs: induced pluripotent
stem cells, NSPCs: neural stem/progenitor cells, HAMC: hydrogel blend of hyaluronan and methyl cellulose, and EMSCs: ectomesenchymal stem cells.

dogs. It was found that hind-limb recovery in 4 dogs among
the five transplanted dogs was significantly improved and the
results suggest that transplantation of hUCB-MSCsmay have
beneficial therapeutic effects [49].

The grafting of MSCs to treat SCI has shown promis-
ing results in animals; however, less is known about the
effects of autologous MSCs in human SCI. Park et al.
explored 10 SCI patients who underwent intramedullary
direct MSCs transplantation into injured spinal cords. All
patients did not experience any permanent complication
associated with MSC transplantation. Three patients showed
gradual improvement in activities of daily living, changes on
magnetic resonance imaging such as decreases in cavity size
and the appearance of fiber-like low signal intensity streaks,
and electrophysiological improvement [50].

Despite these potential benefits, there are reported
adverse effects of MSCs, such as increased recurrence of
hematologicalmalignancies and enhanced tumor growth and
metastases [41, 51, 52]. And more preclinical trials of MSC-
based therapy need to be preformed.

2.3. Neural Stem Cells and Neural Progenitor Cells. Neural
stem cells (NSCs) have been classified as a kind of neural
lineage stem cell which is able to self-renew and to give
rise to all types of mature neural cells including neurons,
astrocytes, and oligodendrocytes [53, 54]. The isolation of
adult neural stem cells in mammals was first reported in

1992 by Reynolds and Weiss [55]. NSCs for therapeutic
applications are derived from ESCs and progenitor cells are
isolated from fetal tissue. Neural progenitor cells (NPCs), like
stem cells, have a tendency to differentiate into a specific type
of cells.

NSCs and NPCs are found in both fetal and adult CNS
[56]. Adult NPCs can be typically harvested from the subven-
tricular zone of the brain or the spinal cord. EmbryonicNPCs
can be taken from the CNS of rodent embryos and expanded
as neurospheres. They all contain precursors for neurons,
astroglia, and oligodendrocytes plus stem cells capable of
self-renewal [57]. Salazar and his colleagues injected human
neural stem cells (hCNS-SCns) into immunodeficient NOD-
scid mice 30 days after spinal cord contusion injury in order
to test the ability of hCNS-SCns to survive, differentiate,
migrate, and promote improved locomotor recovery [54].
They found that hCNS-SCns can survive, differentiate, and
promote locomotor recovery when transplanted into an early
chronic injury microenvironment. These results suggest that
hCNS-SCns graft has efficacy in an early chronic SCI location
and expands the “window of opportunity” for intervention.

The extent of glial scar formation and the character-
istics of inflammation are the most remarkable difference
in the injured spinal cord microenvironment between the
subacute and chronic phases. By contrast, the distribution of
chronically graftedNSPCswas restricted compared toNSPCs
grafted at the subacute phase because a more prominent glial
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scar located around the lesion epicenter enclosed the grafted
cells. Therefore, glial scar formation and inflammatory phe-
notype should be considered in order to achieve functional
recovery by NSPCs transplantation in cases at the chronic
phase [58]. Another study showed that graftedNSPCsmainly
differentiate into astrocytes after transplantation at the acute
phase [59]. Inflammatory cytokines, such as IL-6, TNF-𝛼, and
CXCL1, also increase remarkably in the injured spinal cord
[60]. These cytokines might induce NSPCs to differentiate
into astrocytes. Furthermore, growth factors like EGF and
NT3 have demonstrated beneficial effects on the survival of
NSPCs [61, 62].

When transplanted into mice in an animal model of SCI,
human NSCs promoted locomotor recovery [63]. The study
of Mothe indicated that multipotent NSPCs can be delivered
from the adult human spinal cord of organ transplant donors
and that these cells differentiate into both neurons and glia
following transplantation into rats with SCI [64]. In addition,
human fetal brain modified NSPCs transplanted subacutely
into the contused cervical spinal cord of adult common
marmosets produced significantly greater grip strength than
controls [65]. Researchers have shown that these NSCs and
NPCs primarily differentiate into oligodendrocytes in vitro
[66] and in vivo [67, 68]. Recently, researchers demonstrated
that self-renewing multipotent NSCs and NPCs could be
acquired from the adult human spinal cord of organ trans-
plant donors and that these cells differentiate into both
neurons and glia following transplantation into rats with SCI
[64].

Simultaneously, the aims of axonal regeneration through
the injury area have been replaced preclinically by more
realistic objectives of remyelination and provision of trophic
support for endogenous precursors and axons. ItmakesNPCs
much more promising candidates of cell therapy for SCI and
probably heralds their increased use in clinical trials.

2.4. Embryonic Stem Cells. Embryonic stem cells (ESCs)
are pluripotent cells derived from the inner cell mass of
developing blastocyst embryos that can differentiate into
nearly all cell types [69]. Notably, ESCs have great devel-
opmental plasticity and can be induced to become NSPCs
with specific differentiation potentials, making them a major
candidate of cell replacement therapies for SCI. Mcdonald et
al. transplanted neural differentiated mouse embryonic stem
cells into rats’ spinal cord after traumatic injury. The cells
that transplanted into the injured spinal cord differentiated
into neurons, astrocytes, and oligodendrocytes and showed
partial functional recovery [70]. As noted above, SCI causes
extensive demyelination and oligodendrocytes are partic-
ularly vulnerable to apoptosis. ESCs predifferentiated into
oligodendrocyte progenitor cells (OPCs) remyelinated spared
axons and improved recovery when transplanted subacutely
into the injured rat spinal cord [71, 72].The studies document
the feasibility of predifferentiating hESCs into functional
OPCs and demonstrate their therapeutic potential after SCI.

2.5. Induced Pluripotent Stem Cells. Thediscovery of induced
pluripotent stem cells (iPSCs) has opened a new potential

therapeutic approach for regenerative neuroscience, although
iPSCs have not yet been used clinically in SCI cell therapy.
iPSCs were developed in 2006 by Takahashi and Yamanaka,
who showed that mouse somatic cells, such as fibroblasts,
could be reprogrammed to pluripotency with retroviral
expression of four transcription factors OCT4, SOX2, KLF4,
and c-MYC and achieve similar morphology, pluripotency,
self-renewal, and gene expression as ESCs, without the
requirement for an embryo [73].

The clinical use of ESCs is complicated; however, by
ethical and immunological concerns, both of which might
be overcome by using pluripotent stem cells which can
be derived directly from a patient’s own somatic cells
[74]. Experimental studies using iPSCs-derived neurospheres
transplanted subacutely after contusion SCI showed remyeli-
nation, axonal outgrowth of serotonergic fibers, and promo-
tion of locomotor recovery.

Different kinds of iPSCs have different performance in
SCI treating. Transplantation of “unsafe” iPS-derived neuro-
spheres may result in teratoma formation and sudden loss of
locomotor function [21]. Kramer’s review highlights emerg-
ing evidence that suggests that iPSCs are not necessarily
indistinguishable from ESCs and may occupy a different
“state” of pluripotency with differences in gene expression,
methylation patterns, and genomic aberrations which may
reflect incomplete reprogramming and may therefore impact
on the regenerative potential of these donor cells in therapies
[75]. Furthermore, the first study on iPSC-derived chimeric
mice demonstrated that they were prone to cancer and
attributed this property to the reexpression of the c-myc
reprogramming factor [76]. In brief, iPSCs are likely to
carry a higher risk of tumorigenicity than ESCs, due to
the inappropriate reprogramming of these somatic cells, the
activation of exogenous transcription factors [77, 78]. Thus,
safe iPSC-derived clones would need to be screened and
selected [21, 78].

Undifferentiated IPSCs, like ESCs, have high tumouri-
genicity in pathological conditions [79]. Therefore, the safety
of IPSCs should be evaluated before clinical IPSCs-based
therapy. Of note, Tsuji et al. recently derived “safe” mouse
iPSCs and observed trilineage neural differentiation and
functional recovery in a contusion model of SCI without
teratoma formation [21].

3. Molecular Imaging in Stem Cell Therapy for
Spinal Cord Injury

Transplantation of stem cells has a good prospect of clinical
application. However, the challenges in the field of molecular
imaging are to develop effective imaging strategies with
reporter systems and probes which should firstly reveal
cellular and molecular processes throughout an entire study
period. Secondly, probes should be highly sensitive to small
changes in cell function and distribution. Finally, they do
not alter the labeled biological process itself significantly.
Molecular imaging technologies will greatly facilitate the
functional monitoring and evaluation of a wide range from
genes to organs for their roles in health and disease. Herein,
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molecular imaging has served as a platform to test stem cell
therapy for SCI.

3.1. Stem Cell Labelling. Cell labeling can be divided into
two types: physical cell labeling and reporter gene imaging.
Physical cell labeling is completed before cell administration
and can be accomplished with superparamagnetic iron oxide
(SPIO) particles for MRI [83, 84], radionuclide labeling for
SPECT [85], and PET, nanoparticle labeling for fluorescent
imaging [86]. In reporter gene imaging, a gene coding for
the synthesis of a detectable protein is introduced into a
target cell line or tissue via viral or nonviral vectors. Because
the reporter gene integrates into the host cell’s chromosome
following stable transfection or transduction, the reporter
gene is expressed by progeny. As a result, changes in signals
following cell administration can be used as indicators of cell
proliferation and cell death [87].

3.2. Positron Emission Tomography. Positron emission to-
mography (PET) imaging, especially 18FDG PET imaging,
has been used mainly in cancer [88–90]. PET uses positron
emitting radioisotopes as probes for imaging cells in vivo
to monitor labeled stem cells and it also has been applied
widely to detect and quantify subtle abnormalities in CNS
diseases. PEThas served as a platform to test stem cell therapy
for neurological disease allowing more rapid progression
in both preclinical and clinical studies. In order to explore
the effect of in vivo PET in tracking the stem cells trans-
planted into spinal cord, Bai et al. transplanted human neural
progenitor cells into rabbits’ injured spinal cord; rabbits
were injected with 11C-raclopride intravenously and then
underwent PET imaging [91]. 11C-raclopride PET imaging
of the live rabbits showed accumulation of radioactivity at
the hNPC-TERT cell injection site with a standard uptake
value significantly higher than that of control group (the
HeLa cell transplantation group) (𝑃 < 0.01). 11C-raclopride
PET imaging of the isolated spinal cords showed rounded
focal image of increased radioactivity in the hNPC-TERT
cell transplantation group and linear image of radioactivity
without clear border in the HeLa cell transplantation group.
Meanwhile, fluorescent microscopy showed the same results.
These results suggested that PET with radioisotope labeled
tracer is useful for functional studies in developing cell-based
therapies.

3.3. Magnetic Resonance Imaging. Magnetic resonance imag-
ing (MRI) is a widely used and powerful imaging technique
which can provide high resolution and 3D anatomical imag-
ing. It can be used to evaluate the reparation of the injured
spinal cord [92]. For monitoring the efficiency of cell trans-
plantation, cellular homing, or targeting, grafted cells can
be labeled with superparamagnetic iron oxide nanoparticles
(SPION) and detected by means of MRI. In a study of NPC
transplantation, SPIO labeling does not affect NPCs’ survival
and differentiation potential in vitro and labeled NPCs were
found migrating along white matter tracts as demonstrated
by MRI [93]. In addition, cells labeled with SPION can be
manipulated in a magnetic field. In research of Vanecek

et al., intrathecally transplanted cells labeled with SPION
were guided by amagnetic field and successfully targeted near
the lesion site in the rat spinal cord. The results showed that
targeting efficiency could be increased by using magnets that
produce spatially modulated stray fields [84]. Such magnetic
systems with tunable geometric parameters may provide the
additional level of control needed to enhance the efficiency of
stem cell delivery in injured spinal cord. Hu et al. used labeled
human umbilical cord mesenchymal stem cells (hUC-MSCs)
in vivo for tracking hUC-MSCs’ fate with noninvasive MRI
[94]. SPIOwas added to cultures at concentrations equivalent
to 0, 7, 14, 28, and 56mg Fe/ml and incubated for 16 h. In vivo
MRI 1 and 3 weeks after injection showed a large reduction in
signal intensity in the region transplanted with SPIO-labeled
hUC-MSCs. The results showed that noninvasive imaging of
transplanted SPIO-labeled hUC-MSCs is feasible. Recently,
Amemori et al. used neural stem cell line derived from
human fetal spinal cord tissue (SPC-01) to treat a balloon-
induced SCI [80]. SPC-01 cells labeled with poly-L-lysine-
coated SPION were implanted into the lesion 1 week after
SCI. Then T2-weighted images were obtained (Figure 1). The
transplanted animals displayed significantmotor and sensory
improvement 2 months after SCI, when the cells robustly
survived in the lesion and partially filled the lesion cavity.

3.4. Optical Imaging. Bioluminescence imaging (BLI) uses
luciferase-transduced transplanted cells that can be detected
noninvasively in vivo by virtue of their reporter gene, which
is expressed only when cells are alive [95, 96]. Luciferase
(Luc) gene is the most commonly used gene for in vivo
luminescence which is obtained from the North American
firefly. This Luc gene encodes a 550 amino acid protein,
Luc. Considering the near absence of endogenous light from
mammalian cells and tissues, luciferases have a significant
advantage as optical indicators in live mammalian cells and
tissues, the inherently low background [97]. It is a powerful
tool for the detection of exclusively living grafted cells that
stably express luciferase in living animals after administration
of luciferin (the substrate of luciferase) in the presence of
oxygen and ATP as a source of energy [98]. Using the
luciferase reaction in vivo as a marker of gene expression
requires that the substrate is nontoxic and well distributed
to the animals’ tissues after exogenously adding (usually via
intraperitoneal injection). At present, no humoral immune
responses, hepatic toxicity, or germ-line integration were
observed in models of luciferase reaction. Studies have also
suggested that luciferin could be distributed throughout the
entire animal and even could not be restricted by the blood-
brain or placental barriers [98]. Previous studies demon-
strated that the number of photons which emitted from the
labeled cells and transmitted through murine tissues was
sufficient to detect 1–2.5 × 103 cells in the peritoneal cavity,
1 × 104 cells at subcutaneous sites, and 1 × 106 circulating
cells immediately following injection [99, 100]. Recently,
noninvasive bioluminescent imagingwas successfully applied
to investigate the survival of neural stem/progenitor cells fol-
lowing transplantation into the lesionedmouse spinal cord. It
was found that the intralesional application of NSPCs among
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Figure 1: The T2-weighted MR images of the injured rat’s spinal cord before and after SPC-01 cell transplantation. The white arrows show
labeled transplanted cells and lesion site. (a) The T2-weighted MR images of a spinal cord lesion 5 days after lesion induction before
transplantation. (b) Spinal cord with a cell graft 8 weeks after cell transplantation. (c) Control spinal cord lesion 8 weeks after saline injection.
(d) Two serial sections were stained with the human mitochondrial marker (MTCO2). (e)The same sections of D were stained with iron. (f)
Overlay of MTC02 and iron staining [80].

Table 2: Advantages and limitations of different imaging methods for detection of grafted stem cells (modified from Modo et al. [81] and
Spiriev et al. [82]).

Imaging modality PET MRI BLI FLI
Depth of penetration No limit No limit 1-2mm <1mm
Spatial resolution 1-2mm 10–100𝜇m Several mm 2-3mm
Temporal resolution sec–min min–hrs sec–min sec–min

Imaging agents Radionuclide
labeled compound

Gadolinium,
dysprosium

iron oxide particles
Luciferins Fluorescent protein

Toxicity No Yes No No
Time range of detection 6–12 months 1-2 months 2–8 weeks Long-term
Detection limits in terms
of cell numbers in vivo 1 × 104–1 × 105 5 × 105–1 × 106 1 × 103–1 × 106 2 × 104–5 × 105

Sec: second, min: minute, and hrs: hours.

3 different procedures (intralesional, intrathecal, and intra-
venous injection) is the most effective and feasible method
for transplanting NSPCs into the SCI site [101]. Okada et al.’s
study is a well example of stem cell transplantation study
[59]. The third-generation lentiviral vectors enabled efficient
transduction and stable expression of both luciferase and
a variant of green fluorescent protein in primary cultured
NSPCs. Signals from these cells were detectable for up to 10
months or more after transplantation into the injured spinal
cords of C57BL/6J mice. Analysis of both acute and delayed
transplantation groups revealed drastic reductions in signal
intensity within the first 4 days after transplantation, which
was followed by a relatively stable bioluminescent signal for
6wk (Figure 2).

3.5. Multimodality Imaging. No single imaging modality can
provide all the information required to track transplanted
stem cells andmonitor their functional effects. Every imaging
modality for stem cell tracing has its own advantages and
disadvantages [81, 82] (Table 2). PET has a high sensitivity in
tracking biomarkers in vivo but lacks the ability of providing
detailed anatomic structures. SPIO-labeled stem cells can be
detected by means of MRI and get high resolution and 3D
anatomical imaging; however, the low sensitivity limits its
application on cell tracing. Furthermore, cell division may
dilute intracellular markers and then the signals may fail to
reflect cells’ number and location due to shedding of iron par-
ticles [102]. Hence, it is necessary to combine complementary
imaging methodologies. Multimodality imaging approaches
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Figure 2:The time course of viability of transplanted NSPCs for SCI. (a) Images of a representative mouse that received acute transplantation
(TP) of luciferase-expressing NSPCs confirmed long-term cell viability. Drastic reductions in signal intensity within the first 4 days
after transplantation and then relatively stable bioluminescent signals for the following 6wk were observed in both acute and delayed
transplantation groups. There were no differences between acute and delayed transplantation groups in both value of signal intensity (b)
and the rate to initial value (c) at each time point. Values are means ± SE (𝑛 = 8). (d) The correlation between grafted cell numbers and
luminescent intensity was confirmed in vivo. Values are means ± SE (𝑛 = 4) [59].
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Figure 3: Multimodality of imaging can be applied for tracking stem cell behavior. A work flow chart for labeling cells and introducing
labeled cells in vivo: firstly, cells are labeled using a marker for positron emission tomography (PET), magnetic resonance imaging (MRI),
bioluminescence imaging (BLI), or fluorescence imaging (FLI). Secondly, cells are cultured in vitro and injected into the injured spinal cord.
Finally, stem cells are then tracked in vivo with a camera or scanner.

mayminimize the potential drawbacks of using each imaging
modality alone and a tailored combination of 2 or more
techniques may be the best approach for a given experiment
(Figure 3).

Computed tomography (CT) scanners can overcome the
lacks of anatomic structures. PET and CT scanners can be
used in conjunction to get more detailed, fused images. In
a research of Nandoe Tewarie RD, PET was used in combi-
nation with CT imaging techniques for longitudinal moni-
toring of the injured spinal cord. With PET-CT, combined
with a simulation-based partial-volume compensation (PVC)
method, they can seriallymeasure standardized uptake values
of the T9 and T6 spinal cord segments and reveal small, but
significant, differences [103]. Because MRI has limitations
in determining the viability of labeled transplanted cells,
another imaging modality is required. The combination of
MRI and PET also allows the acquisition of anatomical,
physiological, and metabolic information, all from the same
subject [104, 105]. By utilizing CT information acquired
by an X-ray detector, the 3-dimensional location can be
reconstructed using some bioluminescent tomography (BLT)
reconstruction methods such as the adaptive finite element
method and Bayesian method [82]. Researchers combined
MRI with BLI to simultaneously monitor the location and
viability of transplanted cells in vivo within the same animal.
In recent study, Kim et al. evaluated the therapeutic effects
of transplanted human glial precursor cells (hGPs) together
with the in vivo fate of these cells using MRI and BLI
[106]. In order to determine their potential for therapy of
multiple sclerosis (MS), they used MRI and BLI side-by-
side as complementary imaging techniques to evaluate the
effects of transplanted hGPs on experimental autoimmune

encephalomyelitis (EAE) pathogenesis. The results demon-
strated that intracerebroventricularly (ICV) transplantation
of short-lived hGPs can have a remote therapeutic effect
through immunomodulation fromwithin the ventricle, with-
out cells directly participating in remyelination.

There are also some problems of nonspecific signals
obtained with the different imaging modalities as a result
of grafted cells that have died. For example, grafted cells
prelabeled with iron oxide nanoparticles that have died post-
grafting may result in MRI signals representing macrophage
phagocytosis of labeled cell debris. However, PET can use
report gene system to avoid such disadvantage, and the
high detection sensitivity of PET imaging techniques could
offset nonspecific signals of MRI. Hybrid PET/MR imaging
might present a formidable technical and suggest potential
spinal cord applications exploiting unique properties of the
combined instrumentation.

4. Perspective and Summary

The potential of stem cells to reconnect the injured spinal
cord and repopulate the area of injury has fascinated SCI
researchers. Although some authors believe that endogenous
remyelination is effective albeit somewhat slower. The field
has learned a great deal about evaluating the fate of stem cells
once they are implanted into the cord.Howmany survive?Do
they integrate and migrate? How do they influence the host
microenvironment?More andmore evidence suggest that the
stem cells themselvesmay be the source of growth factors and
have remarkable influence on the injuredmicroenvironment.
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The interest in stem cell transplantation for SCI will
remain high. This field will obviously continue to evolve,
with hopes that further refinement, and understanding will
increase the chances that cell transplantation will someday
emerge as a fruitful treatment for patients. The complexities
of attenuating the tissue damage and secondary complica-
tions due to trauma and reconstructing the cytoarchitecture
of the injured spinal cord are very challenging. Hopefully, the
rapid advances being made in stem cell biology will result in
effective experimental and clinical trials of stem cell therapy
for SCI.

Molecular imaging is a new discipline which makes it
possible in vivo of cellular and molecular aspects of patho-
physiological processes and therapeutic interventions. PET
has high flexibility for the production of specific probes for
the detection of different processes in the living subject.
However, the production of PET needs advanced chemistry
and tight quality control. MRI is also a contending and
complementing modality in molecular imaging essential for
stem cell studies. It can be used to evaluate the reparation of
the injured spinal cord as well as tracing labeled stem cell in
vivo. Optical imaging has a high molecularly sensitivity, but
it provides lesser anatomical localization and is mainly used
in small animals.

In summary, the usage of stem cell treatment might re-
store axonal continuity, connect the area for axonal regener-
ation, and promote axonal growth back to its distal targets.
And the use of a noninvasive imaging method would have
the advantage that stem cells transplanting in individual
animals can be monitored longitudinally. The multimodality
imaging technique allows for studying acute pathological
events following a spinal cord lesion, and the development
of implanted spinal chamber enables long-term imaging for
chronic spinal cord preparations. Therefore, in vivo imag-
ing allows the direct observation of dynamic regenerative
events of individual stem cells after traumatic injury in the
living subject [107]. We predict that future improvement in
molecular imaging will make important contributions to our
understanding of stem cells’ transplantation and allow us to
assess the therapeutic effect on a molecular scale.
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This paper reviews the literature regarding the use of acoustic droplet vaporization (ADV) in clinical applications of imaging,
embolic therapy, and therapeutic delivery. ADV is a physical process in which the pressure waves of ultrasound induce a phase
transition that causes superheated liquid nanodroplets to form gas bubbles. The bubbles provide ultrasonic imaging contrast and
other functions. ADV of perfluoropentane was used extensively in imaging for preclinical trials in the 1990s, but its use declined
rapidly with the advent of other imaging agents. In the last decade, ADVwas proposed and explored for embolic occlusion therapy,
drug delivery, aberration correction, andhigh intensity focused ultrasound (HIFU) sensitization.Vessel occlusion viaADVhas been
explored in rodents and dogs and may be approaching clinical use. ADV for drug delivery is still in preclinical stages with initial
applications to treat tumors in mice. Other techniques are still in preclinical studies but have potential for clinical use in specialty
applications. Overall, ADV has a bright future in clinical application because the small size of nanodroplets greatly reduces the
rate of clearance compared to larger contrast agent bubbles and yet provides the advantages of ultrasonographic contrast, acoustic
cavitation, and nontoxicity of conventional perfluorocarbon contrast agent bubbles.

1. Introduction

Acoustic droplet vaporization (ADV) is a relatively recently
exploited phenomenon inwhich a liquid droplet is induced to
form a vapor phase as a result of the application of cyclic pres-
sure waveforms (acoustic waves). While this phenomenon
has been described in the literature since 1995 as an imaging
application [1–3], it acquired the name “acoustic droplet
vaporization” in 2000 [4] along with other proposed and
demonstrated applications in gas embolism, thrombolysis,
and drug delivery. While ADV has many applications in
biology, physics, and engineering, this review will center on
its application in clinicalmedicine, with emphasis on imaging
and gas embolization, and on the delivery of therapeutics and
markers.

Acoustic droplet vaporization has other synonyms in the
literature, such as “phase-shift emulsion” and “ultrasonic
droplet vaporization.” The enthusiasm for ADV and its
associated processes comes from its useful and unique

applications in some of the more challenging issues of
medical imaging and therapeutic delivery. At the same time,
increasing access to ultrasonic transducers has made ADV
more available to researchers in academia and in the clinic.

In theory, ADV could be employed with any liquid that
has a normal boiling point near or below body temperature.
The physics are based on the vapor pressure of the liquid,
which is a function of temperature, and not necessarily
based upon the liquid chemistry. However, for medical
applications it is essential to use nontoxic biocompatible
liquids that are immiscible with water. Fluorocarbons are
good candidates, particularly the perfluorocarbons (PFCs)
because they have low solubility in aqueous formulations, and
they have relatively low toxicity. Table 1 lists some param-
eters of candidate alkane perfluorocarbons [5]. Of these,
perfluoropentane (PFC5) is perhaps the most commonly
used in ADV because of its good combination of high vapor
pressure, low solubility in blood, price, and availability. Other
phase changing perfluorocarbons that have been explored are
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Table 1: Properties of selected perfluorocarbons [5].

Common name Chemical formula Normal boiling
point (∘C)

Vapor pressure at
37∘C (kPa) Expansion ratio∗

Perfluorobutane C4F10 −1.3 387.98 5.37
Perfluoropentane C5F12 29.2 135.05 5.17
Perfluorohexane C6F14 57.1 48.09 4.97
∗Diameter expansion ratio calculated assuming no Laplace pressure compressing the final gas bubble, internal bubble pressure at 1 atm, and temperature of
37∘C.

perfluorodichlorooctane [6] and perfluoro-15-crown-5-ether
[7].

2. Physical Chemistry of Acoustic
Droplet Vaporization

2.1. Thermodynamics of Vaporization. The first concepts per-
taining to ADV are those of thermodynamic phase state (gas,
liquid, and solid), phase change, and vapor pressure. Solids
and liquids possess a vapor pressure, which is defined as the
pressure of the specified gas in equilibriumwith its own liquid
or solid in a closed system at a specified temperature. The
vapor pressure increases as the temperature of the condensed
phase increases. Sometimes it is convenient to think of a
vapor pressure as the “push” of the solid or liquid molecules
trying to escape (the solid or liquid) to the gas phase. When
the surrounding pressure is greater than the vapor pressure,
the condensed phase remains in its condensed form (liquid
or solid), although it may eventually dissipate as the material
slowly dissolves and diffuses away into the aqueous phase.
However, when the surrounding local pressure decreases
below the vapor pressure, then the liquid molecules will
quickly escape to form a gas phase (boil), or a solid will
quickly sublime to a gas. The “normal boiling point” is the
temperature at which the vapor pressure of a liquid is exactly
1 atm pressure; at this temperature the gas and liquid phases
are in equilibrium, and a gas phase can form (depending
on the volume of the closed system); above this temperature
the liquid will transform (or boil) to a gas. Likewise, a gas
of a single species will condense to a liquid when the local
temperature decreases such that the liquid vapor pressure is
below the surrounding gas pressure, or when the local gas
pressure increases above the vapor pressure.

Acoustic droplet vaporization employs these concepts of
vapor pressure, gas phase, and liquid phase, with the caveat
that the change in local pressure causes the phase transfor-
mation, not necessarily any changes in temperature. When
the local pressure drops below the liquid vapor pressure, the
liquid can turn to gas. The acoustic aspect of ADV occurs
because sound waves (which are pressure waves) are used to
manipulate the local pressure of the liquid, thus controlling
the drive to turn a liquid to gas, or gas to liquid.

2.2. Nucleation and Driving Forces. While it is true that a
liquid whose vapor pressure is above the surrounding local
pressure has a thermodynamic driving force to turn to gas,
this transformation may not happen instantaneously for at
least two reasons. First, heat needs to be transferred to

the liquid because the change from liquid to gas required a
certain amount of thermal energy; this is called the enthalpy
(or heat) of vaporization.

Second, a nucleation event is required to get the trans-
formation started. It is possible and actually very common
for liquids to remain in the liquid state even when above
their boiling point (their liquid vapor pressure is above the
local pressure) because a nucleation event must first occur
to initiate the formation of the gas phase. A liquid above its
boiling point is called “superheated.” The nucleation of a gas
phase requires the formation of a nanoscopic cavity of gas
(homogeneous nucleation), which in some cases continues to
grow into a macroscopic gas phase (bubble). This process is
random and stochastic, with an activation energy barrier that
is related to the amount of superheating and the interfacial
energy of the gas-liquid boundary [10].Thedetails are beyond
the scope of this review, but the important result is that
a liquid can remain superheated if it is very pure. The
number of random events that create nucleation cavities in a
superheated liquid is proportional to the volume of the liquid
and the time length of observation, so a very small droplet has
a much greater probability of remaining a superheated liquid
for a longer time than has a large volume of liquid. Impurities,
foreign surfaces, physical stresses, and higher amounts of
superheating increase the probability that a gas bubble will
nucleate within a superheated liquid. The probability of
forming a nucleation cavity is also a strong function of the
amount of superheating above the boiling point, in which
superheating is often referred to as the “driving force” for
nucleation.

In this review we define true superheating as the state
when the vapor pressure of the liquid is above the vapor
pressure of the surrounding material, such as when a large
droplet (having negligible Laplace pressure) of liquid per-
fluoropentane in water at 30∘C (having a vapor pressure
of 1.02 atm) is surrounded by water at a pressure of 1 atm.
Engineers also define superheating as any time a liquid is
above its normal boiling point, such as pressurized water at
110∘C (with a vapor pressure of 1.41 atm) confined in a pipe
with a local pressure of 3 atm (304 kPa). However, we will call
this situation “apparent superheating” because, although the
liquid temperature is above its normal boiling point (at 1 atm),
the liquid vapor pressure is still below the local pressure
(3 atm), so it will never change to a gas no matter how long
one waits.

A small liquid droplet that is immiscible in the sur-
rounding liquid can experience this “apparent superheating”
because of Laplace pressure, and thus will never change to
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a gaswhen confined inside the small droplet. Laplace pressure
is the additional pressure imposed upon the interior fluid
of a droplet because of the surface tension (or interfacial
energy) between the two immiscible phases that compresses
the liquid or gas inside the droplet. Although there are
more sophisticated definitions and explanations of Laplace
pressure [11], this qualitative description will suffice for this
review. The magnitude of the Laplace pressure is given by
Δ𝑃 = 2𝛾/𝑅, where Δ𝑃 is the increase in pressure inside a
spherical droplet of radius 𝑅 compared to the local pressure
of the surrounding fluid and 𝛾 is the interfacial energy.

For example, consider a 1-micron-diameter droplet of
PFC5 in water at 37∘C and 1 atm pressure (local pressure of
the surrounding water).The interfacial energy between water
and PFC5 at this temperature is estimated to be 56mN/m
[12], and thus the Laplace pressure is calculated to be 224 kPa.
This value plus the surrounding water pressure of 101 kPa
produces an internal pressure in the droplet of 325 kPa. Even
though the local temperature of 37∘C produces a PFC5 vapor
pressure of 132 kPa, the PFC5 will never turn to gas within
this droplet because its vapor pressure remains lower than the
local pressure inside the droplet. Although the droplet may
slowly shrink due to diffusion of PFC5 into the surrounding
water, this droplet will never boil (change to gas) even though
it is (apparently) superheated above its normal boiling point
of 29.2∘C. The PFC5 liquid in this droplet would not turn to
gas until it was heated above 66.2∘C, so the smallness of the
droplet creates an increased boiling point of the liquid. Good
examples of apparent superheating and of increased boiling
temperatures of perfluorocarbons are given by Sheeran et al.
[13, 14]. (Note: vapor pressures and other thermodynamic
properties for PFCs are taken from the DIPPR database [5];
properties of water are taken from steam tables [15].)

2.3. Ultrasound and Subpressurization. Now,what does ultra-
sound have to do with all of this? Ultrasound is defined as
pressure waves with a characteristic frequency greater than
20 kHz, the nominal upper threshold of hearing for humans.
The wavelength of sound in water at room temperature is
given by 𝜆 = 𝑐/𝑓, where 𝑐 is the phase velocity (speed
of sound) and 𝑓 is the frequency. For water at 37∘C, 𝑐 =
1,524m/s, so wavelengths at 20 kHz, 1MHz, and 5MHz are
7.6 cm, 1.5mm, and 305𝜇m, respectively. All these lengths
are much greater than the size of a 1 𝜇m PFC droplet, so we
can consider that there are not significant pressure gradients
through the volume of the droplet. The pressure of the fluid
surrounding the droplet rises and decreases, and so does the
pressure inside the droplet, although at a higher value due to
the additional Laplace pressure, as Figure 1 shows. We note
that Figure 1 indicates that the pressure can have a negative
absolute value. This is possible because the strong cohesive
forces in water (and presumably also in PFCs) allow the fluid
to be placed in tension (negative pressure) without cohesive
failure [16].

Referring to Figure 1 again, we show that during some
sections of the acoustic pressure cycle, the internal pressure
within the PFC droplet drops below the vapor pressure of
the PFC and then increases again to values above the vapor
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Figure 1: Plot of pressure in an ultrasonic wave. Upper sinusoidal
line represents the pressure inside a PFC droplet of 1𝜇m in diameter.
Lower sinusoidal line represents the pressure of the surrounding
fluid as the ultrasonicwave passes.Thedifference is the Laplace pres-
sure. The vapor pressures of PFC5, PFC6, and water are indicated.
The vertical arrows indicate the maximum subpressurization, and
the horizontal arrows indicate the available subpressurization time.

pressure. During the short time window when the internal
pressure is less than the vapor pressure (called subpressur-
ization), there is a “driving force” for a gas phase to form.
Experimental observations show that often a gas phase is not
formed in some cases in which the subpressurization driving
force is small (low acoustic amplitude) or the time window is
short (high ultrasonic frequency).Thus the instant formation
of a gas phase is not guaranteed, suggesting the requirement
for a nucleation nidus or other nucleation event. Nucleation
theory indicates that at small values of subpressurization in
the absence of a heterogeneous nucleation event (particle
nidus, shear or shock event, etc.) homogeneous nucleation
will eventually occur, but it is a random or stochastic process.
The probability of homogeneous nucleation of a growing
gas bubble is proportional to the time window (at constant
subpressurization) and increases exponentially with themag-
nitude of subpressurization.ThusADV events will increase as
the ultrasonic frequency decreases, as the number of cycles
in a pulse increases, as the peak negative pressure of a wave
increases inmagnitude, and as the Laplace pressure decreases
(due to lower interfacial energy or to larger droplet radius).
Many of these postulates have been confirmed experimentally
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[17–19]. All of these factors should be considered in the
analysis and optimization of ADV.

Several authors have observed subpressurization of per-
fluorocarbon liquid droplets without gas formation [4, 9,
17–20]. This could be due to “apparent subpressurization,”
analogous to apparent superheating, in which the Laplace
pressure was sufficiently large that the vapor pressure at a
temperature above the normal boiling point was still not
greater than the local pressure inside the droplet. Or it
could have been true subpressurization in the absence of
a nucleation event. It is difficult to discern which of these
occurred in the literature reports since the interfacial energy
(and thus the Laplace pressure) was not always known or
reported.

For example, several authors have reported that small
PFC5 (b.p. 29.2∘C) and PFC4 (b.p. −1.3∘C) droplets are stable
at 37∘C [7, 17, 21–27]. But relatively few have also reported the
droplet interfacial energy and size, from which the Laplace
pressure can be calculated and true subpressurization can be
calculated [15, 19].

2.4. Bubble Growth. High-speed photography of the nucle-
ation of the gas phase shows that the bubble forms within
the liquid PFC and not at the liquid PFC/water interface [23].
In some cases 2 bubbles nucleate within the droplet and may
coalesce into 1 bubble [19].

Once the gas bubble is nucleated, it will continue to grow
as long as the subpressurization exists and there is sufficient
heat transfer to satisfy the required heat of formation of the
gas phase. Heat transfer is usually not a limiting issue for
small droplets of more than a few degrees of superheating
[8]. In an acoustic field, the pressure eventually reverses,
and the increasing internal pressure of the droplet eventually
overtakes the vapor pressure; at this point the gas phase
can condense back into liquid, and the liquid droplet is
pressurized until the cycle repeats itself. The dynamics of
such a system have been observed experimentally [17] and
have been modeled for PFC5 and PFC6 droplets in water
at 25 and 37∘C [8]. As Figure 1 shows, the length of time
of subpressurization is a function of the acoustic amplitude
and frequency. Greater acoustic amplitude will start bubble
growth sooner and havemore total time for growth. Similarly,
low frequency ultrasound provides a longer time window
for growth. Figures 2 and 3 show how sensitive the bubble
size is to the amplitude and frequency of the ultrasound as
calculated from mathematical models. For example, increas-
ing the acoustic amplitude from 111 kPa to 115 kPa increases
the bubble size by more than a factor of 10 (see Figure 2).
Decreasing the frequency from 500 kHz to 20 kHz increases
the bubble size by more than a factor of 100 (see Figure 3).

After the insonation stops, the final state of the droplet
may be a liquid, but there are some cases in which a gas
phase may prevail. The first case may be a situation in which
a condensed liquid droplet and expanded gas phase are both
possible equilibrium states, and the gas phase persisted after
cessation of insonation. For example, a 100 nm emulsion
droplet of PFC5 coated with a layer phosphatidylcholine is
predicted to have an interfacial energy of 3.5mN/m [28] and
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Figure 3: Plot of the radius of an expanding bubble as a function of
time and acoustic frequency. A 125 nm radius droplet of perfluoro-
hexane in water was subjected to a 500 kHz pressure wave with an
amplitude of 110 kPa. The temperature was 25∘C, and the interfacial
tension was 3.5mN/m.The plot was adapted from [8]. Each droplet
expansion starts at a different time, because at lower frequencies,
longer time is required before the pressure cycle drops low enough
to cause the liquid to expand to gas.

thus a Laplace pressure of about 140,000 Pa. At 37∘C, the
PFC5 vapor pressure is about 132,000 Pa [5], which is less
than the sum of the atmospheric pressure (101,000 Pa) and
the Laplace pressure; this small droplet in the liquid state,
although apparently superheated, is stable. However, if this
size of liquid droplet was turned to PFC5 gas at 1 atmpressure,
the diameterwould be about 517 nm, and the Laplace pressure
would be reduced to about 27,000 Pa (assuming the same
interfacial energy). The internal pressure in the gas bubble
would be about 128,000 Pa, slightly lower than the vapor
pressure at 37∘C (132,000 Pa); so this gas bubble would also
be stable [29].

A more likely and perhaps ubiquitous experimental
example is the case in which a noncondensable gas (nitro-
gen, oxygen, etc.) is dissolved in the liquid surround-
ing the droplet undergoing liquid-gas-liquid cycles during



BioMed Research International 5

insonation. During the time that the gas phase is present,
dissolved noncondensable gas (e.g., nitrogen) may diffuse to
the gas-liquid interface and enter the expanding bubble of
PFC gas. During contraction when the PFC condenses back
to liquid during the high pressure phase of the acoustic cycle,
the noncondensable gaswill not condense alongwith the PFC
and may not completely dissolve back into the surrounding
liquid, leaving a very small bubble of noncondensable gas
that easily nucleates the next cycle of PFC boiling, leading
to an even larger bubble on the next cycle, and subsequently
more diffusion of noncondensable gas into the bubble. At
the end of several pressure cycles in the insonation pulse,
a stable gas bubble may remain that is a mixture of PFC
and noncondensable gas. This process has been observed
and modeled [4, 23] and may explain several observations
showing that gas bubbles following ADV are larger than
would be expected given the amount of PFC in the initial
liquid droplet [18, 24, 30, 31]. There are reports of other
anomalous behaviors of very small PFC5droplets forming gas
bubblesmuch larger than expected, and this large size persists
after the acoustic pulse has passed [24].

2.5. Thresholds for Bubble Formation. If we ignore the req-
uired nucleation of a gas phase, the peak negative pressure
threshold for ADV can be easily calculated from the vapor
pressure, Laplace pressure, and local hydrostatic pressure.
Experimental observation of thresholds indicates that ADV
does not readily occur until much greater ultrasonic ampli-
tudes are applied. For example, Kripfgans et al. measured
ADV thresholds for 8𝜇mPFC5 droplets in water at 23∘Cwith
a reported interfacial tension of 33.8mN/m [19]. Assuming
a local pressure of 101 kPa, the Laplace pressure plus local
pressure in the droplet is calculated to be 117.9 kPa, and the
vapor pressure at 23∘C is 79.4 kPa. This difference is only
38.5 kPa, so any acoustic wave larger than this would drop
the internal pressure below the vapor pressure. However,
the experimentally observed threshold of 1.7MPa at 3MHz
is nearly 2 orders of magnitude greater than the calculated
theoretical minimum of 38.5 kPa.

In other experiments, Sheeran et al. made 200–300 nm
perfluorobutane (PFC4) droplets in water with an estimated
interfacial energy of 30mN/m [17]. The droplet internal
pressure of 0.58MPa, less the 0.28MPa vapor pressure of
PFC4 at 25∘C, is only 0.30MPa, and yet the observed ADV
threshold was 1.45MPa at 1MHz frequency.

Giesecke and Hynynen made PFC5 droplets stabilized
with albumin but did not report an interfacial tension; there-
fore the Laplace pressure cannot be estimated [18]. However,
they found that 2𝜇mdiameter droplets formed vaporwithout
insonation at 72∘C. At 37∘C with insonation, gas formation
was observed at 0.65MPa at 0.74MHz and at 1.05MPa at
1.1MHz. Other similar observations regarding thresholds
have been made [32, 33]. Interestingly, the threshold at high
frequency appears to be dependent upon the duration of the
insonating pulse [34], again hinting that bubble nucleation is
not instantaneous.

3. Acoustic Droplet Vaporization in
Clinical Nanomedicine

Themajority of clinical research using ultrasound for vascular
imaging has employed the use of microbubbles (MBs) as
contrast agents to enhance the acoustic signal from the
blood. MBs are gas-in-liquid bubbles most often stabilized
with albumin, galactose, lipid, or polymers [35]. The average
diameters of the MBs are generally around 2.5 𝜇m and can
range from 1 to 10 𝜇m.TheMBs resonate in an ultrasonic field,
rapidly contracting and expanding in response to the pressure
changes of the sound waves [36].

While micron-sized gas-phase contrast agents are easily
introduced into blood, their large size precludes their entry
into the extravascular space [37] and also promotes more
rapid clearance. Larger particles are taken up more readily
by the cells of the reticuloendothelial system (RES) [38–40].
Therefore, emulsions containing submicron and nanometer-
sized perfluorocarbon (PFC) droplets that can change to
gas are being studied in diagnostic and therapeutic appli-
cations of ultrasound. PFCs that form gas are also studied
for ultrasonic molecular imaging, the targeted delivery of
some therapeutic agents, and in phase aberration correction.
Recently, the use of liquid-phase PFC droplets that remain
in the liquid state has been explored as a contrast agent [41];
however, this application is not reviewed herein.

The following review presents four applications of ADV
in clinical settings and discusses their future possibilities.

3.1. ADV in Vascular Imaging. In general, the aim of ultra-
sound contrast agents is to selectively increase the strength
of the back-scattered signal that is returned to the detecting
transducer. The first clinical application of phase changing
emulsions as an ultrasound contrast agent appears to be
in 1995 with a product called EchoGen made by Sonus
Pharmaceuticals (Bothell, WA). EchoGen was a suspension
of PFC5 liquid droplets in water, stabilized by an albumin
layer. The reported droplet size was 0.3 𝜇m in diameter,
and the bubbles produced were reported to be from 1 to
10 𝜇m, with an average diameter of 6 to 8 𝜇m [42]. Since
expansion at 37∘ produces only a 5-fold expansion in radius
from liquid to gas, these large bubble sizes suggest that after
phase transformation the smaller bubbles coalesced together
and/or absorbed dissolved gas from the surrounding liquid.
Although the authors of these early papers supposed that the
bubbles were produced by thermal expansion of the liquid
to gas, we now know that the droplets in EchoGen are fairly
stable at 37∘, andmost, if not all, of the bubbleswere generated
by the excitation by the applied ultrasonic imaging pulses.
Thus these are examples of acoustic droplet vaporization in
its earliest application.

EchoGen was first reported in preclinical application to
image the canine renal cortex, providing contrast between
the cortex and medulla. It had a half-life of 2 to 3 minutes
with an intravenous dose of 0.25 to 0.45mL/kg [1]. As
mentioned, in this and other early papers, bubble formation
was attributed to the droplets “undergoing a phase transition
to gas above 30∘C.” There was no comparison to other
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conventional contrast agents of that time, so the compar-
ison and advantages to imaging with Albunex were not
reported.

In 1996 the first images of color Doppler analysis
with EchoGen in human kidneys appeared, using a lower
dose than was used in animals (0.05mL/kg) [31]. By 1998,
EchoGen and related PFC5 phase-shift agents, SonoGen,
and QW7437 (Sonus Pharmaceuticals) were being used for
myocardial opacification in clinical trials [43]. EchoGen was
also used to image the prostates of 15 patients using 7-MHz
color Doppler linear array transrectal transducers [44]. After
injection of 0.05mL/kg of EchoGen, the entire prostate
was examined to study the blood flow in the gland. The
combination of the color Doppler sonography and EchoGen
provided sufficient contrast in a number of vessels that could
not be identified otherwise. No side effects were observed.

Many studies were made on left ventricle opacification;
since the PFC5 liquid droplets were much smaller than gas
bubbles, they could traverse the lungs and provide contrast
by acoustic droplet vaporization in the left heart better than
the then-FDA-approved contrast agent Albunex [42, 45, 46].
QW7437 was formulated with a negative surface charge so
that it would not adhere to the vascular endothelium [47].
It appeared to deposit in the myocardium and provided
myocardial contrast even after the ventricles had been cleared
of contrast agent.

The pharmacokinetics of the PFC5 droplets (EchoGen)
in human volunteers was investigated as part of the safety
evaluation (0.01 to 0.1mL/kg), showing that the PFC5
clearance of about 30mL/min/kg was by exhalation [48].
Although adverse effects in humans have not been reported
(at therapeutic doses), repeated administrations of high doses
(0.5mL/kg) in dogs produced evidence of accumulation in
their lungs and eventual hemodynamic collapse [49]. An
alternative method of activating the EchoGen to bubbles
was published in 1998 [50]. The physician would pull back
the plunger of a 20mL syringe for a few seconds and then
release it, generating a loud popping sound, and then he
would inject the contrast agent. This low-pressure activation
produced adequate contrast to image the liver and kidneys. It
also provided some transpulmonary opacification of the left
heart, again suggesting that the microbubbles were cleared
to a lesser extent than conventional contrast agents used at
that time [42, 47]. Although this application was not strictly
“acoustic droplet vaporization,” it was a novel application of
EchoGen that took advantage of the high vapor pressure of
PFC5.

The range of tissues that could be imaged with PFC5
was expanded to basal cerebral arteries in 1999 [51]. As
mentioned, we posit that the small size of the PFC5 emulsions
andmicrobubbles produces slower clearance and thus retains
sufficiently high concentration to allow imaging where none
had previously been done. This study revealed the sensitivity
that could be achieved with acoustic droplet vaporization of
PFC5 emulsion droplets in transcranial imaging.

Interestingly, published papers of clinical applications of
EchoGen, SonoGen, QW7437, and perflenapent were absent
after 2003. EchoGen was not approved by the FDA, and

apparent interest and funding vanished. It also had competi-
tion from Definity, a microbubble contrast agent containing
perfluoropropane, which was introduced in 1999 [52] and
had reduced clearance by the RES system by virtue of its
polyethylene glycol (PEG) coating. However, the use of PFC5
emulsion droplets in other applications started to increase,
including the use in vascular occlusion, molecular imaging,
and therapeutic delivery.

3.2. ADV in Vascular Occlusion. Another well-studied appli-
cation of ADV is embolotherapy. Successful application of
embolotherapy requires an understanding of the disease to
be treated, the distinctive features of the circulation to be
embolized, and the embolic material used for the occlusion
[53]. Embolotherapy must be carefully done because many
arterial emboli could create infarcts in the heart or brain
or travel to distant vascular bed where they could cause
unwanted arterial occlusion, ischemia, and potentially infarc-
tion [54]. However, one method of treating tumors or other
malformations is to occlude the blood flow to the tissue with
gas bubbles, which can effectively shrink the tumor. As an
added advantage, embolotherapy using ADV also enables
simultaneous imaging and therapy in cancer treatments.

In practice, embolotherapeutic occlusion is done by
focusing ultrasound on arterioles feeding a tumor. As the PFC
droplets flow through the targeted vasculature, the droplets
expand to gas, which often occludes the further flow of blood
and produces ischemic damage to the downstream tissues [4].
PFC droplets that are not activated to gas are too small to
cause embolism downstream. Currently, ADV with micron-
sized PFC droplets is applied in preclinical use for staging and
prognosis of hepatocellular and renal carcinoma [55, 56]. In
other types of cancer, ADV is a well-accepted concept; yet
current ADV techniques that include using perfluorocarbon
droplets as contrast agents, such as perfluoropentane (PFC5),
have not been widely validated. Due to the low solubility and
diffusivity of PFC gases in water, bubbles can remain stable in
an aqueous solutionmuch longer than air bubbles of the same
size [57]. These properties endow the PFCs droplets with
desirable properties for applications in clinical occlusion.

Samuel et al. prepared 2 𝜇m (mean diameter) albumin-
encapsulated PFC5 droplets (1 × 108 droplets/mL) in normal
saline. After injection of this solution via the carotid artery,
ultrasonically activated bubbles (3.5MHz, 6MPa, 3.7 𝜇s pulse
length, and 10Hz pulse repetition frequency) occluded the
125 𝜇m(average diameter) arterioles and the 4–7𝜇mcapillary
beds in Sprague-Dawley rats [58]. To obtain microscopic
evidence of this occlusion, intravital microscopy was used to
image the droplet bubbles that caused occlusion. In addition
to occlusion, the different images of erythrocyte extravasation
indicate that insonation of the PFC5 droplets produced
bubble oscillations and probably inertial cavitation, which
resulted in the rupture of arterioles and/or capillaries.

Other studies by the same group showed that ADV
following injection of 2 𝜇m PFC5 droplets caused occlusion
in canine kidneys [59, 60]. Image-based hyperechogenicity
showed that the tissue perfusion was changed after injection
and insonation at 3.5MHz, 7.4MPa at the focal point, with
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a 1 kHz pulse repetition frequency (0.25% duty cycle). Suc-
cessful ADV demonstrated the potential of this technique to
occlude flow [60].

3.3. ADV with Molecular Recognition in Cancer Detection.
Early detection of cancer remains one of the most desirable
goals for tumor imaging, particularly for identification of
early primary tumors and of metastatic spread. Two tech-
niques can be used. First, the tumor vasculature is often
malformed and may be detectable by imaging [61]. Second,
ligands that specifically bind to the tumor can be attached to
the imaging agent to identify tissues of cancerous phenotype.
Therefore, there is interest in the potential application of
ADV to identify molecular target expression in primary and
metastatic cancers. In theory, labeled nanodroplets can pen-
etrate the endothelial barrier and attach to cells expressing
surface features indicative of cancerous phenotype [62].

With the growth in ADV-based imaging of cancer as
demonstrated in preclinical settings, there is a strong argu-
ment for efforts to apply ADV to clinical monitoring of
cancer therapies. Early work has demonstrated in animal
models that ADV-based angiography can provide sensitive
feedback on the effect of ultrasonic therapy in models of
pancreatic cancer, breast cancer, kidney function, and so
forth [7, 21]. Matsuura et al. used quantum dots, loaded
into PFC5 droplets, to show that the droplets could be
converted to gas and imaged at 18MHzwith the application of
4.7MPa acoustic pressure and 32 cycle bursts of ultrasound in
hepatoma in mice by ADV [55]. Additional approaches have
used antibodies and peptides to target imaging agents for
treatment of emerging glioma. An example of this is the use
of nanoparticle labeled antivascular endothelial growth factor
receptor (EGFR) antibodies for in vitro and in vivomagnetic
resonance molecular imaging. This approach successfully
visualized and differentiated C6 glioma tumor types based
on their EGFR expression [25]. Intravenous application of
labeled anti-EGFR in this same study resulted in a quick
delivery to the tumor without the necessity to clear the
tissue from adherent tissue or mucus. In this preclinical
study, the particles collected in the rat brain, but insonation
was never applied to expand the PFC5 droplets to gas to
release the drug or permeabilize the blood-brain barrier. A
similar construct employing ADV and featuring aptamers for
targeting to deliver Doxorubicin has also been described but
not employed yet in clinical studies [63].

3.4. ADV in Therapeutic Delivery. Implementation of ADV
in the delivery of drugs, plasmids, and other therapeutic
agents can be divided into two general categories. The first
is the use of ultrasonic ADV to produce gas bubbles on
demand at the site of interest and then employ the newly
formed gas bubbles as cavitating bodies that accomplish
drug delivery by the same mechanisms that gas bubbles
normally employ. These include cavitational disruption of
drug carriers and sonoporation of cell membranes, the latter
leading to increased cell permeability. The second general
application of ADV is to use the PFC droplet as a contrast
agent, either in the liquid or gas form, to visualize and

confirm the location of the desired delivery; then when or
if the location is correct, the liquid or gas is subjected to
higher intensity ultrasound to generate intense cavitational
events that can disrupt carriers or cell membranes. This
combination of diagnostics followed by therapeutics (with
the same construct) is called theranostics. This section will
present clinical (or near clinical) examples of these two
general approaches.

A search in September of 2013 revealed that there were
yet no published reports of the application of ADV for
therapeutic delivery in human medicine. However, there
were several reports of ADV in mice, indicating that this
technology was approaching, but had not yet arrived, in
clinical medicine.

3.4.1. Drug Delivery Using ADV. While there are no pub-
lications of ADV for clinical drug delivery, there are some
articles that describe the use of ADV for drug delivery to
tumors in mice. These are from the laboratory of Dr. Natalya
Rapoport of the University of Utah. The first study employed
a formulation of doxorubicin-containing block copolymer
micelles (poly lactic acid-polyethylene glycol, PLA-PEG)
mixed with perfluoropentane [20, 64]. The carriers were
formed by sonicating (at 20 kHz) a mixture of drug-loaded
micelles and liquid PFC5. The resulting formulation had
PFC5 nanosized droplets that they claimed were stabilized
by some of the block copolymer and by some of the whole
micelles, with the drug distributed in both the micelles and
the nanodroplet surface. By adjusting the ratio of PFC5 to
micellar suspension, they achieved a mixture of droplets
and micelles that was injected into nu/nu mice bearing
breast and ovarian tumors. In their first two papers they
hypothesize that the droplets may have been transformed to
“drug-loaded nanobubbles” by thermal activation before they
extravasated inmouse tumors.However they did notmeasure
what fraction of PFC5 droplets may have been thermally
activated. They also hypothesized that both the micelles and
nanobubbles extravasated into the tumor.The presence of the
nanobubbles allowed imaging of the tumor at 14MHz.

To execute the drug release, the tumors were insonated
at 3MHz and 2W/cm2 at a 20% duty cycle for 150 sec,
resulting in cavitation of the thermally activated bubbles
that released the drug they carried and also induced release
from the nearby micelles. Following 4 treatments in 2 weeks,
the tumors did not continue to grow at the same rate as
control tumors (no carrier, no insonation) and as tumors
that received the carrier but without insonation. In some
cases the tumors grew again after several days, indicating
that tumor therapy was transient. While the authors did
not mention acoustic bubble vaporization by name, ADV
probably did occur with liquid PFC5 nanodroplets that
were small enough that the Laplace pressure prevented their
thermal activation. Thus these studies are the first known
publications of ADV for drug delivery in an animal model.
The study also demonstrated the potential of theranostics in
which the PFC5 nanodroplets functioned both to provide
ultrasound contrast and drug delivery.
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Figure 4: Breast tumor growth in mice for control tumor (open
circles), tumors treated with a micellar PTX formulation (filled
triangles), and nanodroplet PTX formulation combined with ultra-
sound (filled circles). Mean values plus/minus standard error are
presented (𝑁 = 3). Arrows indicate days of treatment. Adapted by
permission from reference [9].

The same research group did a later study that was similar
to the first but which employed paclitaxel (Ptx) instead of
doxorubicin, and the insonation parameters were slightly
different [9]. Again micelles of Ptx in block copolymers
were formed and mixed with a quantity of PFC5, followed
by sonication at 20 kHz to form a mixture of micelles
and 700 nm (peak average) nanodroplets stabilized by some
of the polymer. This study enrolled mice bearing breast,
ovarian, and pancreatic tumors. After intravenous injection,
the tumors were visualized at 14MHz and treated with
1MHz insonation at 3.4W/cm2 for 1min. This treatment
was given 4 times in 2 weeks (ovarian cancer model), 6
times in 3 weeks (breast cancer model), or 8 times in 6
weeks (pancreatic cancer model). In all cases, the tumors
receiving the formulation with insonation grew at a slower
rate or regressed more than other controls. Figure 4 shows an
example of tumor regression in the mouse model of breast
cancer.

In this second study, the authors discussed acoustic
droplet vaporization extensively, including the role of Laplace
pressure and temperature.They attributed the positive results
to liquid-to-gas transition in the tumor. They also discussed
that droplets could be converted to gas by thermal processing
and shearing in a syringe needle, in addition to acoustic
activation. In a final interesting note, they observed that
tumors treated by insonation of their formulation had less
evidence of metastatic spread, which argues against the
notion that ultrasonic cavitation in tumors can promote
metastasis [65].

In a similar study to that mentioned first, a group in Bei-
jing made a slight variation to the constructs of the Rapoport
group. They used PLGA-PEG (poly lactic glycolic acid—
PEG) instead of PLA-PEG to form doxorubicin-containing

micelles; then they added PFC5 and sonicated to form stable
droplets of less than 200 nm [66]. They claim that these were
thermally activated to form gas bubbles by injection into
mice at 37∘C. The mice in their experiments hosted H22
tumors (mouse hepatocarcinoma). Again, the nanodroplet
formulation combined with 40 kHz ultrasound at 0.7W/cm2
effectively suppressed tumor growth for 6 days, while the
tumor continued to grow in controls without ultrasonic
activation and in controls with neither ultrasound nor formu-
lation.The report makes no mention of droplet vaporization,
but probably ADV occurred since their droplet size was so
small that Laplace pressure probably retained some of the
droplets in a liquid state until ultrasonically activated.

3.4.2. Mechanisms of Drug Delivery. Unfortunately, none of
the reports described above providemuch accompanying evi-
dence of mechanism in vivo. The Rapoport group published
several papers of in vitro observations including cavitation
thresholds [7, 67] and microscopic observations of bubble
formation [67–69]. Both the Rapoport and the Du groups
propose various scenarios and hypotheses that claim to be
consistent with their in vitro and in vivo observations, but
which are difficult to prove in vivo; yet these hypotheses must
be substantiated before clinical application can commence.

For example, the group from Utah proposed that their
nanobubbles enter the tumor by extravasation [20, 64]. The
optimal size for extravasation is generally considered to
be 100 to 300 nm [70], but particles as large as 750 nm
may be extravasated in some tumors [37, 71]. In Rapoport’s
experiments with Dox-loaded constructs, a formulation of
0.5% polymer and 1% PFC5 was reported to form a bimodal
distribution of droplets with peak sizes of 250 and 1328 nm.
In the mouse experiments, a formulation of 0.5% polymer
and 2% PFC5 was employed, but its size was not reported, so
the PFC5 droplets may have been somewhat larger in those
experiments. The smaller droplets may have extravasated
if they were not thermally activated to gas droplets before
insonation. Transformation of a 250 nm droplet to gas would
result in a 1250 nm bubble, too large to extravasate. The
observation that the combination of ultrasound and formu-
lation was effective in retarding tumor growth suggests that
nonactivated droplets did extravasate and became acousti-
cally activated or that gas bubble formation and cavitation
may have occurred in the capillaries in the tumor, leading
perhaps to capillary disruption or at least increased capillary
permeability to the drug or drug carriers (micelles or other
droplets).

The Dox-loaded nanodroplets of the Chinese study were
on the order of 160 nm in diameter, so they could have
extravasated before acoustic activation [66]. However, if they
were thermally activated to gas bubbles (as the authors claim),
they may have been too large (∼800 nm) to extravasate.

In the study of Ptx-loaded nanodroplets, the nan-
odroplets had a peak diameter of 700 nm [9].These may have
extravasated, although they are larger than the optimal size.

To comment on observations, in pursuing future studies
it will be critical to know both the phase state (liquid or gas)
and the size of particles in animal studies so that hypotheses
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can be carefully formulated and tested. It would also be very
useful to collect insonated and noninsonated tumors with
the goal of assessing if accumulation of carriers is occurring
(via extravasation) and perhaps perform microscopy work
to validate the extravasation hypothesis. Another piece of
information, perhaps more difficult to collect, is what effect
a cavitating PFC5 bubble has upon local tissue within a
tumor.

3.5. Other Applications of ADV. There are two other appli-
cations of ADV that have great potential for future clinical
use. These are the use of ADV to form gas cavities through
which much thermal energy can be deposited and the use of
ADV in aberration correction. To our knowledge, neither is
yet approaching clinical trials.

One intriguing application of ADV is its use as a nucle-
ation agent for bubble-enhanced tumor ablation by high-
intensity focused ultrasound (HIFU) [72]. In clinical practice,
HIFU has been applied to treat solid malignant tumors,
including the liver, prostate, breast, bladder, kidney, and soft-
tissue sarcoma [73]. Absorption of the ultrasound energy
in the focal area can produce localized temperature ele-
vations and generate tissue necrosis without damaging the
surrounding tissues [74].Therefore,HIFU ablation provides a
noninvasivemodalitywith precise targeting of tissues for can-
cer treatment. Transformation of ultrasonic pressure waves
to thermal energy is much more efficient in the presence
of bubbles that oscillate and collapse, producing localized
viscous heating. Recently, HIFU has been used with ADV
of PFC5 nanoemulsions to enhance the heating produced
by focused ultrasound in vitro and in vivo studies [22, 72,
75]. Their work has demonstrated that the nanoemulsions
can be an effective nucleating agent for acoustic cavitation
and can be employed to enhance HIFU-mediated heating
locally. ADV may provide a means of increasing localized
thermal ablation for cancer therapy that hopefully will soon
be demonstrated in a preclinical setting.

Aberration correction is a mathematical technique
applied to ultrasonic imaging data that corrects for the
distortions that occur as ultrasound travels through various
tissues [76]. Aberration is particularly annoying during
imaging within the skull because of the various thicknesses
and densities of cranial bone. One method to make the
correction is a point-target technique that relies on sparsely
distributed fixed points in space, imaged from various
angles, from which aberration corrections are calculated
[77]. Gas bubbles are a good source of point reflections [78],
but introducing bubbles into the brain could potentially be
problematic if they coalesce and occlude capillaries, and
intra-cranial injection of bubbles is challenging. As before,
the intravenous injection of small PFC droplets with slow
clearance rates provides distributed points of gas in the
brain when activated by transcranial ultrasound. ADV of
PFC5 droplets has been proposed [79] and then applied in
ex vivo skull models [76] and tissue mimicking gels [80].
While not yet in the clinic, ADV for aberration correction is
a very promising strategy that could be developed for very
controlled HIFU treatment of cancer or for precise drug
delivery to the brain.

4. Clinical Potential and Application of
Acoustic Droplet Vaporization

Applications of ADV in cardiac and vascular imaging first
commenced nearly 2 decades ago, and then diminished
within 10 years. While currently obsolete, this wave of
using PFC5 droplets and microbubbles for imaging occurred
because the droplets and perhaps microbubbles were suf-
ficiently small that their clearance was slow and provided
sustained ultrasound contrast for imaging the left heart and
arterial circulation. Such imaging prior to that time could
not be done at that time without intra-arterial injection,
which is problematic both then and now. However, the ADV
contrast agents were never approved by the FDA following
clinical trials. In the late 1990s, the contrast agent Defin-
ity appeared. This small microbubble of perfluoropropane
apparently found better clinical acceptance than EchoGen
and its sister products. In our opinion, the use of ADV
for standard clinical imaging of cardiovascular organs and
systems will probably not experience any resurgence. Better
contrast agents have come along, and hopefully even better
contrast agents will arrive in the future. However, the brief
use of ADV for vascular imaging set the stage for current and
future applications in other areas, including occlusion, drug
delivery, molecular imaging, and aberration correction.

To our knowledge, ADV for vascular occlusion has not yet
been used clinically, although it has been used in animals [55,
58].This application of ADV has significant clinical potential
for several reasons. First, the perfluorocarbon droplets can
be intravenously injected at a convenient site, can remain in
the circulatory system, and then can be activated to form gas
bubbles only at the site of insonation. Second, the occlusive
bodies (gas bubbles) are not permanent and do not need to
be retrieved at a later time.Theywill eventually dissolve away.
Thus there is no concern for the retrieval of or the permanent
residence of metal, ceramic, or polymeric materials in the
tissues. While there will be competition in the clinic from
other modes of vascular occlusion, we foresee that there is
great potential here for clinical application in vital organ
tissues (brain, liver, eye, etc.) in which revascularization after
therapeutic healing is desired. One of the challenges is to cre-
ate droplets that have stealth character and yet when activated
to gas bubbles will easily coalesce into bubbles sufficiently
large to occlude arterioles and capillaries. Stealth character is
usually endowed by incorporating polyethyleneglycol (PEG)
chains in the surfactants that stabilize the vesicles [81].
However, the presence of PEG chains may cause bubbles to
repel each other and moderate the coalescence. This optimal
balance needs to be addressed.

Clinical application of ADV in molecular targeting and
therapeutic delivery of drugs and genes is probable but
still requires much work. Preclinical animal models (mice)
have shown potential. Both applications require very specific
molecular targeting to attach the PFC nanodroplets to the
correct tissues, although some therapeutic delivery could be
done via passive targeting [82].These applications of ADV in
clinical medicine may be delayed until very specific targeting
is developed further. The combination of imaging with drug
delivery will be very powerful in clinical medicine. However,
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this same combination may slow the approval by regula-
tory agencies that currently do not have infrastructure for
approval of combined devices, such as a combined imaging
agent and a therapeutic drug [83]. This regulatory obstacle
may temper the enthusiasm of pharmaceutical companies to
pursue development, given the expense and risk of clinical
trials.

While ADV for nucleation of bubbles in HIFU therapy
may have clinical application, its use is probably years away
for critical tissues such as the brain and vital organs. Similarly,
we foresee that ADV for aberration correction may take
some time, given that other correction algorithms are also
competing for clinical attention.

5. Remaining Critical Issues

As with all therapeutic agents and procedures, thorough
research must be done to ensure the safety and efficacy of the
therapy.These concerns should guide the future directions of
research in therapeutic applications of ADV.

From a medical point of view, issues in safety of targeted
agents and safety of contrast agents are fundamentally impor-
tant.This includes chemical safety (nontoxicity) and physical
safety, the main concern of which is premature expansion
leading to gas bubble occlusion of capillaries. While the per-
fluorocarbons of interest are deeded nontoxic, the surfactants
that stabilize the droplets must also be considered. Natural
phospholipids, polysaccharides, and human proteins may be
the best stabilizing agents to use. Stabilization by synthetic
polymers will remain suspect until nontoxicity is proven [84].

More data on the kinetics of phase transformation under
dynamic shear stresses are needed to ensure to the medical
community that premature and nontargeted expansion is
a rarity. More measurements need to be done to establish
the acoustic thresholds for gas expansion as a function of
acoustic parameters (frequency, amplitude, pulse length, etc.)
and the characteristics of the droplets (chemical composition,
size, stabilizing surfactants, temperature, etc.). The medical
community needs a reliable and controllable off/on switch
to engender confidence that gas bubble will be formed only
when and where they are desired. Uncontrolled formation
of microbubbles may cause side effects observed in experi-
mental studies, including hemolysis and endothelial damage
[85, 86].

A safety issue (which very few if any studies have
mentioned) is cavitation after formation of a gas bubble. If
a bubble is formed at the beginning of an acoustic pulse,
what possible damagemay occur during the remainder of the
pulse, caused by the oscillation and collapse of the cavitating
bubble? In some cases, such as drug delivery, cavitation may
be a desired by-product that may enhance drug delivery.
In HIFU, strong cavitation is the desired effect. However,
for molecular targeting, occlusion, imaging, and aberration
correction, cavitation may produce unwanted tissue damage.
In such cases it will be essential to know what combination of
intensity and pulse length is necessary to form the gas bubble
with minimal subsequent damage by cavitation.

Another safety issue is the development of sensitivity or
allergic reactions to the ADV constructs. We have not found

any reports of sensitivities to small amounts of perfluorocar-
bons; this needs to be studied inmore depth.Also, attachment
of proteins to nanodroplets as targeting ligands may lead to
allergies to those proteins.

As a foreign body, microbubbles may be cleared by the
phagocytic cells of the reticuloendothelial system [87]. From
5 to 10 minutes after injection, the EchoGen (PFC5 gas)
is exhaled via lungs, while the components of the shell
are metabolized or filtered by the kidney and eliminated
by the liver [88]. The microbubble sizes were 2–5 𝜇m in
diameter and circulated in the body. Nonactivated PFC
droplets aremuch smaller andmay not be cleared by the same
mechanisms as bubbles. More research is needed to estimate
the residence times and clearance rates.

From a science and engineering viewpoint, the effective-
ness of the nanodroplet is almost as important as safety.
There are a number of issues regarding efficacy that still
need to be addressed. These include very specific binding for
molecular targeting and drug delivery, the size and design
of stealth polymers in masking the constructs from the RES
system, and the appropriate size for passive accumulation
via extravasation.With respect to feasible commercialization,
one must always consider the ease of manufacturing and the
shelf life and storage of the product.
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Positron emission tomography (PET) is a powerful noninvasive tool for acquisition of the physiological parameters in human and
animals with the help of PET tracers. Among all the PET tracers, radiolabeled peptides have been widely explored for cancer-
related receptor imaging due to their high affinity and specificity to receptors. But radiochemistry procedures for production of
peptide-based PET tracers are usually complex, which makes large-scale clinical studies relatively challenging. New radiolabeling
technologies which could simplify synthesis and purification procedures, are extremely needed. Over the last decade, microfluidics
and lab-on-a-chip (LOC) technology have boomed as powerful tools in the field of organic chemistry, which potentially provide
significant help to the PET chemistry. In this minireview, microfluidic radiolabeling technology is described and its application for
synthesis of peptide-based PET tracers is summarized and discussed.

1. Introduction

Positron emission tomography (PET) is increasingly being
used for in vivo biochemical, physiological, and pharmaco-
logical process visualization and is also routinely used for
screening, diagnosing, and staging of cancer. With the help
of PET tracers and PET scanners, physiological parameters
(like blood flow, metabolism, receptor properties, drug dis-
tribution, and gene expression) in the living human and
animal bodies could be studied noninvasively. These PET
tracers, including small molecules, peptides, antibodies, are
radiolabeled with short-lived radioisotopes. Among these
tracers, radiolabeled peptides have been widely explored for
cancer imaging due to their high affinity and specificity to
many kinds of cancer-related receptors. Peptide-based PET
tracers have the following advantages: (1) peptides usually
have very high affinity and specificity to the target (receptor);
(2) compared to biomacromolecules like antibodies, peptides
are easy to synthesize and characterize; (3) rapid clearance
from the blood and nontarget tissues. A lot of peptide-based
PET tracers are undergoing clinical trials, like the 18F-labeled

RGD and 68Ga-labeledOctreotide [1, 2]. However, large-scale
clinical studies and applications are relatively challenging due
to the complex radiochemistry procedures for peptide-based
PET tracers, especially for 18F-labeled tracers which usually
require a laborious and time-consuming multistep process.
Radiochemists are continually working on the development
of new methods and technologies for the preparation of PET
tracers.

During the last several decades, microfluidics and lab-
on-a-chip (LOC) technologies have boomed as powerful
tools in the field of organic chemistry, showing character-
istics like enhanced heat and mass transfer, reduction of
reagent consuming and hazardous waste, which potentially
provide significant help to the PET chemistry. Applications
of microfluidic chemistry in radiopharmaceutical synthesis
have also drawn increasing attention [5–9]. Microfluidic
system could increase the overall efficiency of radiolabeling
reaction remarkably. 18F-FDGproduction by themicrofluidic
system has been successfully demonstrated [10], and a lot of
other PET tracers have been produced successfully. Com-
pared with small molecules, synthesis of peptide-based PET
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Table 1: Receptors for the peptide-based PET tracers [11–14].

Receptors Peptide Cancer Labeling
Somatostatin receptor Somatostatin Neuroendocrine tumors 68Ga-DOTA, 68Ga-NOTA,

64Cu-TETA, 64Cu-DOTA,
64Cu-NOTA, 64Cu-CB-TE2A,
18F-NFP, 18F-SFB, and so forth

Gastrin-releasing peptide
receptor (GRPR) Bombesin Prostate cancer, breast cancer,

Gastrointestinal stromal tumor

𝛼V𝛽3-integrin RGD Brain cancer, lung cancer, breast
cancer, and so forth

Melanocortin 1 receptor (MC1R) 𝛼-MSH Melanomas
18F-SFB, 68Ga-DOTA,
64Cu-TETA, 64Cu-DOTA,
64Cu-CB-TE2A

Cholecystokinin B/gastrin
receptor (CCK2/CCK-B)

CCK/gastrin Medullary thyroid cancer
18F-SFB, 68Ga-DOTA,
64Cu-DOTA

Glucagon-like peptide-1 receptor
(GLP-1) Exendin Insulinoma cancer 18F-FBEM, 68Ga-DOTA

Neurotensin receptor (NTR1) Neurotensin Small cell lung cancer, colon
cancer, and so forth

68Ga-DOTA
18F-FB

Neuropeptide Y receptor (Y1) NPY Breast cancer, prostate cancer 64Cu-DOTA
Luteinizing hormone-releasing
hormone receptor (LHRH-R) LHRH Prostate cancer, breast cancer,

and so forth
68Ga-DOTA

Neurokinin 1 receptor (NK-1) Substance P Glioblastoma
Vasoactive intestinal peptide
receptor (VIP-R)

Vasoactive intestinal peptide
(VIP) Prostate cancer

64Cu-DOTA
18F-FB

Pituitary adenylate
cyclase-activating peptide
(PACAP) receptor

Pituitary adenylate
cyclase-activating peptide

(PACAP)
Breast cancer 64Cu-DOTA

Chemokine receptor 4 (CXCR4) CXCR4 Lymphatic system, lung cancer,
and so forth

18F-SFB, 68Ga-DOTA,
64Cu-DOTA

Table 2: Commonly used radioisotopes for peptide-based PET tracer.

Radionuclide Half-life 𝐸max (𝛽
+)/abundance Production Chemistry

18F 109.8min 634Kev/97% Cyclotron Organic chemistry
Chelation chemistry

64Cu 12.8 h 656Kev/19% Cyclotron Chelation chemistry
68Ga 67.6min 1899Kev/89% Generator Chelation chemistry

tracers requires milder reaction conditions and strict chro-
matographic purification. Microfluidic system allows lower
precursor consumption which simplified the purification,
and the enhanced heat and mass transfer in microfluidic
reactors can provide higher labeling yields undermilder reac-
tion conditions, so microfluidic system has good potential to
play an important role in production of peptide-based PET
tracers.

In this minireview, microfluidic radiolabeling technology
is described and its application for synthesis of peptide-based
PET tracers is summarized and discussed.

2. Peptide-Based PET Tracers

Biological active peptides are involved in many biochemical
processes, like immune response and information transmis-
sion, and they play important roles in cellular communication
and cell proliferation. On the other hand, a variety of
receptors are found to be expressed on the membrane and

possess very high affinity to specific peptides. Particular
receptors are often massively overexpressed in cancer tissues,
so peptide ligands could be utilized as targeting tools for
PET imaging. Representative targets for peptide-based PET
tracers are listed in Table 1.

Common radioisotopes used for peptide radiolabeling
are listed in Table 2; half-lives of these radioisotopes (18F:
𝑡
1/2
= 109.8min, 68Ga: 𝑡

1/2
= 67.6min, 64Cu: 𝑡

1/2
=

12.8 h) are suitable for the pharmacokinetics of most pep-
tides. 18F is one of the most widely used radionuclides for
diagnostic PET imaging because of its unique nuclear and
chemical properties [15]. 18F-labeling of peptides can be
achieved via prosthetic groups, such as N-succinimidyl-4-
18F-fluorobenzoate (18F-SFB) [16] and 4-nitrophenyl 2-18F-
fluoropropionate (18F-NFP) [17]. In recent years, a facile, 1-
step Al18F method has been developed and demonstrated as
a very promising method for radiofluorination of peptides,
which does not require on-site cyclotron by use of the
commonly available sodium 18F-fluoride solutions [18–20].
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Figure 1: Basic bifunctional chelators (a) and schematic procedure for radiolabeling of peptides (b).

68Ga is available from an in-house generator rendering 68Ga
radiopharmacy independent of an on-site cyclotron, which is
a big advantage for clinical use. 68Ga-labeled peptides have
been developed for the targeting of somatostatin receptors,
the melanocortin 1 receptor, the bombesin receptor, HER2
receptor and so forth [21, 22]. 64Cu is another widely used
metallic positron emitter, which can be produced on a large
scale with a medical cyclotron, and the half-life (12.7 h)
and decay properties make it an ideal radioisotope for PET
imaging and radiotherapy [23, 24]. Besides, coordination
chemistry of copper is well established and a wide variety

of chelator systems are available. 64Cu-labeled peptides have
also been developed for the targeting of a variety of receptors.

Conventional methods for radiolabeling of peptides can
be divided into two catalogs: labeling with radiometals via
chelation chemistry [25] (Figure 1) and labeling through
prosthetic groups [26] (Figure 2). For example, the BBN
peptide and its analogues have been radiolabeledwith various
radionuclides including 64Cu, 68Ga, and 18F for GRPR-
related cancer imaging [27–30]. In addition to the above
two methods, direct radiolabelling of peptide analogues with
a leaving group with 18F-fluoride was also reported [31].
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Generally speaking, labeling through prosthetic groups is
more time consuming, and labeling with radiometals via
chelation chemistry is straightforward and usually has higher
labeling yields. But some chelation reactions also require
high temperature and long reaction time in order to get high
yields. New technologies are always desired to improve the
radiolabeling efficacy and efficiency.

3. Microfluidic Reactors

Microfluidic reactors, which generally consist of a network
of micron-sized channels (typically 10–500 𝜇m) embedded
in a glass, metal or plastic solid substrate, have already
found broad applications in the fields of organic synthesis
[32] and biomolecular labeling [33]. The basic aspects of
microfluidic reactors have been well summarized in other
reviews [34–37]. In recent years, multistep synthesis has been
performed on multistep continuous-flow synthesis systems
[38–40], which could be utilized as promising tools for the
multistep synthesis and purification of radiopharmaceuticals
for PET.

Figure 3 showed representative microfluidic devices and
the PET tracers synthesized [3]. Low precursor and reagent
consumption, efficient heat transfer, and enhanced mixing
are quite beneficial for the overall efficiency of radiolabelling
reaction processes. Radiolabeling carried on microfluidic
reactors usually results in purer products, higher yields,
greater selectivities, and shorter reaction times than conven-
tional methods. Furthermore, more benign and milder reac-
tion conditions could be applied for certain reactions within
microfluidic devices, which is very helpful for maintenance
of the bioactivities of some peptides.

4. Preparation of Peptide-Based PET Tracers
with Microfluidic Reactors

Conventional methods for radiolabeling of peptides have
several limitations. (1) Large excess of precursors are needed
to promote rapid and efficient labeling, and then extensive
purification is required in order to separate the product from
precursors; otherwise these cold precursors would occupy
the targets and result in lower imaging quality. (2) Strict
reaction conditions, which are hard to bear for some peptides,
are needed, especially in the case of F-18 labeling. It would
be promising to apply microfluidics technology to prepare
peptide-based PET tracers.

Recently, a PDMS microreactor was fabricated and
tested for the labeling of bifunctional chelate conjugated
biomolecules with PET radiometals 64Cu and 68Ga in aque-
ous solutions (Figure 4) [4, 41]. The results showed that
the microfluidic approach overall outperforms conventional
radiosynthetic methods. The PDMS microreactor had a ser-
pentinemicrochannel formixing, a series of reservoirs for the
incubation of the radiometal-ligand mixture, and a thin-film
heater for heating the mixture. The reservoir was composed
of 5 hexagonal chambers connected in series, with a total
volume of 50 𝜇L. DOTA-RGD conjugate was labeled with
64Cu at mild reaction condition (23–47∘C, 5–20 minutes).
The incorporation yield is considerably better (∼90%) than
that obtained in classical vessel radiochemistry (∼60%). The
authors further investigated radiolabeling of both DOTA-
peptides and NOTA-peptides conjugate with 68Ga, and simi-
lar conclusions were drawn. These results demonstrated that
it was possible to achieve high radiolabeling yields without
using excess of peptide precursors, and this would eliminate
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the need for chromatographic purification of the product to
remove unlabeled peptides.

Synthesis and purification methods of the widely used
prosthetic group 18F-SFB based on microreactor have been
developed [42]. It was a good example for multistep synthesis
and purification of radiopharmaceuticals for PET. Aqueous
18F-fluoride (100–500MBq) was concentrated and further
eluted to a microreactor for evaporation. 18F-fluorination of
the precursor (1.5mg) was carried out at high temperature
(200∘C for 4minutes), followed by hydrolysis and subsequent
activation of the 4-18F-fluorobenzoyl group. Purification was
performed on a miniaturized solid phase extraction column.
It took about 25 minutes, and 18F-SFB was obtained with
55±6% yield (not decay-corrected) and >98% radiochemical
purity.

Radiolabeling of peptides with 18F-SFB utilizing
microfluidic technology was reported [43]. In their study,
18F-SFB was firstly synthesized by conventional method and
concentrated to a final volume of 50∼100 𝜇L in CH

3
CN for

further use. Then two different approaches were applied for
the radiolabeling of the phosphopeptide-cell-penetrating

peptide dimers: conventional labeling and microfluidic tech-
nology. The isolated radiochemical yields using microfluidic
technology (∼26%) were much higher than those using
conventional labeling methods (2% to 4%). And it was also
found that the 𝑁-terminal acylation of 18F-SFB was more
selective in the microfluidic-based reaction compared to the
conventional radiolabeling procedure. Liu et al. reported
a labeling system for biomolecules via 18F-SFB utilizing a
digital microfluidic droplet generation (DMDG) chip which
allowed rapid scouting of reaction conditions in nanoliter
volumes [44]. This system required only very small amounts
of precursors (200- to 2000-fold reduction than conventional
method). And it might be utilized for radio-labeling of a
diverse spectrum of biomolecules including intact antibodies
and their fragments, other proteins, and peptides.

Direct radiolabelling of peptides with 18F-fluoride was
also successfully achieved using the Advion NanoTek con-
tinuous flow microreactor [45]. These results showed radio-
chemical yields were dependent on the leaving group, pre-
cursor concentration, reaction temperature, and flow rate.
The optimal temperature in the microreactor was 70–80∘C
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yielding labeling efficiency up to 90%. They had some very
promising findings: (1) the reaction progressed even at 35∘C
with 30–40% labelling yields; (2) reactions could be per-
formed even at a concentration of 0.5mgmL−1 with reason-
able yields. These results demonstrated that the microreactor
may be used for labeling of thermally labile peptidemolecules
with 18F radioisotope under very mild conditions.

5. Conclusion

Peptide-based PET tracers are valuable tools for peptide
receptor imaging in clinical oncology and a large variety of
radiolabeled peptides analogues have been developed for in
vivo detection of tumors overexpressing relevant receptors.
And many of them were under clinical and preclinical
investigation. Large-scale clinical studies are still relatively
challenging due to the complex radiochemistry procedures
for peptide-based PET tracers, such as multistep synthe-
sis and purification. Convenient radiolabeling technology,
which could simplify the synthesis and purification proce-
dures, is needed. In the last decade, remarkable progress
has been achieved in the field of microfluidics-based PET
radiochemistry. With the help of microfluidics system, rapid
and efficient preparation of peptide-based PET tracers might
be achieved. By now, some microfluidic systems have been
explored for peptide radiolabeling, which may provide great
versatility for the production of imaging agents in a doses-
on-demand way for clinic use. In conclusion, microfluidics is
a very promising technology to meet the increased demand
for peptide-based PET tracers.
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Exact (EX) and approximate (AP) calculations rely on distinct neural circuits. However, the training effect on the neural correlates
of EX and AP calculations is largely unknown, especially for the AP calculation. Abacus-based mental calculation (AMC) is a
particular arithmetic skill that can be acquired by long-term abacus training. The present study investigated whether and how
the abacus training modulates the neural correlates of EX and AP calculations by functional magnetic resonance imaging (fMRI).
Neural activations were measured in 20 abacus-trained and 19 nontrained Chinese children during AP and EX calculation tasks.
Our results demonstrated that: (1) in nontrained children, similar neural regions were activated in both tasks, while the size of
activated regions was larger in AP than those in the EX; (2) in abacus-trained children, no significant difference was found between
these two tasks; (3)more visuospatial areaswere activated in abacus-trained children under the EX task compared to the nontrained.
These results suggested that more visuospatial strategies were used by the nontrained children in the AP task compared to the EX;
abacus-trained children adopted a similar strategy in both tasks; after long-term abacus training, children were more inclined to
apply a visuospatial strategy during processing EX calculations.

1. Introduction

Arithmetical calculation is executed everywhere in our daily
life, for example, statistics of population in the government,
management of financial affairs in a company, and calculation
of the sum of price at a grocery store. These calculations
are mainly performed by physical tools or devices (pencil
with paper, calculators, and computers). With these tools,
complex calculations can be done more precisely and effi-
ciently. However, it is discommodious for everyone to carry a
physical device everywhere. Therefore, it is more convenient
to calculate by mental calculation.

Several studies have investigated the cognitive mech-
anism of exact (EX) and approximate (AP) calculations

[1–3]. Within the elementary arithmetic, there are two rep-
resentative formats corresponding to EX and AP calcula-
tions: a language-specific format and a language-independent
format. The language-specific format is specified for EX
arithmetic which relies on language-based representations,
and the language-independent format is specified for AP
arithmetic which relies on visuospatial representations [1].
Substantial neuroimaging studies have revealed that the
parietal cortex, especially bilateral horizontal segment of the
intraparietal sulcus (IPS) and the angular gyrus were poten-
tial candidates for neural correlates of mental calculation
[1, 2, 4–9]. Furthermore, the left inferior frontal cortex and
the angular gyrus were responsible for language-based repre-
sentations andmore activated in EX calculations; the bilateral
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parietal areas around IPS and left superior prefrontal gyrus
were responsible for visuospatial representations and more
activated in AP calculations.

The other studies found that practice and experience of
high-level cognitive skills can change the structure of the
cerebral cortex [10–19]. For example, long-term training of
abacus-based mental calculation (AMC) does change the
neural function [15, 16], structure [17, 18], and the num-
ber processing system [19]. AMC is a unique strategy for
arithmetic, which can be used to solve calculation problems
with exceptional speed and high accuracy [20, 21]. AMC
experts can acquire their capabilities after long-term training.
Initially, they learn to perform calculations on an abacus (a
simple device consisted of beads and rods, and numbers can
be represented by the spatial locations of beads) with both
hands simultaneously.The procedure of solving a calculation
problem by abacus is shown in Figure 1(a). After being
familiar with the operation of the abacus, they are instructed
to imaginemoving beads with actual fingermovements on an
imagined abacus inminds andwatching a real one at the same
time. Finally, they calculate via an imagined abacus without
moving fingers, as if manipulating a “mental abacus” [15, 20–
24]. The existence of the “imaginary abacus” has been vali-
dated by previous studies, which indicated that the nonverbal
visuospatial cerebral networks play an important role during
calculation tasks in abacus experts [15, 16, 23–27]. Recently,
a study revealed that “mental abacus” was represented by a
column-basedmodel, in which the abacus is split into a series
of columns and each column is independently stored as a unit
with its own detailed substructure [24].

Positive emission tomography (PET) and functionalmag-
netic resonance imaging (fMRI) studies have attempted to
explore the neural correlates of the AMC mechanism in
EX calculations [15, 16, 23, 25], which showed that the
premotor, frontal, and parietal cortices (especially on the
right hemisphere) were involved in AMC. One case study
on an adult abacus expert confirmed these special regions by
the combinedmethods of electroencephalography (EEG) and
fMRI [27]. Furthermore, a lesion study on a skilled abacus
expert manifested the importance of the dorsal premotor
and parietal cortex in the superior arithmetic ability of AMC
experts [26]. These studies indicated that abacus experts
adopted the visuospatial strategy instead of the linguistic
strategy when performing EX calculations.

However, all those studies only focused on the abacus
training effect on EX (simple, complex, or both) calculations.
To the best of our knowledge, no study has been done to
explore the training effects on the AP calculation or the
difference between EX andAP calculations. Since the strategy
adopted in the EX calculation was changed by long-term aba-
cus training, the difference of the underlying neural correlates
between EX and AP calculations might be altered, too. Thus,
we hypothesize that: (1) the neural difference between the
simple EX and AP calculations should disappear or decline
after the abacus training; (2) for simple EX calculations,
the mechanism should be changed and more visuospatial
representations should be involved after the abacus training.

Since the combined abacus operation and AMC course
was instructed only in a few experimental classes at certain

elementary schools, starting from Grade 1 to 4, only children
were recruited in this study. Thus, our present fMRI study
aimed to explore whether and how the abacus training
modulates neural correlates of EX and AP calculations in
Chinese children.

2. Materials and Methods

2.1. Subjects. Two groups of children participated in the pre-
sent study, including an abacus-trained group (10 boys and
10 girls, mean age = 10.60 ± 0.34 years, range: 10.08–11.34
years) and a nontrained group (9 boys and 10 girls,mean age =
10.62 ± 0.31 years, range: 10.12–11.26 years).These two groups
were recruited from different classes of the same grade in the
same school. At the beginning of this study, all children were
randomly divided into two experimental groups. Besides
abacus training, all children studied the same curriculum at
school. The abacus-trained group was instructed to practice
abacus operation and AMC additionally for approximately
3 years and for 2 to 3 hours per week (these combined two
practices were named as “abacus training” in this study). In
contrast, the nontrained group received no abacus training
either at school or after school.

The intelligence quotient (IQ) of each child was assessed
by the Wechsler Intelligence Scale for Chinese Children-
Revised (WISCC-R) in the same week of MRI study [28].

All participants were right-handed urban Chinese chil-
drenwith normal or corrected-to-normal vision and reported
no history of neurological or psychiatric disorders. Written
informed consent was obtained from each subject and his/her
guardian. This study was approved by the Institutional Ethic
Committee and the Institutional Review Boards (IRBs) of the
Affiliated Hospital of Medical College of Qingdao University.

2.2. Tasks. EX and AP addition tasks were applied in this
study. The addend ranged from 1 to 9, and the sum ranged
from 3 to 17. In the EX addition task, one of the two alternative
answers was correct, another was wrong (off by two units at
most). In the AP addition task, one of the two alternative
answers was a number off by one unit which was the one to be
chosen, and another was a number off by at least four units.

Subjects were instructed to press the left or right button
corresponding to the answer they chose. The buttons of
correct answers were counterbalanced: half of them were on
the left side and another half on the right. Once the answer-
choosing screen appeared, subjects were required to push the
correct button by their forefingers as fast as possible.

All subjects received 4 blocks of tasks (2 blocks for each).
The blocks were separated by a resting period of 16 s. Each
block started with a cue of 4 s to remind the subjects of
the type of tasks and followed by 12 continuous addition
problems. The sequence of blocks was shown in Figure 1(b)
and the procedure of a single trial was shown in Figure 1(c).

The experimental task was carried out on a computer
using E-prime 1.2 [29]. Stimuli were projected to a screen
behind the MR scanner. The subject can see all the tasks by
looking at a mirror right over his/her eyes. The MR scanner
and the computer which control tasks were synchronized.
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Figure 1: Abacus addition procedure and design of the experimental tasks. (a) An addition example on the abacus (9+8 = 17).The left abacus
schematic represents the number 9 (one heaven bead equals to 5 and 4 earth beads equal to 4). The middle abacus schematic represents the
addition procedure: subtract the complement of the addend to 10 (2 here) by pushing down the 2 yellow beads (near the blue arrow) with the
index finger, then add 1 to the tens column by pushing up the yellow bead (near the red arrow) with the thumb. The right abacus schematic
represents the result. (b) The task blocks that were used during data acquisition. The blocks were separated by a resting period of 16 s. Each
block started with a cue of 4 s to remind the subject of the type of tasks and followed by 12 continuous addition problems. (c)The task design
that is used during data acquisition. On each trial, an addition problem is presented for 400ms and then followed by two alternative answers
(also presented for 400ms). Subjects are instructed to choose either the correct answer (EX task) or the most plausible answer (AP task) as
soon as possible.

Reaction time (RT) and accuracy were recorded by the
computer.

2.3. fMRI Data Acquisition. Data acquisition was performed
on a 3.0 T Philips MRI scanner using a standard circu-
larly polarized head coil. For fMRI, a whole brain single-
shot gradient-echo echo-planer imaging (EPI) sequence was
used, which is sensitive to the blood-oxygen-level dependent
(BOLD) contrast. Images were acquired in an interleaved
order and approximately parallel to the AC-PC line. Acqui-
sition parameters were as follows: TR = 2000ms, TE = 30ms,
slice thickness = 4mm, gap between slices = 0.8mm, flip
angle = 90∘, field of view = 230mm, matrix size = 64 × 64,

and slices numbers = 33. Heads of the childrenwere stabilized
with a foam cushion to minimize motions during imaging.

2.4. Statistical Analysis: Behavioral. Three participants (2
from abacus-trained group, 1 from nontrained group) were
excluded due to high error rate (>30%) of the addition tasks.
Thus, we got 18 participants for each group.

Trials with RT < 300ms were discarded from the analysis.
Only correct trials were used to calculate the median RTs for
each participant under each task condition. These median
correct RTs were subjected to a repeated measures of analysis
of variance (ANOVA) with task type (the EX and AP task) as
a within-subjects factor and group (the abacus-trained and
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nontrained group) as a between-subjects factor. The same
ANOVA was also applied to accuracies in each condition for
all participants.

2.5. Statistical Analysis: fMRI Data Analysis. Image prepro-
cessing and statistical analysis were carried out with SPM8
(FIL, London, http://www.fil.ion.ucl.ac.uk/spm/), as imple-
mented inMATLAB software (MathWorks, Inc., Natick,MA,
USA). In the preprocessing stage, images were (1) corrected
for slice timing, (2) spatially aligned to the first volume, (3)
normalized to the Montreal Neurological Institute (MNI)
standard EPI template with a resolution of 3 × 3 × 3mm, (4)
spatially smoothed with a 6mm full width at half maximum
(FHWM) Gaussian smoothing kernel [30].

After preprocessing, statistical analyses based on general
linear model (GLM) and the theory of Gaussian fields [31]
were performed at a participant level and at a group level. A
fixed effects model was applied to the smoothed data to
constitute contrast images for each participant. In this step,
an appropriate design matrix was specified and the BOLD
signals induced by different experimental conditions were
assessed voxel by voxel. Three types of contrast images for
different conditions were derived here: the EX, AP, and
rest contrast (corresponding to the resting periods between
blocks).These contrast images were then submitted to appro-
priate t-tests to identify the activations that were specifically
involved in different tasks.

In order to determine brain activations for different
addition tasks, paired t-tests were done separately on EX
versus rest contrast and AP versus rest contrast in each
group. Paired t-tests between EX and AP contrasts were also
executed to explore the differences in brain activity between
the two addition tasks in each group.

To reveal the differences of brain activity between the
abacus-trained and nontrained groups, two-sample t-tests
were performed between the two groups on both EX versus
rest and AP versus rest contrasts.

3. Results

3.1. Behavior Result. The accuracies and median correct RTs
for each task in both groups were summarized in Table 1.
A significant difference was detected in median correct RTs
between two tasks: 𝐹(1, 1) = 189.209, 𝑃 < 0.001, 𝜂2 = 0.848
(533 ± 86ms, and 676 ± 124ms for the EX addition and
AP addition task, resp.), which demonstrated that the EX
addition taskwas processedmuch faster than theAP addition
task. The main effect of group and its interaction with task
type were not significant (𝑃 > 0.05).

A significant difference was detected in accuracies
between two tasks: 𝐹(1, 2) = 18.671, 𝑃 < 0.001, 𝜂2 = 0.354
(0.92 ± 0.05 and 0.88 ± 0.07 for the EX addition and AP
addition task, resp.), indicating that subjects made more
errors in the AP addition task. The difference of accuracies
between the groups was also significant: 𝐹(1, 1) = 7.240,
𝑃 = 0.011, 𝜂2 = 0.176 (0.91 ± 0.08 and 0.86 ± 0.07 for the
abacus-trained and nontrained groups, resp.). Interestingly,
unlike the RT analysis, the interaction between group and

Table 1: The RTs and accuracies for each task of each group.

Group Task type Reaction time (ms) Accuracy

Abacus-trained EX addition 526 (101) 0.95 (0.05)
AP addition 661 (144) 0.89 (0.08)

Non-trained EX addition 538 (71) 0.89 (0.04)
AP addition 690 (102) 0.86 (0.05)

Numbers in the parenthesis are standard deviations.

task type was marginally significant: 𝐹(1, 2) = 2.681, 𝑃 =
0.111, 𝜂2 = 0.073. Decomposition into contrasts showed a
significant difference in the EX addition task: 𝐹(1, 1) =
16.276, 𝑃 < 0.001, 𝜂2 = 0.324 (0.95 ± 0.05 and 0.89 ± 0.04 for
the abacus-trained and nontrained groups, resp.), suggesting
that nontrained childrenmademore errors in the EX addition
task. However, no significant difference was found between
the abacus-trained and nontrained groups in the AP addition
task (𝑃 = 0.220).

3.2. Brain Activity: General Pattern. Brain regions activated
by the AP and EX addition task in the abacus-trained and
nontrained groups were investigated separately. A preview
of the brain activity was shown in Figure 2. The statistical
threshold was set at 𝑃 < 0.05 with false discovery rate (FDR)
corrected for multiple comparisons, and a minimal cluster
size of 30 voxels was considered to represent regions with
significant activations.

In the abacus-trained group, activations elicited by the
AP addition task were detected in the supplementary areas
(SMA), bilateral precentral sulcus, inferior frontal cortex,
bilateral inferior parietal cortices, and bilateral middle tem-
poral and occipital cortices and bilateral insula and thalamus
(Figure 2(a)); activations elicited by the EX addition taskwere
detected in the SMA, bilateral precentral sulcus, right middle
frontal cortex, bilateral inferior andmiddle occipital cortices,
left inferior parietal cortex, right angular, the bilateral insula
and thalamus, right middle and inferior temporal cortices,
and the vermis in the cerebellum (Figure 2(b)). The activa-
tions for the abacus-trained groupwere distributed bilaterally
in both hemispheres.

In the nontrained group, activations elicited by the AP
addition task were detected in the SMA, bilateral inferior
and superior parietal cortices, insula, precentral sulcus in the
middle frontal cortex, inferior and middle frontal cortices,
inferior temporal cortex, thalamus, inferior occipital cortex,
and cerebellum (Figure 2(c)); activations elicited by the
EX addition task were detected in the SMA, left inferior
and superior parietal cortex, left inferior frontal cortex,
right angular, left insula, and the bilateral precentral sulcus
(Figure 2(d)).

3.3. Brain Activity in AP And EX Addition Tasks within Group
Comparisons. In the nontrained group, no significant areas
were activated in favor of the EX addition task when com-
pared to the AP addition task (𝑃 > 0.05 uncorrected, cluster
size > 20). While activations in favor of the AP addition
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Figure 2: Brain regions activated by theAP and EX addition task in the abacus-trained and nontrained group. (a)The activity pattern revealed
by the AP addition task in the abacus-trained group. (b)The activity pattern revealed by the EX addition task in the abacus-trained group. (c)
The activity pattern revealed by the AP addition task in the nontrained group. (d)The activity pattern revealed by the EX addition task in the
nontrained group. The left column showed the right hemisphere; the middle showed the left hemisphere, and the right showed the vertical
view of the brain. (𝑃 < 0.05, FDR corrected; minimal cluster size = 30 voxels).

task were found in the SMA, bilateral inferior parietal cor-
tices, middle occipital cortex, precentral sulcus, left superior
parietal cortex, left precuneus, left cerebellum, right angular
and the bilateral thalamus, and striatum, with the threshold
of 𝑃 < 0.001 (FDR corrected) and a minimal cluster size
of 30 voxels (Table 2 and Figure 3). Figure 3(a) showed

brain regions activated by the AP addition task (contrasted
to the EX addition task) in the nontrained group; Figure 3(b)
showed themean beta values of activated brain regions in two
tasks.

In the abacus-trained group, no significant differences
were found in favor of the AP addition task when compared
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Figure 3: (a) Brain regions activated by the AP addition task (contrasted to the EX addition task) in the nontrained group. (b) Comparison
of the mean beta values of these brain regions between two tasks. Uppercase letters in the parenthesis represent these brain regions. (A):
cerebellum; (B): left insula; (C): right insula; (D): left thalamus; (E): right thalamus; (F): right striatum; (G): left striatum; (H): left precentral
sulcus; (I): right precentral sulcus; (J): left middle occipital lobule; (K): right middle occipital lobule; (L): left inferior parietal lobule; (M): left
superior parietal lobule; (N): right angular; (O): left precuneus; (P): SMA; (Q): left superior frontal lobule. (𝑃 < 0.001, FDR corrected; Voxel
sizes > 30).
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Table 2: Brain regions activated by the AP addition task (contrasted to the EX addition task) in the non-trained group.

Regions Voxel size BA Hemisphere 𝑇 value MNI coordinate
𝑥 𝑦 𝑧

(1) SMA, left precentral sulcus, left
superior frontal cortex 696 6/32 L/R

10.72 9 15 48
8.51 −6 0 57
8.38 −6 9 51

(2) Thalamus, striatum, insula 953 — L/R
10.19 −12 −15 3
7.99 −15 6 9
7.77 15 12 12

(3) Middle occipital cortex, inferior
parietal cortex, superior parietal cortex 454 7/40 L

9.24 −24 −75 30
8.62 −51 −45 54
8.48 −30 −63 48

(4) Precentral sulcus 30 9 R 7.96 57 15 36
5.81 54 6 39

(5) Middle occipital cortex, angular 185 7/40 R
7.40 33 −63 33
6.85 39 −54 54
6.62 33 −66 45

(6) Cerebellum 72 — L
6.62 −33 −81 −21
6.47 −42 −60 −27
6.21 −27 −87 −18

(7) Precuneus 43 7 L 6.32 −6 −75 45
BA: Brodmann area. 𝑃 < 0.001 (AP addition contrast versus EX addition contrast, in the non-trained group), FDR corrected.

to the EX addition task (𝑃 < 0.05, FDR corrected). If the
statistical threshold was set at 𝑃 < 0.005 (uncorrected) and
minimal cluster size as 20 continuous voxels, differences in
favor of the AP addition task were found in the left superior
frontal cortex (𝑥, 𝑦, 𝑧 = −24, 3, 69), left inferior parietal
cortex (𝑥, 𝑦, 𝑧 = −27, −63, 42), and the right middle temporal
cortex (𝑥, 𝑦, 𝑧 = 66, −48, −3); In the reverse contrast, only
the anterior cingulate cortex (ACC, 𝑥, 𝑦, 𝑧 = −3, 30,−6)
was activated with the threshold of 𝑃 < 0.01 (uncorrected)
and cluster size > 30. This activity pattern suggested that the
neural differences between the EX and AP addition tasks
declined for abacus-trained children.

3.4. Brain Activity in AP and EX Addition Tasks between
Group Comparisons. In the AP addition task, more activa-
tions were elicited in abacus-trained children, including the
bilateral middle temporal cortices (𝑥, 𝑦, 𝑧 = −51, −33, −3
on the left; 𝑥, 𝑦, 𝑧 = 51, −18, −12 on the right) and the left
precuneus (𝑥, 𝑦, 𝑧 = −3, −39, 60), with a threshold of 𝑃 <
0.001 (uncorrected) and a minimal cluster size of 10 voxels.
Conversely, more activations were induced in nontrained
children, including the left precentral sulcus (𝑥, 𝑦, 𝑧 = −42,
−3, 42) and the SMA (𝑥, 𝑦, 𝑧 = −6, 0, 57), with a threshold
of 𝑃 < 0.005 (uncorrected) and a minimal cluster size of 10
voxels.

In the EX addition task, more activations were elicited
in abacus-trained children, including the medial prefrontal
cortex (MPFC), right caudate, right thalamus, right superior
temporal cortex, and the right angular gyrus (see Table 3
and Figure 4), with a threshold of 𝑃 < 0.011 (FDR
corrected) and aminimal cluster size of 30 voxels. Figure 4(a)

showed brain regions activated by the EX addition task in the
abacus-trained group (contrasted to the nontrained group);
Figure 4(b) showed the mean beta values of activated brain
regions in the two groups. Conversely, more activations were
induced in nontrained children, including the left precentral
sulcus (𝑥, 𝑦, 𝑧 = −36, −6, 36) and the left middle frontal
cortex (𝑥, 𝑦, 𝑧 = −30, 15, 27), with a threshold of 𝑃 < 0.05
(uncorrected) and a minimal cluster size of 30 voxels.

4. Discussion

The present study aimed to explore whether and how the
long-term abacus training modulates the neural correlates of
EX and AP calculations in Chinese children. To address this
issue, we compared functional activations between the AP
and EX addition task for each group (the abacus-trained and
nontrained groups), and we also compared the brain activity
patterns between the abacus-trained and nontrained group
for each addition task. To the best of our knowledge, this is
the first report revealing the specific effect of abacus training
on the neural correlates of EX and AP calculations.

The findings confirm our hypothesis. Firstly, the dif-
ference between AP and EX addition tasks for abacus-
trained children existed only in the FDR-corrected result,
demonstrating that the neural correlates underlying the two
addition tasks were similar after the abacus training, and the
pattern of brain activity during the two addition tasks in the
nontrained groupwas consistentwith previous neuroimaging
studies [1, 9], revealing that AP arithmetic relied primarily
on a quantity representation implemented in visuospatial
networks of the left and right parietal lobes.
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Table 3: Brain regions activated by the EX addition task in the abacus-trained group (contrast to the non-trained group).

Regions Voxel size BA Hemisphere 𝑇 value MNI coordinate
𝑥 𝑦 𝑧

(1) Medial prefrontal cortex 115 8/9 𝑅

5.56 18 42 18
5.29 27 36 15
5.05 12 39 36

(2) Superior temporal cortex 31 22 𝑅

5.13 66 −33 9
4.80 66 −24 3
4.77 63 −42 0

(3) Caudate 48 — 𝑅
5.00 15 18 15
4.43 18 21 −3

(4) Angular 46 39 𝑅
4.90 57 −63 27
4.80 48 −57 27

(5) Thalamus 51 — 𝑅
4.84 12 −3 3
4.67 18 −12 6

BA: Brodmann area. 𝑃 < 0.011 (the abacus-trained group versus the non-trained group, in the EX addition task), FDR corrected.
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Figure 4: (a) Brain regions activated by the EX addition task in the abacus-trained group (contrasted to the nontrained group). (b)
Comparison of themean beta values of these brain regions between groups. Uppercase letters in the parenthesis represent these brain regions.
(A): thalamus; (B): superior temporal lobule; (C): caudate; (D): MPFC; (E): right angular. (𝑃 < 0.011, FDR corrected; Voxel sizes > 30).

Secondly, no differences were detected between the two
groups in the AP addition task; while, in the EX addition task,
hyperactivity was detected for the abacus-trained children
in the right MPFC, right caudate, right thalamus, right
superior temporal cortex, and the right angular.These results

illustrated that the processing of AP addition task for abacus-
trained children was similar to that for nontrained children,
but the long-term training changed the neural correlates of
the EX addition task; a frontal-temporal circuit was observed,
which was also found in a previous study by our group [15].
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Furthermore, no differences were detected between the
IQs of the two groups, indicating that both groups had
comparative intelligence. This supported the argument that
the observed differences were likely to correspond to specific
neuronal differences.

4.1. Behavior Performance. Both of the RT and accuracy anal-
ysis showed differences between EX and AP addition tasks.
However, the difference between the two groups was only
detected for the accuracy of EX addition problems, reveal-
ing that abacus-trained children were more accurate than
nontrained children in the EX addition task. This was in
accordance with previous studies that the abacus experts
performed computation tasks with a higher accuracy than
control [23, 32]. The vanish of speed effect that the abacus-
trained children performed computation tasks with faster
speed [23, 32] was probably due to the fact that the abacus-
trained children in the present studywere not as expert as that
in previous studies. Anyway, our results still demonstrated
the superior capability of numerical processing for abacus-
trained children. A possible account for the better perfor-
mance of abacus-trained childrenwas that theymay employ a
different problem-solving strategy induced by the long-term
abacus training. After the training, a “mental abacus” was
formed in their brains [15, 20], which may be helpful when
they performed the arithmetical problems. This “mental
abacus” may be the key reason for the improved performance
of abacus-trained children in the EX calculation task.

4.2. Brain Activations. From the general pattern of brain
activities in two addition tasks for both groups, we found that
the AP addition task that related brain activations for both
groups were distributed bilaterally, while the EX addition that
related brain activations were lateralized to the left hemi-
sphere, especially for nontrained children. Moreover, com-
mon regions were induced among different addition tasks for
both groups, including the SMA, left precentral sulcus (BA
6), insula, IPS, and adjacent parietal areas. Interestingly, the
inferior frontal cortex was also activated except in the EX
addition task for the abacus-trained group. Basically, these
frontal-premotor-parietal areas were specified in numerical
representation and calculation, and were consistent with the
regions that are engaged inmental calculation tasks in human
imaging studies [1, 4–6, 8, 9, 15, 25, 33, 34].

4.3. Neural Differences between the AP And EX Addition Task
in EachGroup. In the nontrained group, common activations
across addition tasks covered a cortical network comprised
mostly of left-sided superior parietal cortex, SMA, and left
precentral sulcus, and these regions were mainly involved in
the number of representation and operation tasks [1, 6, 8, 34].

A significant difference was detected between the activity
patterns of two addition tasks. More activities were induced
by the AP addition task, especially in the bilateral parietal
areas around the IPS, the precuneus and the superior frontal
cortex, indicating that the language-independent visuospatial
strategy, were adopted in the AP addition task. This was
consistent to the result of previous adult studies [1, 9].

Compatible with previous findings, a greater activation was
elicited in the medial frontal cortex (mostly in the pre-
SMA), which was associated with the cognitivemotor control
processes, including sensory discrimination and decision
making or motor selection for the action after stimuli [35,
36]. Besides, the medial frontal cortex was also suggested to
have a role in mental calculation [37, 38]. The involvement
of thalamus and cerebellum which showed a small area of
activation in the favor of AP addition task was also detected
by a previous study focused on mental calculations [7]. The
dorsal basal ganglia, including the caudate and putamen,
were known to be critical for procedural memory [39, 40],
and this region also played a role in the maintenance of
information in working memory in mental arithmetic tasks
[41].The activation of insula also signified the engagement of
visuospatial resources when children performed the task [5].

Taken together, these findings provided evidence for the
greater involvement of and greater reliance on language-
independent strategy and visuospatial working memory in
AP addition tasks for nontrained children.

On the other hand, no hyperactivity was detected in favor
of the EX addition task. This was dissimilar from previous
adults studies in which they found significant activations for
EX calculation in the language-dependent areas located in the
left hemisphere [1, 9]. One possible reason of the mismatch
between the present and previous results may be due to
the differences in culture such as educational systems and
mathematics learning strategies. For example, Yiyuan Tang
et al. [42] detected a functional distinction between native
Chinese and English speakers in the brain network that was
involved in number representation tasks. Another reason
may be due to the strategy and the development of the
neural networks adopted by children. A comparative study
of children and adults suggested that both verbal and spatial
number representations might be involved in AP and EX
calculations, and the cerebral networks were still developing
around the age of 10 years old [3].

In the abacus-trained group, common activations across
addition tasks covered a distributed cortical network that
was comprised of bilateral superior parietal cortices, bilateral
middle occipital cortices, bilateral inferior temporal cortices,
bilateral precentral gyrus, bilateral insula, the SMA, left
inferior parietal cortex, and cerebellum. These regions were
also found in previous abacus studies [15, 23, 25, 26, 36]. Only
slight differences were detected between the AP and EX addi-
tion tasks by the uncorrected results; hyperactivity was found
in the left superior frontal cortex and left inferior parietal cor-
tex during theAP addition task and in theACCduring the EX
addition task. These areas fall outside of traditional perisyl-
vian language areas [43, 44]. The inferior parietal cortex was
involved in various visuospatial and analogical mental trans-
formations [45, 46], and the superior frontal-intraparietal
network was very important for visuospatial working mem-
ory [47]. The ACC that is involved in attentional processes
[48]was also found in a previous study in children [49].These
results demonstrated that a similar visuospatial-specific strat-
egy was adopted by abacus-trained children in AP and EX
addition tasks, andmore visuospatial networks were engaged
when they performed AP addition tasks.
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4.4. Neural Differences between the Abacus-Trained and Non-
trained Group in Each Task. In the AP addition task, no
significant differences were found between the two groups
in the corrected result, indicating that a similar strategy was
adopted in the AP addition task for both groups, whereas,
slight differences were detected in the uncorrected result;
the spatial related area (left precuneus) and the bilateral
middle temporal cortices were more activated in abacus-
trained children, while premotor regions (SMA and pre-
central sulcus) were more activated in nontrained children.
Additionally, from the general pattern of the brain activity,
we knew that bilateral inferior parietal cortices were activated
in both groups during the AP addition task, suggesting the
engagement of a visuospatial strategy.These results indicated
that a similar but slightly different visuospatial strategy was
adopted during the AP addition task in both groups.

In the EX addition task, the abacus-trained group rev-
ealed more activations than the nontrained group, including
the right MPFC, right caudate, right superior temporal
cortex, and the right angular.This activity pattern was specif-
ically lateralized to the right hemisphere, which is consistent
to previous abacus studies [15, 23, 25]. The right parietal
cortex was suggested to play a role in mental calculation of
abacus experts [23]. The right angular was considered to be
associated with visuospatial attention [6, 8], and the caudate
was suggested to be involved in learning and memory [40].
Besides, the thalamus was also activated. These corticothala-
mic circuits recruited here may be responsible for the rapid
arithmetic processing of abacus-trained children.

More interestingly, the MPFC were mainly included in
the defaultmode network (DMN)which contained a group of
areas that exhibit highermetabolic activity at rest than during
tasks [50–52]. Additionally, the MPFC was considered to
play an important role in cognitive control [53]. This activity
pattern indicated that abacus-trained children need fewer
resources to accomplish EX addition tasks or the resource
allocation was optimized by the long-term abacus training,
whichmight account for the exceptional computational skills
of abacus experts.

All these areas may constitute a circuit involved in the
visuospatial-specific retrieval and the processing of imagi-
nary abacus.

5. Conclusion

With two matched groups of Chinese children aged about
10 years, the present study investigated the abacus train-
ing effect on children’s behavioral performance and brain
activity pattern during AP and EX addition tasks. Our
findings showed that: (1) nontrained children engaged more
visuospatial representations in the AP calculation task with
contrast to the EX; (2) abacus-trained children adopted a
similar strategy for both tasks; (3) after the abacus training,
children were more inclined to apply a visuospatial strategy
when processing EX problems. For the first time, this study
provided evidence for the specific effects of abacus training
on EX and AP number processing in children.

However, there were limitations in our study. The lack-
ing of adult contrast made our comparative result between

children and adults less persuasive. Furthermore, only one
group of abacus-trained children participated in our study;
children with different training intensities should be involved
in future studies.

Nonetheless, our results still demonstrated an obvious
effect of the long-term abacus training on both of the
behavior performance and neural correlates of addition tasks.
The present study might be helpful for understanding the
neural mechanism of abacus training and also have some
positive significance for children’s early educations.
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Introduction. Lymphocytic infiltration and specific lymphocytes subsets may play important roles in papillary thyroid carcinoma
(PTC) progression and prognosis. In this study, we try to understand the influence of 131I radioablation on the important
lymphocytes subtypes of regulatory T and B cells (Tregs and Bregs). Methods. Peripheral blood mononuclear cells from 30 PTC
patients before and after 131I therapy, and 20 healthy donors were collected. The expression of Tregs (CD4+CD25+CD127−/low) and
B cell (CD5+CD19+) and production and secretion of interleukin 10 (IL-10) were analyzed by FACS and ELISA assay, respectively.
Results. For Tregs percentage in peripheral blood lymphocytes, there was no difference between pretreatment and control and
between posttreatment and control. Compared with pretherapy, increased Tregs infiltration was noted in posttherapy (𝑃 < 0.05).
Although no difference was between pretreatment and control, comparedwith these two groups, decreased CD19+ andCD5+CD19+
B cell percentage in posttreatment was observed (𝑃 < 0.05). Among these groups, no significant difference was displayed in
intracellular IL-10 production and extracellular IL-10 secretion. Conclusions. 131I Radioablation increased Tregs and decreased
CD19+ and CD5+CD19+ B cells percentage after treatment. However, it has no effect on IL-10 and lymphocytes in peripheral blood.
Therefore, longer follow-up of Tregs and Bregs should be further investigated.

1. Introduction

Thyroid cancer is the most common endocrine malignancy,
which constitutes approximately 1% of all human malig-
nancies [1, 2]. Papillary thyroid carcinoma (PTC) accounts
for about 70% of all thyroid carcinomas [3]. Although it
has a relatively good prognosis, the incidence of thyroid
carcinomas is rapidly increasing, and 10–30% of patients have
recurrence and/or metastases [4, 5].

At present, many mechanisms are involved in the devel-
opment of thyroid cancer, and the dysfunction of the immune
systems is increasing being considered [6]. Regulatory T cells
(Tregs) are subtypes of CD4+ T cells, which play an important
role in the immune response [7, 8]. In general, Tregs is

identified as CD4+CD25+CD127−/low or CD4+CD25+Foxp3+
[9, 10], which are commonly rich in primary tumors, draining
lymph nodes, and peripheral blood of cancer patients [11–
16]. An increased frequency of Tregs has been proven to be
related with poor prognosis of many tumors [3, 17–19]. In
contrast to Tregs, regulatory B cells (Bregs) mainly suppress
immune response via the production of interleukin 10 (IL-
10) [20, 21]. However, there are no specific transcriptions
or surface molecular makers identified as Bregs. The most
well-established concept of Bregs is the subtype of B cells
producing IL-10, which are regulatory B10 cells. Furthermore,
lots of studies demonstrated that the surface membrane
marker CD5 was expressed on B10 cells. Meantime, CD19 is
thewell-establishedmarker to identify B cells fromperipheral
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blood mononuclear cells (PBMCs). Thus, it seems that the
expression of CD5+CD19+ is a common feature or hallmark
of regulatory B cells [20–23].

In clinic, large studies have proven that, compared with
thyroidectomy alone, the combination of 131I radioablation
and thyroidectomy for PTC patients could reduce recurrence
and/or metastases [24–26]. In addition to that, the previous
study demonstrated that Tregs and IL-10 level are related with
invasiveness and prognosis of thyroid cancer [3, 5, 27, 28].
Therefore, it is necessary to understand the role of specific
lymphocytes subsets in PTC patients before and after 131I
radiotherapy to evaluate the relationship between immune
response and 131I ablation.

2. Materials and Methods

2.1. Patients and Controls. From October 2012 to December
2012, PTC patients, with total or near-total thyroidectomy,
were admitted and carried out the first radioiodine ablation
in theDepartment ofNuclearMedicine, ZhongshanHospital.
On the basis of laboratory tests and imaging modalities
(ultrasound, CT, whole body 131I scan, and 18F-FDGPET/CT
examinations, etc.), the patients with thyroiditis and/or long
distant metastases (such as lung and bone) were excluded.
The follow-up examination was one month after the 1st 131I
therapy, and 30 patients had serum thymoglobulin level less
than 2𝜇IU/mL (normal: 0.27–4.2 𝜇IU/mL), that is to say,
the 131I therapy was successful, were enrolled in this study.
Moreover, the healthy control group consisted of 20 adult
volunteers.

The study was approved by local Medical Ethics Com-
mittees of Zhongshan Hospital, Fudan University. Informed
consents were signed by all the patients before they were
included in the study.

2.2. Radioiodine Ablation. In this study, all patients were
firstly administrated for radioiodine ablation, and the
received dose was 3,700MBq (100mCi) (Shanghai GMS
Pharmaceutical Co., Ltd.). The venous blood samples of
patients were collected within one week before the radioio-
dine therapy and one month after treatment, respectively.
Meanwhile, the thyroid function tests and routine hemato-
logical parameters were analyzed.

2.3. Isolation of PBMCs. Venous blood samples were col-
lected into ethylenediaminetetraacetic acid-treated tubes and
diluted at 1 : 2 with Hanks balanced salt solution (HBSS)
before Ficoll-Hypaque gradient centrifugation (2,000 rpm at
room temperature for 15min). Washed and resuspended,
PBMCs were cryopreserved in fetal bovine serum containing
10%dimethyl sulfoxide (DMSO) and stored in liquid nitrogen
for future cell-surface staining and cell culture.

2.4. Cell Culture. Cryopreserved PBMCs were thawed at
37∘C and washed twice with HBSS. Then, PBMCs were
seeded at a density of 5 × 105/mL in 24-well tissue cul-
ture plates. The culture medium was RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine serum,
2mM L-glutamine, 200U/mL penicillin, and 100 𝜇g/mL
streptomycin. For intracellular staining of IL-10, cells were
stimulated with 50 ng/mL phorbol-12-myristate-13-acetate
(PMA) and 500 ng/mL ionomycin for 24 h and the additional
presence of 1mM Brefeldin A (BFA) for last 4 h.

2.5. Flow Cytometric Analysis of Tregs. ∼2 × 105 PBMCs
were incubated with FITC-conjugated anti-CD4/PE-Cy7-
conjugated anti-CD25/APC-conjugated anti-CD127, or iso-
types (BD, USA) for 30min at 4∘C, washed twice and
resuspended in staining buffer for analysis of T cell subpop-
ulations. Acquisitions were performed on a FACS Aria II
flow cytometer (BD, USA) and then analyzed using Flowjo
software version 7.6.

2.6. Flow Cytometric Analysis of CD5, CD19, and IL-10. The
flow cytometry was performed as above described. Briefly,
∼2 × 105 PBMCs were incubated with APC-conjugated anti-
CD5/FITC-conjugated anti-CD19 or isotypes (BD, USA) for
20min at 4∘C, washed twice, and resuspended in staining
buffer for analysis of B cell subpopulations.

For intracellular IL-10 detection, cultured cells were then
fixed and permeabilized before PE-conjugated anti-IL-10
or isotype (BioLegend, USA) staining. Acquisitions were
performed on a FACSAria II flow cytometer (BD, USA) and
then analyzed using Flowjo software version 7.6.

2.7. IL-10 Enzyme-Linked Immunosorbent Assay (ELISA).
According to the manufacturer’s instructions of Human IL-
10 Quantikine ELISA kits (R&D, USA), concentration of IL-
10 in supernatants of cell culture was detected. The lower
detection limit of this assay was 0.78 pg/mL. Pure RPMI 1640
medium was used as negative control.

2.8. Statistical Analysis. SPSS 18.0 software for Windows
(SPSS Inc., Chicago, Iee, USA) was used for statistical
analysis. Data were expressed as mean ± SD. Means were
compared using the Student’s t-test. When multiple groups
were compared, one-way ANOVA and Kruskal-Wallis test
were used for data fulfilling normal distribution and for those
did not, respectively. A 95% confidence level was chosen to
determine the significance between groups, with 𝑃 values of
less than 0.05 indicating significant differences.

3. Results

3.1. Clinical Data. As shown in Table 1, 30 PTC patients were
enrolled in this study, including 20 females and 10 males,
with age range 26–70 years, median 45 years. Twenty healthy
donors were also included, consisted of 11 females and 9
males, with age range 22–63 years, median 43 years.

The absolute number of lymphocytes in the pretreatment
([2.45±0.68]×109/L) and posttreatment group ([1.52±0.41]×
10
9/L) is within normal levels (1.1–3.2 × 109/L). However,

there is significant difference between the pretreatment and
posttreatment group (𝑃 < 0.05).
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Table 1: Clinical data of patients and healthy donors.

Variable Patients Healthy donors
Pre-T Post-T

Gender (female/male) 20/10 11/9
Age (median, range, yr) 45 (26−70) 43 (22−63)
Free T3 (normal: 2.8–7.1 pmoL/L) 1.38 ± 0.77 5.31 ± 2.87 4.54 ± 1.60

Free T4 (normal: 12.0–22.0 pmoL/L) 2.60 ± 0.85 19.1 ± 13.1 16.72 ± 2.67

TSH (normal: 0.27–4.2 𝜇IU/mL) 84.56 ± 17.11 2.39 ± 2.73 2.14 ± 1.13

Tg (normal: 1.4–78 ng/mL) 13.32 ± 14.2 0.73 ± 0.65 22.72 ± 17.46

Anti-Tg (normal: <115 IU/mL) 15.36 ± 4.72 12.94 ± 4.10 20.82 ± 11.47

Anti-TPO (normal: <34 IU/mL) 10.99 ± 5.45 10.00 ± 5.27 8.86 ± 5.42

For PTC patients, the blood samples of pretreatment and aftertreatment were collected under different conditions. Patients were inhibited to take levothyroxine
sodium tablets or similar euthyrox drugs for at least 3 weeks before the 131I ablation. One month posttreatment, patients do the blood tests with routine
suppressive therapy of thyroid hormone.

3.2. CD4+ T Cells and Tregs Screening by Flow Cytometry
Analysis. Blood samples of PTC patients and the healthy
donors were analyzed by flow cytometry for CD4+ T cells
and CD4+CD25+CD127−/low T cells (Tregs), respectively
(Figure 1(a)). The CD4+ percentage in peripheral blood
lymphocytes of the pretreatment, posttreatment, and control
groups was (31.40 ± 6.09)%, (30.38 ± 8.00)%, and (34.74 ±
8.84)%, respectively. There was no significant difference
among the above groups (𝑃 > 0.05) (Figure 1(b)).

Compared with Tregs (expressed as percentage of CD4+
T cells) in blood of PTC patients before 131I therapy (2.52 ±
0.87)%, Tregs was significantly higher in the posttherapy
group (3.23 ± 0.84)% (𝑃 < 0.05) (Figures 1(c) and 1(d)).
Tregs in the healthy donor was (2.69 ± 0.72)%. However, no
significant difference was noted between the pretreatment
and control group and between posttreatment and control,
respectively (𝑃 > 0.05) (Figure 1(c)).

3.3. CD19+ and CD5+CD19+ B Cells Screening by Flow
Cytometry Analysis. Blood samples of patients with PTC and
the healthy donors were analyzed by flow cytometry for
CD19+ and CD5+CD19+ B cells, respectively (Figure 2(a)).
The CD19+ percentage of total peripheral blood lymphocytes
among the pretreatment, posttreatment, and control groups
was (6.00 ± 2.31)%, (3.99 ± 1.16)%, and (6.96 ± 1.24)%,
respectively.

No significant difference was found between pretherapy
and control (𝑃 > 0.05), but the significant difference
was noted between posttreatment and control (𝑃 < 0.05)
(Figure 2(b)). Compared with CD5+CD19+ B cells (expressed
as percentage of total lymphocytes) in blood of PTC patients
before the 131I ablation (2.07 ± 0.97)%, CD5+CD19+ B cells
were significantly lower in the posttreatment group (1.63 ±
0.59)% (𝑃 < 0.05). CD5+CD19+ B cells in the healthy donors
were (2.39 ± 0.43)%. Similar to the results of CD19+ B cells,
there was no significant difference between pretreatment and
control (𝑃 > 0.05), but the significant differencewas observed
between posttreatment and control, respectively (𝑃 < 0.05)
(Figures 2(b) and 2(c)).

3.4. Accumulated Intracellular IL-10 in CD5+CD19+ B Cells
by Flow Cytometry Analysis. The intracellular production of
IL-10 in CD5+CD19+ B cell percentage by flow cytometry
analysis in the pretreatment, posttreatment, and the healthy
donors was (6.77 ± 5.80)%, (11.96 ± 17.25)%, and (11.72 ±
10.81)%, respectively. There was no significant difference
among these groups (𝑃 > 0.05) (Figure 3(a)).

3.5. IL-10 Production by CD5+ B Cells by ELISA Analysis.
The IL-10 production by CD5+ B cells by ELISA analysis in
the pretreatment, posttreatment, and the healthy donors was
9.02 ± 1.55, 9.44 ± 1.18, and 9.79 ± 0.57 pg/mL, respectively.
There was no significant difference among these groups (𝑃 >
0.05) (Figure 3(b)).

4. Discussion

The lymphocytic infiltration is frequently observed in PTC,
and specific lymphocytes subsets may be the important
regulators of PTC progression and prognosis [3, 5, 27, 28].
Therefore, in this work, lymphocytes subpopulations of Tregs
and CD5+ B cells (putative B cells that have regulatory
functions) are studies in blood samples of PTC patient before
and after 131I ablation. To our knowledge, no previous study
focused on this control research.

Although Tregs have been studied and analyzed in
many tumors, such as breast cancer, pancreas cancer, and
melanoma [17–19], the studies on Tregs infiltration in thyroid
tissues and peripheral blood samples are limited. Gogali et
al. [3] and French et al. [5] proved that increased Tregs
infiltration in thyroid tissue was positively correlated with
advanced disease stage. In addition, Gogali et al. [3] showed
that there was no difference in Tregs percentage in blood
samples between PTC patients and the healthy control.
Different from the patients included in previous studies
[3, 5, 28], the population in the present study was PTC
patients with total or near-total thyroidectomy, whose Tregs
percentage in the peripheral blood samples was supposed to
be within normal level [29]. The pretreatment Tregs in our
study were consistent with previous studies. Compared with
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Figure 1: Expression of CD4+CD25+CD127−/low T cells (Tregs) in blood sample of pretreatment, posttreatment, and control groups (Pre-T:
pretreatment, Post-T: posttreatment). (a) CD4+CD25+CD127−/low lymphocytes shown by FACS. (b) CD4+ T cells percentage in peripheral
blood lymphocytes. (c) CD4+CD25+CD127−/low T cells percentage in CD4+ T cells ( ∗𝑃 < 0.05, compared with Pre-T). (d) Comparison of
peripheral blood Tregs in individual patients with thyroid papillary carcinoma before and after 131I radioablation.
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Figure 3: Intracellular and extracellular IL-10 in CD5+CD19+ B cells. (a) Intracellular IL-10 analyzed by FACS. (b) Extracellular IL-10
concentration tested by ELISA.
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pretreatment, Tregs after the 131I treatment were significantly
higher. However, the posttreatment Tregs percentage in
peripheral blood lymphocytes was found to have no signifi-
cant difference with the healthy donors.Themain function of
human immune system is the body protection from a diverse
range of agents, including tumor cells and radionuclide [3].
Elevating Tregs may be the immune response to 131I, which
was not beyond the self-tolerant extent and normalized the
numbers of CD4+ T cells. Moreover, it is demonstrated
that 131I ablation for PTC patients was a safe and effective
therapy.

In addition to Tregs, certain B cell subpopulations
could also exhibit potential regulation of immune response
by functioning as cellular adjuvants for CD4+ T cell
activation and are involved in immune pathology through
the production of cytokines that regulate T-cell function
[30–33]. Given that regulatory B-cell subsets are likely to
exist, one of the factors produced by regulatory B cells is the
immunosuppressive cytokine IL-10 [20–23]. In this work,
there was no significant difference between the pretreatment
and control of CD19+ B cells and between the pretreatment
and control of CD5+CD19+ B cells. However, compared
with healthy donors and PTC patients before 131I ablation,
both CD19+ and CD5+CD19+ B cells after the 131I therapy
were significantly decreasing. The reasons are probably as
followed: compared with T cells, B cells are more sensitive
to radiation and prone to radiation-induced inhibition [34].
Moreover, although some clinical observations supported
that the increasing of B cells was contributed to the limitation
of autoimmune and malignant diseases, they are testified to
have rather aggravating potential in other cases [35, 36]. Our
results also showed there was no obvious correlation between
decreasing B cells and bad prognosis. In addition, compared
with the pretreatment group, the absolute number of lym-
phocytes in the posttreatment group significantly decreased,
which was consistent with the analysis of regulatory B cells.
We assume that in patients with thyroid papillary carcinoma
before and after 131I radioablation, regulatory B cells prior to
regulatory T cells play more important role in the regulation
of peripheral blood lymphocytes.

IL-10 was initially associated with Th2 cells and was
described to inhibit Th1 cytokine production [37–39]. How-
ever, at present, IL-10 is not only involved in the inhibi-
tion of Th1 polarization but also prevents Th2 responses
and exerts anti-inflammatory and suppressive effects on
most hematopoietic cells. IL-10 produced by monocytes
and cells other than T cells is required to maintain Treg-
suppressive function and other autoimmune diseases [40]. In
our study, the intracellular and extracellular IL-10 production
and secretion were found to have no significant difference
between the pretreatment, posttreatment, and control groups,
which are in accordance with results of CD4+ T cells and
Tregs. However, the numbers of posttreatment CD19+ and
CD5+CD19+ B cells were lower than those of pretreatment,
which suggests that the synthesis and secretion of IL-10
were relatively increased. It could develop and maintain that
posttherapy Tregs were higher than pretherapy ones in this
study.

Moreover, there were some potential limitations in this
study. One is considering the clinical effect of 131I, only one
time-point after treatment was chosen, which couldn’t reflect
the dynamic change in patients’ peripheral blood lympho-
cytes. Another limitation is the small population. Large
sample of analysis of regulatory T and B cells in patients with
thyroid papillary carcinoma before and after 131I radioabla-
tion should be further investigated.

5. Conclusion
131I radioablation increased Tregs percentage and decreased
CD19+ andCD5+CD19+ B cells percentage at onemonth after
treatment. However, it has no effect on the production and
secretion of IL-10, and the percentage and absolute number
of lymphocytes in peripheral blood are within normal levels.
Therefore, longer follow-up of changes of regulatory T and B
cells should be further investigated.
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Background and Purpose. The aim of this study is to determine the prognostic value of interim and final FDG-PET in major
histotypes of B-cell NHL patients treated with rituximab containing-chemotherapy.Methods. We searched for articles published in
English, limited to lymphoma, rituximab, and FDG-PET, and dedicated to deal with the impact on progression and survival. The
log hazard ratios (HR) and their variances were estimated. Results. A PubMed and Scopus review of published trials identified 13
studies of Progression-free survival (PFS) and overall survival (OS) which were set as the main outcome measures. The combined
HRs of I-PET for PFS and OS in DLBCL were 4.4 (𝑃 = 0.11) and 3.99 (𝑃 = 0.46), respectively. The combined HRs of F-PET for
PFS and OS in DLBCL were 5.91 (𝑃 = 0.39) and 6.75 (𝑃 = 0.92), respectively. Regarding to non-DLBCL with F-PET, the combined
HRs of F-PET for PFS and OS were 4.05 (𝑃 = 0.79) and 5.1 (𝑃 = 0.51), respectively. No publication bias existed. Conclusion.
In DLBCL, both I-PET and F-PET can be performed for survival and progression analysis. But in other B-cell subtypes such as
follicular lymphoma (FL) and mantle cell lymphoma (MCL), it would be necessary to perform F-PET for predictive purposes.

1. Introduction

The use of [18F] fluorodeoxyglucose positron emission
tomography (18F-FDG PET) imaging in the management
of lymphoma has remarkably expanded after the realization
of the metabolic features of lymphoma cells [1, 2]. PET/CT
imaging provides both anatomic and functional information
which is fundamentally altering staging, guiding the choice
of treatment modality, response monitoring, and response
assessment for lymphomas. Meanwhile, it can provide useful
information concerning prognosis for the risk stratified
therapy.The application of interimFDG-PET in the risk strat-
ification of Hodgkin’s lymphoma is very successful [3]. But
the benefits of FDG-PET/CT in the management of NHL are
uncertain. Previous meta-analysis about the prognostic value

of PET inHodgkin’s lymphomaor non-Hodgkin’s Lymphoma
showed no consistent conclusions due to the heterogeneity
caused by different study populations, variations of imaging
condition, inconsistent imaging interpretation criteria, and
lack of uniformed treatment regimens [4]. All these factors
impact on the PET results which may coinstantaneousy
influence the management of the progression and survival
of lymphoma patients in most clinical situations. NHL is
a heterogeneous group of tumors with different aggressive-
ness. Subtypes like diffuse large B-cell lymphoma, follicular
lymphoma, and mantle cell lymphoma are all FDG-avid [5],
so that FDG-PET could be a potential prognostic imaging
modality for survival prediction. Therefore, we, through the
literature review, performed ameta-analysis concentrating on
interim and final FDG-PET in major histological subtypes
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of B-cell NHL patients (including DLBCL and non-DLBCL)
treated with first-line rituximab containing-chemotherapy to
assess the prognostic value of PET.

2. Materials and Methods

2.1. Literature Search. Studies were identified by a com-
prehensive electronic literature search [6] of abstracts of
studies assessing the predictive value of PET for the human
lymphoma. We conducted a search on the MEDLINE and
Scopus databases, using keywords (PET, positron emission
tomography, or SUV), lymphoma (rituximab, R-CHOP, or R),
humans, and English.

2.2. Selection of Studies. Four investigators, including three
physicians and one biostatistician, reviewed each publication
independently and scored them according to a quality scale as
described in the appendix. Each itemwas graded with a value
between 0 and 2. This quality scale evaluated several dimen-
sions of the methodology, grouped into four main categories:
the scientific design, the generalization of the results, the
analysis of the study data, and the PET reports. This quality
scale was modified on the basis of the European lung cancer
working party quality scale for biological prognostic factors
for lung cancer introduced by Steels et al. [20]. To assess
the PET reports, the scoring items previously introduced by
Berghmans et al. [21] were used. The scores were compared
and a consensus value for each item was reached in meetings
at which at least two-thirds of the investigators needed to be
present.

The participation of many readers was a guarantee for
the correct interpretation of the articles. As the scores were
objective, a consensus was always obtainable.The final scores
were expressed as percentages, with higher values reflecting a
bettermethodological quality. Each category had amaximum
score of 10 points; hence, the overall maximum score was
40 points. Two reviewers independently assessed the quality
items, and discrepancies were resolved by consensus. When
an item was not applicable in a study, the theoretically
attributable points were not taken into account in the total
of the concerned category.

The studies about NHL patients mainly treated with
rituximab-regimen plus CHOP (cyclophosphamide, doxoru-
bicin, vincristine, and prednisone) or CHOP-like intensive
chemotherapy monitored by FDG-PET providing survival
data for the meta-analysis were potential for full-text evalu-
ation. Only the studies reporting or providing data to make
univariate analysis or results for survival were considered for
the aggregation of the survival data.

Detailed inclusion criteria are as follows:

(1) Including more than 10 patients with histologically
proven NHL patients treated with first-line R-chemo
regimen with or without proceeding treatment such
as radioimmunotherapy (RIT), BEAM chemotherapy
(carmustine, etoposide, cytarabine, and melphalan
regimen), and autologous stem cell transplantation
(ASCT).

(2) Use interim and/or final PET to monitor therapy
response and predict the survival of lymphoma
patients.

(3) Use positive and negative results of FDG-PET as a
predicting factor according to SUV cutoff value or
visual analysis.

(4) Survival data of hazard ratio was extractable.
(5) Treatment of lymphoma is not risk-adapted by the

result of FDG-PET.

2.3. Statistical Methods. Survival data from each study were
analyzed in terms of the Kaplan-Meier curves, unless hazard
ratios (HRs) were reported, and compared to calculate HR
and 95% confidence intervals (CI) as previously described by
Parmar et al. [22] and Tierney et al. [23]. In brief, effects were
measured from the observedminus expected difference (O−),
and variance (V) was generated using the reported summary
statistics, by the one step approximation exp [(O−)/V].These
effects were combined to estimate the overall (pooled) effect
of the PET-positive versus PET-negative arm. An HR <
1 denotes the survival benefit from a positive PET scan,
whereas an HR > 1 indicates an increased risk of progression
and death.

Statistical heterogeneity was measured using the chi-
squared 𝑄 test (𝑃 < 0.10 was considered to represent signifi-
cant statistical heterogeneity) and the 𝐼2 statistic, as described
by Higgins et al. [24]. Subgroup analysis was performed if
heterogeneity existed. Publication bias including funnel plot
and Egger’s test was performed.

Survival rates on the graphical representation of the sur-
vival curves were read by Engauge Digitizer version 2.5. HRs
and their variations were calculated by STATA version 12.0
and Review Manager 5.2.0.

3. Results

3.1. Study Selection and Characteristics Analysis. The detailed
study selection process was described in Figure 1. The
electronic searches yield 676 potentially eligible articles from
all databases. Of all these articles, 45 were analyzed. Thirty
two of these studies were excluded because of the following:
unable to calculate the log HR and its variance (𝑛 = 6),
not using rituximab regimen in every patient of the study
(𝑛 = 18), using a relatively high SUV cutoff or MTV as a
prognostic factor (𝑛 = 4), not exactly related to the research
subject (𝑛 = 3), and its treatment being risk-adapted to the
result of PET (𝑛 = 1) [25]. Finally, a total of 13 studies (all in
English, 8 retrospective and 5 prospective) [7–19] were used
for the analysis.

The principal characteristics of the 13 studies evaluated
for the meta-analysis were described in Table 1. A total of
1160 patients, with a predominance of male DLBCL patients,
were included in this prognostic meta-analysis. About half of
the patients were graded intermediate or high IPI score. The
median follow-up period ranged from 20 to 38months. Seven
studies [8–10, 12, 13, 16, 17] used FDG-PET/CT, and six studies
[7, 11, 14, 15, 18, 19] used FDG-PET. Nine [7, 9–11, 13, 16–19] of
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Table 1: Characteristics of the 13 studies included in the meta-analysis.

Study Publication
year

No. of NHL
patients Study design Stage Functional

imaging
PET
timing

Survival
data

PET (+) as
prognostic factor

for survival

Methodology
score (%)

Zinzani et al. [7] 2011

DLBCL
(𝑛 = 78)
PMLBCL
(𝑛 = 13)

Retrospective Stage II–IV PET I-PET OS &
PFS Significant 65.79%

Yoo et al. [8] 2011 DLBCL
(𝑛 = 155) Retrospective Stage I–IV PET/CT I-PET,

final PET
OS &
PFS Undetermined 78.95%

Yang et al. [9] 2011 DLBCL
(𝑛 = 159) Prospective Stage I–IV PET/CT I-PET OS &

PFS Significant 89.47%

Trotman et al. [10] 2011 FL
(𝑛 = 122) Prospective Stage

III-IV PET/CT F-PET OS &
PFS Significant 71.05%

Safar et al. [11] 2012 DLBCL
(𝑛 = 112) Retrospective Stage

III-IV PET I-PET OS &
PFS Significant 71.05%

Pregno et al. [12] 2012 DLBCL
(𝑛 = 88) Retrospective Stage I–IV PET/CT I-PET,

F-PET PFS Undetermined 78.95%

Le Dortz et al. [13] 2010 FL (𝑛 = 45) Retrospective Stage I–IV PET/CT F-PET PFS Significant 71.05%

Han et al. [14] 2009

DLBCL
(𝑛 = 38)
MCL

(𝑛 = 13)

Retrospective Stage I–IV PET I-PET,
F-PET

OS &
PFS Undetermined 63.16%

Cox et al. [15] 2012

DLBCL
(𝑛 = 73)
PMLBCL
(𝑛 = 12)

Prospective Stage I–IV PET I-PET OS &
PFS Undetermined 76.68%

Cashen et al. [16] 2011 DLBCL
(𝑛 = 50) Prospective Stage

III-IV PET/CT I-PET,
F-PET

OS &
PFS Significant 71.05%

Mato et al. [17] 2012 MCL
(𝑛 = 148) Retrospective N/A PET/CT I-PET,

F-PET
OS &
PFS

F-PET:
significant
I-PET:

undetermined

50.00%

Lanic et al. [18] 2012 DLBCL
(𝑛 = 57) Retrospective N/A PET I-PET OS &

PFS Significant 71.05%

Dupuis et al. [19] 2012 FL
(𝑛 = 111) Prospective Grade 1 to

3A PET I-PET,
F-PET

OS &
PFS

Significant (OS
of I-PET:

undetermined)
84.21%

these studies achieved definite statistical significance, while
other four showed undetermined results [8, 12, 14, 15]. Ten
studies included a single histotype of NHL [8–13, 16–19] and
three studies [7, 14, 15] included amixed subtype ofNHLwith
a majority of DLBCL. In order to ensure enough included
articles, the latter three were categorized into DLBCL sub-
groups for pooling data instead of being excluded. Meta-
analysis was performed based on each lymphoma subtype, for
the clinical interpretation of FDG-PET is usually on the basis
of patient diagnosis. As I-PET is not routinely performed in
non-DLBCL patients [26], and few existing researches about
I-PET showed a positive predictive value in non-DLBCL
patients [17, 19], only I-PET and F-PET in patients with
DLBCL and F-PET in non-DLBCL were evaluated separately
(Table 1).

In a majority of DLBCL patients, nine studies dealt with
the prognostic value of I-PET which was performed after

2–4 cycles of R-chemotherapy [7–9, 11, 12, 14–16, 18], in
which 9 studies presented an extractable HR value for PFS
(progression-free survival) and 8 studies for OS (overall
survival) (Table 1). Four studies dealt with the prognostic
value of F-PET which was performed after the 6–8 cycles of
R-chemotherapy [12, 14–16], in which 4 studies presented an
extractable HR value for PFS and 3 studies for OS. In non-
DLBCL patients, four studies dealt with the prognostic value
of F-PET [10, 13, 17, 19], in which 4 studies presented an
extractable HR value for PFS and 3 studies for OS (Table 1).
On thewhole, approximately 34HRswere extracted, of which
8HR values and their confidence intervals were directly from
the articles, whereas the other 26HRswere extracted from the
K-M curves. Six meta-analyses were performed for both OS
andPFS of I-PET andF-PET inNHLpatients afterwards.One
study by Le Dortz et al. [13] concerning the response monitor
of follicular lymphoma combined I-PET and F-PET together
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Potentially relevant studies identified

and screened for retrieval from PubMed

Studies excluded:

- Reviews, case reports, letters to editor, book 

Potentially appropriate studies to be
included in the meta-analysis

Studies excluded from meta-analysis:

- Rituximab regimen was not used for every 

- Use high SUV cutoff value or MTV as 

- Treatment was risk-adapted to the result of 

- Not directly linked with the subject (n = 542)

chapters, etc. (n = 89)

and Scopus (n = 676)

PET imaging (n = 1)

- Not exactly related to the subject (n = 3)

prognostic factor (n = 4)

patient in the research (n = 18)

- HR was not extractable (n = 6)

(n = 45)

Studies included (n = 13)

Figure 1: The study selection process (HR: hazard ratios; SUV: standardized uptake value).

with a majority of final data, and it was categorized into the
final group.

3.2. Quality Assessment. Overall, the global quality score
ranged from 50 to 89%, with a median score of 72.3%
(Table 1). An attempt was made to contact the authors, if
necessary, to obtain missing details of the methodological
quality.

3.3. Meta-Analysis. Regarding the DLBCL with an I-PET, 9
studies for PFS and 8 studies for OS were included. In a
fixed effect model, the combined HRs of I-PET for PFS and
OS were 4.4 (95% CI: 3.34–5.81, 𝑃 = 0.11) (Figure 2) and
3.99 (95% CI: 2.63–6.06, 𝑃 = 0.46) (Figure 3), respectively.
Regarding the DLBCL with F-PET, there were 4 studies for
PFS and 3 studies for OS. The combined HRs of F-PET
for PFS and OS were 5.91 (95% CI: 3.15–11.09, 𝑃 = 0.39)
(Figure 4) and 6.75 (95% CI: 1.72–26.50, 𝑃 = 0.92) (Figure 5),
respectively. Regarding the non-DLBCLwith F-PET, 4 studies
for PFS and 3 studies for OS were included. The combined
HRs of F-PET for PFS and OS were 4.05 (95% CI: 2.68–6.1,
𝑃 = 0.79) (Figure 6) and 5.1 (95% CI: 2.54–10.23, 𝑃 = 0.51)

(see Figure S3 in supplementary material available online at
http://dx.doi.org/10.1155/2013/275805). All pooling data were
statistically homogeneous. Meaning that for both I-PET and
F-PET in DLBCL patients, a positive PET scan indicated a
worse survival prognosis and a higher risk of progression
than a negative PET scan, and in non-DLBCL patients, a
positive F-PET could be predictive of more recurrence and
worse survival.

3.4. Publication Bias for HR of I-PET in DLBCL Patients.
The evaluation of publication bias showed that Egger’s test
results for PFS and OS were both insignificant (𝑃 = 0.119,
𝑃 = 0.485). The funnel plots for publication bias of I-PET for
PFS and OS (Figures S1 and S2) show little asymmetry. These
results indicated no publication bias for the HR pooling of
I-PET in DLBCL patients for either PFS or OS.

4. Discussion

As one of the ten leading cancer types in both men
and women, non-Hodgkin’s Lymphoma caused 70,130 esti-
mated new cancer cases and 18,940 estimated deaths in
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Hazard ratioHazard ratioStudy or subgroup log(hazard ratio) SE Weight
IV, fixed, 95% CI IV, fixed, 95% CI

Cashen et al. 2011 1.4677

1001010.10.01

0.486929 8.4%
Cox et al. 2012 0.7419 0.561427 6.3%

2.1%
2.9%

8.4%

11.6%
23.4%

27%

9.8%

Han et al. 2009 0.9226 0.967988
Lanic et al. 2012 1.548345 0.830548
Pregno et al. 2012 0.8961 0.451549
Safar et al. 2012 1.569 0.48734
Yang et al. 2011 1.9463 0.272213
Yoo et al. 2011 0.5743 0.414608
Zinzani et al. 2011 1.8601 0.292575

Total (95% CI) 100% 4.4 [3.34, 5.81]

Heterogeneity: = 8 (P = 0.11); I2 = 39%

Test for overall effect: Z = 10.48 (P < 0.00001) Favours (experimental) Favours (control)

6.42 [3.62, 11.4]
1.78 [0.79, 4]
7 [4.11, 11.94]
4.8 [1.85, 12.48]
2.45 [1.01, 5.94]
4.7 [0.92, 23.96]
2.52 [0.38, 16.77]
2.1 [0.7, 6.31]

4.34 [1.67, 11.27]

𝜒
2
= 13.7, df

Figure 2: Forest plot of nine included studies in DLBCL (I-PET PFS). Pooled effect (HR) and heterogeneity test of an I-PET-positive scan on
PFS in DLBCL patients (PET: positron emission tomography; PFS: progression-free survival; HR: hazard ratio; DLBCL: diffuse large B-cell
lymphoma).

Hazard ratioStudy or subgroup log(hazard ratio) SE Weight
IV, fixed, 95% CI

Hazard ratio
IV, fixed, 95% CI

Cashen et al. 2011 1.145

1001010.10.01

1.166833 3.3%
Cox et al. 2012 1.3541 0.705833 9.1%

2.4%
5.1%

46.2%

0%
17.8%

16.1%

Han et al. 2009 0.8787 1.372443
Lanic et al. 2012 1.719682 0.938835

0.941 0.530094Safar et al. 2012
1.8898 0.31257Yang et al. 2011
0.5023 0.504282Yoo et al. 2011
6.9056 79.732394Zinzani et al. 2011

Total (95% CI) 100% 3.99 [2.63, 6.06]

Favours (experimental) Favours (control)

Heterogeneity , df = 7 (P = 0.46); I2 = 0%

Test for overall effect: Z = 6.51 (P < 0.00001)

3.14 [0.32, 30.94]

2.41 [0.16, 35.47]
5.58 [0.89, 35.15]
2.56 [0.91, 7.24]
6.62 [3.59, 12.21]
1.65 [0.62, 4.44]

997.85 [0, 7.369E70]

3.87 [0.97, 15.45]

: 𝜒2 = 6.69

Figure 3: Forest plot of eight included studies in DLBCL (I-PET, OS). Pooled effect (HR) and heterogeneity test of an I-PET-positive scan on
OS in DLBCL patients (PET: positron emission tomography; OS: overall survival; HR: hazard ratio; DLBCL: diffuse large B-cell lymphoma).

Hazard ratioStudy or subgroup log(hazard ratio) SE Weight
IV, fixed, 95% CI

Hazard ratio
IV, fixed, 95% CI

Cashen et al. 2011 1.7441

1001010.10.01

0.829216 70.8%
Cox et al. 2012 2.3004

6.9731
1.292169 29.1%

0.1%Han et al. 2009 26.339596

Total (95% CI) 100% 6.75 [1.72, 26.5]

Favours (experimental) Favours (control)
Heterogeneity , df = 2 (P = 0.92); I2 = 0%

Test for overall effect: Z = 2.74 (P = 0.006)

5.72 [1.13, 29.06]
9.98 [0.79, 125.59]

1067.53 [0, 2.810E25]

: 𝜒2 = 0.17

Figure 4: Forest plot of three included studies in DLBCL (F-PET, PFS). Pooled effect (HR) and heterogeneity test of an F-PET-positive scan
on PFS inDLBCL patients (PET: positron emission tomography; PFS: progression-free survival; HR: hazard ratio; DLBCL: diffuse large B-cell
lymphoma).

the USA during the year of 2012 [27]. The combina-
tion of the anti-CD20 monoclonal antibody rituximab (R)
with the standard doses of chemotherapy has dramati-
cally improved the clinical outcomes of NHL patients.

Nevertheless, significant proportions of patients show dis-
ease progression or relapse after a good initial response
[28, 29]. These patients may require alternative approaches,
such as early intensive chemotherapy followed by ASCT
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5.97 [2.19, 16.28]

𝜒
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Figure 5: Forest plot of four included studies in DLBCL (F-PET, OS). Pooled effect (HR) and heterogeneity test of an F-PET-positive scan on
OS in a majority of DLBCL patients (PET: positron emission tomography; OS: overall survival; HR: hazard ratio; DLBCL: diffuse large B-cell
lymphoma).
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18.3%
52.4%

0.489011
0.289056

Total (95% CI) 100% 4.05 [2.68, 6.1]

Favours (experimental) Favours (control)

Heterogeneity: , df = 3 (P = 0.79); I2 = 0%

Test for overall effect: Z = 6.68 (P < 0.00001)

Dupuis et al. 2012 5.16 [1.04, 25.6]
Le Dortz et al. 2010 4.94 [2.08, 11.69]
Mato et al. 2012 5.2 [1.99, 13.56]
Trotman et al. 2011 3.3 [1.87, 5.82]

: 𝜒2 = 1.05

Figure 6: Forest plot of four included studies in non-DLBCL (F-PET, PFS). Pooled effect (HR) and heterogeneity test of F-PET-positive scan
on PFS in non-DLBCL patients (PET: positron emission tomography; PFS: progression-free survival; HR: hazard ratio; DLBCL: diffuse large
B-cell lymphoma).

or participation in clinical trials of new molecular targeted
agents. It is essential to identify these patients as early as
possible, so that they can be switched to other treatments for
a longer survival.

Consequently, finding reliable prognostic indicators
would be very helpful in the management of NHL patients.
The most commonly used factors are histopathological sub-
types and the International Prognostic Index (IPI). The
previousy used IPI for aggressive lymphoma was developed
specifically to stratify NHL patients for overall survival, but
it may not be reliable for patients with different outcomes
from the same IPI group [7, 30]. Other than that, it was
suggested that I-PET or F-PET, immunephenotypes, and
gene expressions could also be additional predictive factors
[19, 31–33].

Based on the statistical analysis of a total of 1160NHL
patients, with a predominance of male DLBCL patients, our
study confirms the independent prognostic value of FDG-
PET in NHL patients treated with first-line R-chemotherapy.
I-PET andF-PET inDLBCL andF-PET in non-DLBCL are all
independent prognostic factors for survival and recurrence
without statistical heterogeneity.

NHL consists of approximately 80% of B-cell lymphoma
cases, and the remaining 20% are of T-cell and natural killer
(NK) cell origin [5]. Most CD20+ B-cell lymphomas are
suggested for R-chemotherapy if clinically available. Though

FDG-PET has an excellent accuracy in baseline detection in
cases of diffuse large B-cell lymphoma, follicular lymphoma,
and mantle cell lymphoma [34], the FDG uptake of B-
cell lymphoma varies according to diverse histotypes and
aggressiveness and so does the predictive value of 18F-FDG
PET. The baseline FDG uptake of DLBCL is much higher
which makes the visual and semiquantitative interpretation
of the SUV percentage change more sensitive. While the
mean uptakes of FL and MCL are relatively lower [35], the
lymphoma subtypes could be a major potential source of
heterogeneity to the predictive value of FDG-PET suggested
in the previous meta-analysis.

Therefore, in patients with DLBCL, I-PET and F-PET
should be performed for the prognosis evaluation and risk
stratification. That would be more valuable for the manage-
ment of DLBCL patients. As for patients with other subtypes
of NHL such as FL and MCL, it would be necessary to
perform final FDG-PET.

There are several limitations of our meta-analysis. First,
only published articles were included, and the articles were
restricted to the articles published in English. Second, studies
with statistically significant results were more often pub-
lished, whereas those with no statistically significant results
were not. Third, even though they were published, more
often than not, they were not assessable because of the more
concise reports of results. These reasons may have led to
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the publication bias found in the present paper. Fourth,
most of the HRs were extrapolated from the survival curves.
Although three readers independently read the survival
rates on the graphical representation of the survival curves,
the strategy could not ensure a complete accuracy in the
extracted survival rates. Fifth, studies included were retro-
spective and we suggest that larger prospective, high-quality,
and multicenter studies should be conducted according to
different histological subtypes of NHL especially in NHL
subtypes other than DLBCL. In conclusion, further studies of
cost-effectiveness analysis should be conducted with regard
to the techniques predicting the survival of B-cell NHL.
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Despite recent advances in therapeutic and diagnostic approaches, coronary artery disease (CAD) and its related car-
diac disorders represent the most common cause of death in the United States. Nuclear myocardial perfusion imaging
(MPI) technologies play a pivotal role in the diagnosis and treatment design for CAD. Recently, in order to develop
improved MPI agents for diagnosis of CAD, 99mTc-[bis(dimethoxypropylphosphinoethyl)-ethoxyethyl-amine(PNP5)]-[bis(N-
ethoxyethyl)dithiocarbamato(DBODC)]nitride(N-DBODC5)(99mTc-N-DBODC5) with a faster liver clearance than conventional
single-photon emission computed tomography (SPECT) imaging agents (technetium 99m sestamibi (99mTc-MIBI) or technetium
99m tetrofosmin) has been introduced. In preclinical and phase I studies, 99mTc-N-DBODC5 has shown characteristics of an
essentially ideal MPI tracer. Importantly, however, there is no data to support the use of 99mTc-N-DBODC5 to evaluate myocardial
ischemia in patients with suspected CAD. The present study was designed to assess the clinical value of this agent; the findings of
stress and rest MPI after the administration of this agent were compared to those of stress and rest 99mTc-MIBI, as well as those
of coronary angiography, with respect to the detection of CAD. Our findings indicated the usefulness of 99mTc-N-DBODC5 as a
promising MPI agent.

1. Introduction

Coronary artery disease (CAD) remains the single greatest
cause of death in men and women in the USA, despite a
declining total death rate. Using 2005 data, over 445,000 (or 1
in every 5) deaths in the USAwere due to CAD, and it ranked
highest among all disease categories in hospital discharges
[1]. CAD also remains the third leading cause of death of
the Chinese population, creating a significant socioeconomic
burden [2]. Therefore, the reduction of the morbidity and
mortality due to CAD is of primary importance to physicians
and patients.

Nuclear cardiology, cardiovascular magnetic resonance,
cardiac computed tomography, position emission computed
tomography, and coronary angiography (CA) are imaging
modalities that have been used to measure myocardial
perfusion, left ventricular function, and coronary anatomy
for clinical management and research [3]. Based on current
guidelines, invasive CA is a suitable diagnostic procedure

for patients with a high pretest likelihood of significant
coronary artery disease either with or without troublesome
symptoms or clinical findings [4, 5]. In this population,
the reported diagnostic yield of invasive CA is 44–48%
[6–8]. However, in reality, invasive CA has an even lower
diagnostic yield of obstructive CAD of approximately 38%
[9]. Noninvasive testing could be of value to defer from
invasive diagnostic procedures. Stress myocardial perfusion
imaging (MPI) has emerged as an important noninvasive
mean of evaluating patients with suspected CAD, with over
8.5 million evaluations performed annually in the USA [10].

The most commonly used imaging modality for this
purpose is single-photon emission computed tomography
(SPECT) [11]. The advantages of nuclear MPI for the detec-
tion of CAD are as follows: first, it enables the simple,
safe, and noninvasive assessment of myocardial ischemia
and reduction of coronary flow reserve using exercise or
pharmacological stress. In addition, it provides left ven-
tricular functional information on coronary arteries, which
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is different from the morphological information provided
by CA [12]. Furthermore, CA is the standard technique
for assessing epicardial coronary anatomy, and MPI is the
standard technique for assessing myocardial perfusion and
is appropriate for the quantitative evaluation of myocardial
perfusion conditions [13].

Thallium-201 (201Tl), technetium 99m sestamibi (99mTc-
MIBI), and technetium99m tetrofosmin (99mTc-tetrofosmin)
are three traditional, routinely used, MPI tracers and are
clinical-validated tracers for evaluation of SPECT MPI [14–
16]. Because 201Tl is a cyclotron-produced isotope, it is
expensive, and it is not easily available for routine clinical
use inmany developing countries.Therefore, from a practical
standpoint, 99mTc-MIBI or 99mTc-tetrofosmin is the preferred
agent for a gated SPECT study. However, tracer activity
below the diaphragm is commonly seen with 99mTc-MIBI
and 99mTc-tetrofosmin, and this can reduce accuracy in some
studies [17, 18].

Recently, 99mTc-N-DBODC5 with a faster liver clearance
than conventional SPECT imaging agents has been intro-
duced. It is a new lipophilic, monocationic 99mTc-labeled
compound that is currently under clinical investigation as
a MPI agent [19–24]. Basic research and phase I studies
have shown the safety, excellent biodistribution, and high
image quality of this radiopharmaceutical [22, 25, 26]. Like
99mTc-MIBI and 99mTc-tetrofosmin, 99mTc-N-DBODC5, also
a monocationic lipophilic complex, is possibly localized in
the mitochondrial fraction. Marmion et al. [27] and Bolzati
et al. [28] reported that the lipophilic characteristics and
electronic charge of the tracer were thought to be important.
Importantly, however, the clinical value of diagnosis of CAD
has not been fully explored.

In order to evaluate the clinical value of this agent, the
findings of stress and restMPI after the administration of this
agent were compared to those of stress and rest 99mTc-MIBI
MPI, as well as those of CA, with respect to the detection of
CAD.

2. Methods

2.1. Patient Population. Of 120 patients admitted to the
hospital because of chest pain fromMarch 2010 to December
2011, 46 (31 males; mean age, 60.08±8.58 years (Table 1)) who
underwent stress-rest 99mTc-N-DBODC5 SPECT, 99mTc-
MIBI SPECT, and coronary arteriography were included in
this study. If the creatine kinase concentration was more
than twice the upper normal limit or there was positive
troponin T, or if there was evidence of previous myocardial
infarction, coronary angioplasty, or a coronary artery bypass
graft surgery, the patients were excluded.

2.2. Preparation of 99𝑚Tc-N-DBODC5. 99mTc-N-DBODC5
was prepared using a lyophilized kit formulation purchased
from Beijing Shihong Pharmaceutical Center. The saline
solution of sodium pertechnetate (1.0mL, 1110MBq) was
added to an SDH vial (Vail A: 5.0mg of succinate dehydro-
genase, 5.0mg of 1,2-diaminopropane-N,N,N󸀠,N󸀠-tetraacetic
acid, and 0.05mg of SnCl

2
⋅2H
2
O). Then, the solution was

Table 1: Study group.

Parameter Value
𝑛 46
M/F 31/15
Age (yr) 60.08 ± 8.58 (39–74)
Hypertension 31
Hyperlipidemia 19
Diabetes mellitus 14
Smoking 26
Trigger of chest pain

Effort 22
Rest 13
Not specific 11

ECG abnormality 11
ST-T elevation 3
ST-T depression 8
≥50% of luminal narrowing 29
One-vessel disease 14
Two-vessel disease 11
Three-vessel disease 4
Data are presented as mean ± SD or number (%) as appropriate.

kept at room temperature for 15min to form a [99mTcN]2+
intermediate. The other two lyophilized vials (Vail B: 2.0mg
of PNP5, Vail C: 2.0mg of DBODC) were dissolved with
1.0mL of saline solution, respectively. And then the saline
solutions ofVails B andCwere added to the vial of [99mTcN]2+
intermediate (Vail A). The resulting solution was heated at
100∘C for 15min. Before injection, the solution was filtrated
through a 0.22-𝜇mmembrane.The 99mTc-MIBI was obtained
using a lyophilized kit formulation (Beijing Shihong Phar-
maceutical Center) in the First Affiliated Hospital of Shanxi
Medical University.

Radiochemical purity (RCP) was determined by thin-
layer chromatography (TLC). TLC was conducted on
polyamide film as the station phase and saline/acetone (v / v
= 6 : 1) as the mobile phase. Retention factor (Rf) for 99mTc-
N-DBODC5 is 0.3–0.6. The RCP was more than 95% in each
experimental study, and the purity was still greater than 95%
at least 6 h.

2.3. Exercise Protocol. Figure 1 shows that a two-day proto-
col was used for both 99mTc-MIBI and 99mTc-N-DBODC5
MPI. Image acquisition procedures conformed to the ASNC
imaging guidelines [29, 30], and the aged-adjusted max-
imal heart rate was the endpoint on an ergometer, but
other endpoints included physical exhaustion, uncommon
arrhythmia, severe angina, or significant hypotension. At the
endpoint of the symptom-limited bicycle ergometer exer-
cise, 740MBq of 99mTc-N-DBODC5 (mean injected activity,
740.8 ± 11.1MBq) was injected; exercise was continued for
a further 2min.

Each patient underwent an exercise 99mTc-MIBI study
within 7 days of the 99mTc-N-DBODC5 study. For the 99mTc-
MIBI (741.5 ± 12.3MBq) SPECT study, the exercise protocol
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Imaging protocols: 2-day exercise stress/rest

Stress (day 1)

Inject 20–25 mCi 1-2 mins
prior to peak

Exercise Gated imaging

0 30
(mins)

Rest (day 2)
Inject

20–25 mCi
Gated imaging

0 60
(mins)

Figure 1: 99mTc-N-DBODC5 and 99mTc-MIBI imaging protocols:
two-day exercise stress/rest.

of patients was identical to that for the 99mTc-N-DBODC5
study. 99mTc-N-DBODC5 and 99mTc-MIBI were used as
myocardial perfusion agents in a random sequence.

2.4. Gated SPECT Acquisition and Image Reconstruction. Pa-
tients were imaged in the supine position with their arms
raised. SPECT images were acquired with a fixed 90∘ two-
headed gamma camera (Infinia VC Hawkeye, General Elec-
tric, USA), using a low-energy, high-resolution, parallel-hole
collimator, from the 45∘ right anterior oblique to the 45∘ left
posterior position. Acquisition parameters were as follows:
detectors at 90∘, 180∘ rotation at 3∘ steps with automatic
body contouring, 35 s acquisition per step, 64 × 64 matrix,
zoom ×1.28, and energy window 140 keV ± 10%. The total
acquisition time was approximately 20min. The same filters
were used for both tracers. The raw projection datasets
were filtered with a Butterworth filter (cut off frequency
0.50 cycles/pixel and power 6.0 for rest images, cut off
frequency 0.50 cycles/pixel and power 5.0 for stress images).
No scatter or attenuation correction was performed.

2.5. Heart-to-Organ Analysis. 99mTc-N-DBODC5 and 99mTc-
MIBI heart-to-organ count ratios were calculated from the
anterior projection of each tomographic acquisition. Regions
of interests (ROIs) were drawn around the entire left ventric-
ular myocardium, over the hepatic margin adjacent to the
inferoapical wall of the left ventricle, excluding the biliary
tree, and over the inferior left ventricular wall adjacent large
intestine activity.Themean counts per pixel in the three ROIs
were normalized to the injected tracer activity after decay
correction and to a standard acquisition time of 1min. Heart-
to-liver and heart-to-intestine ratios were then computed
[31].

2.6. Image Quality Assessing. For MPI analyses, at first,
two experienced observers judged which image sets from
99mTc-MIBI and 99mTc-N-DBODC5 were superior in image
quality on the basis of patient motion, statistical noise, tracer
activity below the diaphragm, heart-to-organ count ratio, and
sharpness, without knowledge of the radiopharmaceutical or
patient identity [32].

2.7. MPI Image Interpretation. Both overall qualitative diag-
nosis and semiquantitative 17 segment with 5-point [33] (0
= normal, 4 = absent tracer uptake) scorings were employed
in the independent, blinded read by two expert readers
who were experienced in SPECT MPI interpretation. In this
model, the left anterior descending artery (LAD) distribution
territory comprises seven segments (segments 1-2, 7-8, 13-
14, and 17), the left circumflex artery (LCX) comprises five
segments (segments 3-4, 9-10, and 15), and the right coronary
artery (RCA) comprises five segments (segments 5-6, 11-12,
and 16). SPECT stress/rest studies were classified for each
myocardial region in the following manner: normal if all the
segments were normal after stress; ischemic if at least one
segments improved at rest; and scar if no segments improved
at rest. In addition, the summed stress (SSS), summed rest
(SRS), and summed difference scores (SDSs) were calculated,
and ischemia was defined as SDS ≥ 2 [34]. The 99mTc-MIBI
and 99mTc-N-DBODC5 images were separately interpreted
without knowing the clinical histories, results of coronary
angiography, or other radionuclide findings.

2.8. Coronary Angiography Interpretation. All coronary angi-
ograms were interpreted with quantitative CA in a coronary
angiography core laboratory blinded to the clinical or imag-
ing results. A coronary stenosis was considered present when
there was a stenosis ≥ 50% in diameter in any epicardial
coronary artery. The presence of one or more coronary
stenoses defined the presence of significant CAD.

2.9. Statistical Analysis. All statistical analyses were per-
formed using the statistical package SPSS 16.0 (Chicago, IL,
USA). The results were expressed as the mean value ± SD.
The difference in left ventricular function parameters and
perfusion scores were compared using a paired Student’s
t-test. Comparison of the proportion was made with the
McNemar test. CA results were used as the “gold standard.”
Agreements between CA and SPECT results were defined as
the kappa (𝜅) value. 𝑃 < 0.05 was considered significant.

3. Results

3.1. Coronary Angiography. Of the 46 patients studied, 29
had ≥50% luminal diameter stenosis in at least one major
coronary vessel. Fourteen had single-vessel disease, 11 had
two-vessel disease, and four had three-vessel disease; 15
patients showed significant stenosis in the RCA, 19 in the
LAD, and 14 in the LCX. The remaining 17 patients had
normal or nonsignificantly stenosed coronary arteries.
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(a) (b)

(c) (d)

Figure 2: Comparison of liver clearance of the two tracers in anterior tomographic planar images of a patient (as shown in the black arrow;
H, heart; Lv, liver). (a) Exercise stress 99mTc-N-DBODC5, (b) Exercise stress 99mTc-MIBI, (c) rest 99mTc-N-DBODC5 and (d) rest 99mTc-MIBI.
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Figure 3: Heart-to-liver ratio and heart-to-intestine ratiomeasured with an anterior projection images at stress for 30min and rest for 60min
for 99mTc-N-DBODC5 and 99mTc-MIBI in 46 patients.

3.2. Heart-to-Organ Count Ratio. Qualitative analyses of
images acquired of 99mTc-N-DBODC5 both at rest and
during stress revealed no significant overlap between tracer
accumulation in the inferior wall of the ventricle and in the
subdiaphragmatic region (Figure 2).

Figure 3 depicts the heart-to-liver count ratios (a) and
heart-to-intestine count ratios (b) of 99mTc-N-DBODC5 and

99mTc-MIBI in 46 patients.Themyocardium-to-liver ratios of
99mTc-N-DBODC5 and 99mTc-MIBI studies were 0.97 ± 0.07
and 0.51 ± 0.02, respectively, at stress. The myocardium-to-
liver ratios of 99mTc-N-DBODC5 and 99mTc-MIBI MPI were
0.78 ± 0.04 and 0.62 ± 0.01, respectively, at rest. On the
other hand, the mean heart-to-intestine ratios of 99mTc-N-
DBODC5 were 2.12 ± 0.01 and 1.36 ± 0.02 for stress and
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Figure 4: Abnormal MPI in the vertical long-axis slices of a representative patient. Both 99mTc-N-DBODC5 (a) and 99mTc-MIBI (b) images
demonstrate an inferoposterior defect (white arrows). The defect is well visualized on two tracer images corresponding to the CA result.
This coronary angiography (c) detected a stenosis of 90% in the RCA. The concordance for diagnosis of myocardial ischemia was seen on
99mTc-N-DBODC5 and 99mTc-MIBI studies.

rest images, respectively.The average heart-to-intestine ratios
of 99mTc-MIBI were 1.62 ± 0.01 and 0.91 ± 0.00 for stress
and rest images, respectively. 99mTc-N-DBODC5 studies had
a significantly higher heart-to-organ count ratio compared
with 99mTc-MIBI studies (𝑃 < 0.05).

3.3. Image Quality. In the stress perfusion imaging, 99mTc-N-
DBODC5MPI was superior in quality to 99mTc-MIBIMPI in
37 of the 46 patients studied. In the remaining nine patients,
the MPI was judged to be of equal quality. In the resting
perfusion imaging, 99mTc-N-DBODC5 images were superior
in all the patients studied. In general, the 99mTc-N-DBODC5
MPI had more counts with less statistical noise, less tracer
activity below the diaphragm, and desirable heart-to-organ
count ratio compared with 99mTc-MIBI MPI.

3.4. Gated SPECT Findings. Table 2 shows the results of
scan segments between the 99mTc-N-DBODC5 and 99mTc-
MIBI MPI. Of the 782 segments that could be interpreted
by both techniques, 302 were concordantly normal, 119 were
concordantly reversible, and 136 were concordantly nonre-
versible. 99mTc-N-DBODC5SPECTdetectedmore reversible,
defects than did 99mTc-MIBI SPECT (240 versus 140, 𝑃 <
0.05, McNemar test). 99mTc-MIBI SPECT identified more

nonreversible defects than did 99mTc-N-DBODC5 SPECT
(312 versus 152, 𝑃 < 0.001, McNemar test). Seventy-one
segments interpreted as normal on 99mTc-N-DBODC5 cor-
responded to nonreversible defects on 99mTc-MIBI SPECT
images. In contrast, 12 normal 99mTc-MIBI segments cor-
responded to nonreversible defects on 99mTc-N-DBODC5
images. When the patterns of uptake (normal, reversible
defect, and nonreversible defect) of 99mTc-N-DBODC5 and
99mTc-MIBI were compared, there was concordance in 71%
(557/782) of segments.

Table 3 shows the results of left ventricular function
parameters in the two techniques used. In this study, the
end-diastolic volume (EDV), end-systolic volume (ESV), left
ventricular ejection fraction (LVEF), and transient ventric-
ular dysfunction (TID) were assessed by MPI using two
tracers. No statistically significant differences in MPI param-
eters were observed between the 99mTc-MIBI and 99mTc-
N-DBODC5 studies. However, the scores of myocardial
perfusion defects for the detection of CAD were higher with
99mTc-MIBI than with 99mTc-N-DBODC5 (𝑃 = 0.012, for
SSS; 𝑃 = 0.020, for SDS, resp.).

3.5. Detection of CAD. Table 4 shows the sensitivity and
specificity of two tracers in diagnosing CAD. Based on CA,
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Table 2: The comparison of myocardial perfusion in a total of 782 segments with 99mTc-N-DBODC5 and 99mTc-MIBI SPECT exercise
imaging.

99mTc-N-DBODC5
99mTc-MIBI Total

Normal Reversible defect Nonreversible defect∗

Normal 302 (39%) 17 (2%) 71 (9%) 390
Reversible defect∗ 16 (2%) 119 (15%) 105 (13%) 240
Nonreversible defect 12 (2%) 4 (1%) 136 (17%) 152
Total 330 140 312 782
Data are presented as number; ∗𝑃 < 0.001, 99mTc-MIBI versus 99mTc-N-DBODC5 for nonreversible defect segments; ∗𝑃 < 0.05, 99mTc-N-DBODC5 versus
99mTc-MIBI for reversible defect segments; McNemar test was used.

Table 3: MPI findings of two tracers on left ventricular function
parameters and ischemia scores in 46 patients.

Parameter 99mTc-MIBI 99mTc-N-DBODC5
LVEF (%)

Exercise 54.2 ± 11.3 56.7 ± 9.2
Rest 63.1 ± 8.5 64.8 ± 7.9

EDV (mL)
Exercise 81.5 ± 18.6 83.2 ± 16.3
Rest 97.3 ± 16.4 99.1 ± 13.7

ESV (mL)
Exercise 43.2 ± 9.7 41.4 ± 12.3
Rest 59.4 ± 13.6 60.2 ± 9.8

SSS 12.1 ± 1.4󳀅 9.6 ± 1.6
SRS 7.2 ± 0.8 7.9 ± 0.9
SDS 4.2 ± 0.5󳀅 3.6 ± 0.4
TID 0.96 ± 0.06 0.94 ± 0.02
Data are presented asmean± SD or number (%) as appropriate;󳀅statistically
significant 99mTc-MIBI versus 99mTc-N-DBODC5 (𝑃 < 0.05); paired
Student’s 𝑡-test was used; LVEF: left ventricular ejection fraction; EDV:
end-diastolic volume; ESV: end-systolic volume; SSS: summed stress scores;
SRS: summed rest scores; SDS: summed difference scores; TID: transient
ventricular dysfunction.

overall figures for sensitivity and specificity in identification
of CAD were 86% (25/29) and 65% (11/17) for 99mTc-
MIBI imaging. On the other hand, the overall sensitivity
and specificity for the detection of CAD were 86% (25/29)
and 88% (15/17) for 99mTc-N-DBODC5 SPECT studies. The
concordance of ischemia diagnosis sensitivity of a represen-
tative patient for the two tracers is shown in Figure 4. The
accuracy was 0.78 for 99mTc-MIBI and 0.87 for 99mTc-N-
DBODC5. Angiography agreement was very good for 99mTc-
N-DBODC5 (𝜅 = 0.73) and moderate for 99mTc-MIBI (𝜅 =
0.52). Specificity and accuracy were not significantly different
but better for the 99mTc-N-DBODC5 group when compared
to 99mTc-MIBI SPECT (specificity, 88-65%; accuracy, 87-
78%).

3.6. Detection of Disease in Individual Coronary Vessels.
Table 4 also shows the sensitivity and specificity of the two
tracers in detecting individual-stenosed vessels. Of a total of
138 arteries in 46 patients, 48 arteries had significant stenoses,
and 90 had insignificant lesions or were normal. Overall

figures for sensitivity and specificity in identifying individual-
stenosed vessels were 67% (32/48) and 86% (77/90) for 99mTc-
MIBI imaging; overall sensitivity and specificity to diagnose
individual significantly stenosed vessels were 69% (33/48)
and 92% (83/90) for 99mTc-N-DBODC5 SPECT studies.

On the other hand, sensitivity and specificity for RCA
stenosis vessel lesion detection using 99mTc-MIBI MPI were
87% and 68% compared to 87% and 87% for 99mTc-N-
DBODC5 MPI, LAD stenosis (53% sensitivity and 96%
specificity for 99mTc-MIBI, 63% sensitivity and 96% speci-
ficity for 99mTc-N-DBODC5, resp.), and left circumflex
(LCX) (64% sensitivity and 94% specificity for 99mTc-MIBI,
57% sensitivity and 94% specificity for 99mTc-N-DBODC5,
resp.). Angiography agreement was very good for 99mTc-N-
DBODC5 (𝜅 = 0.63 for LAD; 𝜅 = 0.71 for RCA, resp.) and
moderate for 99mTc-MIBI (𝜅 = 0.52 for LAD; 𝜅 = 0.48 for
RCA, resp.). In contrast, the angiography agreement was very
good for 99mTc-MIBI (𝜅 = 0.62 for LCX) and moderate for
99mTc-N-DBODC5 (𝜅 = 0.55 for LCX) (Table 4). Overall, the
specificity of 99mTc-N-DBODC5 SPECT to detect individual
RCA stenosis was better (27/31, 87%) than that of 99mTc-MIBI
SPECT (21/31, 68%), despite having no statistical significance.

4. Discussion

These preliminary results demonstrate that stress-rest
myocardial perfusion SPECT with 99mTc-N-DBODC5 is
a sensitive method for detecting CAD and identifying
stenosed coronary arteries. For the detection of CAD,
more importantly, 99mTc-N-DBODC5 MPI reached good
agreement compared with CA (𝜅 = 0.73).

4.1. Advantages of 99𝑚Tc-N-DBODC5. 99mTc-N-DBODC5 is
a new lipophilic, monocationic, and nitride 99mTc-labeled
tracer that is rapidly cleared from the liver after intravenous
injection. It possesses good stability under physiological con-
ditions. Importantly, 99mTc-N-DBODC5 exhibits more rapid
liver washout than either 99mTc-MIBI or 99mTc-tetrofosmin.
For example, at 60min after injection in rats, the heart/liver
ratio of 99mTc-N-DBODC5 is approximately ten times higher
than that of 99mTc-MIBI or 99mTc-tetrofosmin. Preclinical
studies have shown that 99mTc-N-DBODC5 SPECT can
identify previous ischemia as areas of reduced tracer uptake
[25, 26]. Furthermore, the rapid liver clearance and high
uptake in the myocardium of 99mTc-N-DBODC5 will allow
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Table 4: Sensitivity, specificity, and diagnostic accuracy of scintigraphic perfusion studies and agreement with coronary angiography.

Overall LAD LCX RCA
MIBI DBODC MIBI DBODC MIBI DBODC MIBI DBODC

No. of disease 25 25 10 12 9 8 13 13
Sensitivity (%) 86 86 53 63 64 57 87 87
Specificity (%) 65 88 96 96 94 94 68 87
Accuracy (%) 78 87 78 83 85 83 74 87
󳵳Kappa (𝜅) 0.53 0.73 0.52 0.63 0.62 0.55 0.48 0.71
Data are presented as number (%); MIBI = 99mTc-MIBI, DBODC = 99mTc-N-DBODC5; LAD: left anterior descending coronary artery; LCX: left circumflex
coronary artery; RCA: right coronary artery. 󳵳CA was used as the “gold standard” for the calculation of the 𝜅, which is determine between SPECT MPI and
CA. If there is no agreement, 𝜅 = 0.20–0.39; moderate agreement, 𝜅 = 0.40–0.59; very good agreement, 𝜅 = 0.60–0.79; excellent agreement, 𝜅 = 0.80–1.00.

SPECT images of the left ventricle to be acquired early
and with excellent quality [22]. The ratios of heart-to-liver
were consistent with the previous report study [22]. These
characteristics are suitable, particularly for patients with
suspected acute coronary syndromes and without diagnostic
electrocardiogram, because early diagnosis is needed in such
patients for timely therapeutic decisionmaking. 99mTc-MIBI,
on the other hand, may require a wait time of up to 1 h for
imaging.

In the present study, the heart-to-organ count ratio of
99mTc-N-DBODC5 MPI was superior to that of 99mTc-MIBI
in 46 patients. Compared with 99mTc-MIBI MPI, 99mTc-N-
DBODC5 MPI had better image quality in most patients.
Furthermore, in this study, exercise stress myocardial images
were performed 30min after 99mTc-N-DBODC5 injection,
and excellent MPI with high contrast was possible.

4.2. Clinical Value of 99𝑚Tc-N-DBODC5 for the Detection of
CAD. This clinical trial assesses the diagnostic value of this
agent to detect CAD comparing it with stress 99mTc-MIBI
MPI and CA.

In this study, compared with 99mTc-MIBI MPI, 99mTc-N-
DBODC5MPI indicates the same sensitivity and better speci-
ficity and accuracy to detect coronary disease in patients,
although none of the differences were significant. On the
other hand, more importantly, angiography agreement was
very good for 99mTc-N-DBODC5 (𝜅 = 0.73) and moderate
for 99mTc-MIBI (𝜅 = 0.52); thus, compared with 99mTc-
MIBI MPI, it provides a high degree of concordance for the
evaluation of CAD, specifically in excluding perfusion abnor-
malities in patients with suspected CAD. Possible reasons for
this difference may be fast liver clearance, favorable heart-
to-organ ratio, and high image quality. 99mTc-N-DBODC5
with rapid liver clearancemay significantly reduce the photon
scatter from the liver into the inferoposterior walls. This
reduces the artifactual decreased myocardial perfusion and
improves the diagnostic accuracy for the detection of CAD
compared with other 99mTc-labeled perfusion agents [24].

Unsurprisingly, Braat et al. [35] and Germano et al. [36]
noted that technetium-labeled MPI agents with a fast liver
clearance can significantly reduce the photon scatter from
the liver into the inferior walls, but the radioactivity may be
transferred to the gastrointestinal area, and increased bowel

and gastric activity were seen as a problem associated with
high liver uptake in the visual and quantitative interpretation
of the inferoposterior myocardial walls. In this study, bowel
uptakewas frequently seen on the 99mTc-N-DBODC5 images,
but did not result in any nondiagnostic scans.

For the detection of coronary disease in patients, 99mTc-
MIBI produced abnormal results for MPI in four patients
who had no angiographically detected stenosis. Some of these
false-positive results may be due, in part, to the liver-to-
heart artifacts. In this study, we could classify fixed perfusion
defects as soft-tissue attenuation artifacts or infarcts by using
gated SPECT. Because an artifactual defect would show
normal contraction (wall motion or thickening) on a gated
image, artifacts can be differentiated from a true infarct [37].

For the detection of individual vessel stenosis, on the
other hand, angiography agreement was very good for 99mTc-
N-DBODC5 (𝜅=0.71 for RCA) andmoderate for 99mTc-MIBI
(𝜅 = 0.48 for RCA). For LAD and LCX arteries stenosis, the
diagnosis of myocardial ischemia on 99mTc-N-DBODC5 and
99mTc-MIBI study had the same specificity; and it was similar
to that of two tracer to diagnose sensitivity and accuracy of
myocardial ischemia. Abnormal results of myocardial images
in individual RCA vessel stenosis (six arteries-stenosed ves-
sels for RCA) were obtained in the 99mTc-MIBI studies,
while CA and 99mTc-N-DBODC5 studies showed normal
findings in the same individual RCA vessel territories. Some
of these false-positive results may be due to photon scatter
from the liver and intestine into the inferoposterior walls.
99mTc-MIBI concentration located below the left diaphragm
(i.e. liver and bowel) may cause an artifactual perfusion
defect in the adjacent myocardial, a phenomenon known
as the “liver-heart artifact” [36, 38]. Moreover, the inferior
and inferoposterior regions were dominated mainly by RCA
territories corresponding to the myocardial short axis and
vertical long axis; while arteries regions which LAD and LCX
dominated were less interfered from “liver-heart artifact.”
Finally, for clinical applications, 99mTc-N-DBODC5 offers
better determination of detects, particularly in the infero-
posterior wall on myocardial images. A typical example of a
false-positive perfusion defect in the inferior wall is shown in
Figure 5.

On a segment-to-segment basis, complete agreement
between the two imaging agents occurred in 71% of segments.
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Figure 5: Serial short-axis and vertical long-axis slices of stress-rest 99mTc-N-DBODC5 images (b) and stress-rest 99mTc-MIBI images (c) of
a representative patient with normal CA (a). Because of intense uptake of technetium 99mTc-MIBI in the liver, high liver background activity
can be observed. Furthermore, a false-positive myocardial perfusion defect was also seen in the inferoposterior wall segments supplied by
the RCA territory (white arrows). Importantly, however, at stress and rest, the inferoposterior wall segments of 99mTc-N-DBODC5 images
are clearly separated from the subdiaphragmatic activity.

However, more myocardial segments were nonreversible on
99mTc-MIBI images than on 99mTc-N-DBODC5 images. On
the contrary, 99mTc-N-DBODC5MPI had a higher reversible
defect than that of 99mTc-MIBI. A possible reason for this
difference may be due, in part, to the “liver-heart artifact.”
The presence of high liver activity adjacent to the inferior wall
results fromoversubtraction of activity from the inferior wall.
Therefore, the more “liver-heart artifact” in the inferoposte-
rior wall on myocardial images, the more false nonreversible
defects in the inferoposterior wall on myocardial perfusion
segmental analysis. In other words, the less reversible defects
in the inferoposterior wall were deduced on 99mTc-MIBIMPI
segmental analysis.

More importantly, however, the main advantage and
clinical value of 99mTc-N-DBODC5 can improve diagnostic
specificity and reduce the false-positive diagnosis of patients
and associated treatment fees.

5. Limitations

In this study, we did not attempt to assess the absolute diag-
nostic accuracy of 99mTc-N-DBODC5, because definitive

conclusions in this regard can only be drawn by study-
ing larger patient cohort. In addition, although 99mTc-N-
DBODC5 did not track flow as well as 201Tl, the magni-
tudes of the pharmacologic stress-induced perfusion defects
were comparable to those previously reported for 99mTc-
tetrofosmin. Thus, direct comparison between 99mTc-N-
DBODC5 and 99mTc-tetrofosmin should be further proved
in the same patient population. Overall, 99mTc-N-DBODC5
MPI will become an important diagnostic tool in the evalua-
tion of myocardial perfusion.

6. Conclusion

This preliminary clinical study showed that 99mTc-N-
DBODC5 and 99mTc-MIBI MPI provide comparable diag-
nostic information for patients undergoing exercise rest for
detection of CAD. In addition, 99mTc-N-DBODC5 does
not exhibit the disadvantages of 99mTc-MIBI in this study.
By contrast, because of its high heart-organ count ratio
in comparison to 99mTc-MIBI, it improves high degree of
diagnostic concordance in defining or excluding perfusion
abnormalities in patients with CAD.Therefore, it can become
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the agent of choice for the evaluation ofmyocardial perfusion
and ventricular function in patients with CAD.
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Hepatocellular carcinoma (HCC) is a highly aggressive and lethal cancer. It is typically asymptomatic at the early stage, with
only 10%–20% of HCC patients being diagnosed early enough for appropriate surgical treatment. The delayed diagnosis of
HCC is associated with limited treatment options and much lower survival rates. Therefore, the early and accurate detection
of HCC is crucial to improve its currently dismal prognosis. The epidermal growth factor receptor (EGFR) has been reported
to be involved in HCC tumorigenesis and to represent an attractive target for HCC imaging and therapy. In this study, an
affibody molecule, Ac-Cys-ZEGFR:1907, targeting the extracellular domain of EGFR, was used for the first time to assess its
potential to detect HCC xenografts. By evaluating radio- or fluorescent-labeled Ac-Cys-ZEGFR:1907 as a probe for positron emission
tomography (PET) or optical imaging of HCC, subcutaneous EGFR-positive HCC xenografts were found to be successfully
imaged by the PET probe. Thus, affibody-based PET imaging of EGFR provides a promising approach for detecting HCC in
vivo.

1. Introduction

Primary liver cancer, also known as hepatocellular carci-
noma (HCC), is the fifth most common neoplasm and the
third leading cause of cancer-related deaths worldwide [1–
3]. Symptoms of HCC at early stage are usually atypical,
and thus, HCC patients often present with symptoms at
an advanced stage. Only 10%–20% of HCC are diagnosed
early enough for appropriate surgical treatment [4–6]. The
poor prognosis of this disease is largely due to the lack of
effective and accurate early diagnosticmethods, causingmost
patients to be diagnosed at the late stages, which seriously
limits treatment options. Therefore, highly sensitive and
accurate molecular imaging techniques that allow early HCC
detection are urgently needed.

Currently, the most commonly used positron emission
tomography (PET) probe for tumor imaging is 18F-fluoro-
deoxy-glucose (18F-FDG).However, the use of 18F-FDG-PET
in the detection of HCC is rather limited, and it was reported
that 18F-FDG could even miss 30%–50% of HCC lesions
in the liver [7]. Another PET probe commonly used for
detection of HCC is 11C-labeled acetate, which was reported
to show higher sensitivity than 18F-FDG [8, 9]. It plays a
complementary role to 18F-FDG in both HCC cell lines and
human HCC detection, being able to detect HCC tumors
with low 18F-FDG uptake only. But similar as 18F-FDG,
11C-labeled acetate is a largely nonspecific probe for HCC
imaging, as it typically enters the tricarboxylic acid cycle
as a substrate for 𝛽-oxidation in fatty acid synthesis [10].
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Development of molecular probes suitable for imaging other
HCC associated biomarkers is thus considered as a promising
strategy whereas a largely unexplored field.

The contextual complexity of understanding HCC is
defined by the functional involvement of several signaling
cascades (epidermal growth factor, insulin-like growth factor,
RAS, WNT-𝛽 catenin, etc.) as well as multiple risk factors
(such as hepatitis B and C viral infection and alcohol abuse)
[1, 11, 12]. Among them, epidermal growth factor (EGF)
signaling is one of the most thoroughly evaluated signaling
cascades in human HCC development. EGF is demonstrated
to control proliferation, differentiation, and cell survival and
is overexpressed in a wide range of solid tumors including
HCC [13, 14]. The growth factor receptor (EGFR) is a
receptor tyrosine kinase that regulates a number of key
processes, including cell proliferation and differentiation,
tissue homeostasis, and tumorigenesis [15, 16]. Dysregulation
of EGFR expression is associated with several key features of
cancer, such as autonomous cell growth, apoptosis inhibition,
invasion, and metastasis [17, 18]. Overexpression of EGFR
has been frequently detected in a wide range of human
tumors, including non-small-cell lung cancer, gastric cancer,
breast cancer, as well as liver cancer [19]. In HCC, there
is increasing evidence demonstrating a correlation between
EGFR overexpression and tumor aggressiveness, metastasis
formation, therapy resistance, and poor prognosis of this
disease [15, 20–22]. Functional involvement of EGFR in
HCC development was best demonstrated by the observa-
tion that EGFR inhibitor, Gefitinib, can significantly reduce
HCC incidence in a genotoxic animal model of HCC [23].
Taken together, EGFR represents an attractive target for
small molecules or antibodies in applications such as tumor-
targeted imaging and therapy.

Several anti-EGFR affibody molecules (ZEGFR) with high
affinities (in nanomolar range) have been reported recently.
Among them, the affibody molecule, ZEGFR:1907, has been
shown to specifically bind EGFR with no cross-binding to

other growth factor receptors [24], as well as fast tumor
targeting and excellent tumor-to-normal tissue contrast on
EGFR-expressing xenografted epithelial cancer models [25–
29]. Affibody molecules are small (approximately 7 kDa),
engineered proteins with 58-amino acid residues and a
three-helix bundle scaffold structure [24, 30]. Its small
molecular weight, high stability, high binding specificity, and
affinitymake it an excellent probe for tumor-targeted imaging
in vivo [31, 32]. In this study, we hypothesized that EGFR
targeted affibody probes can be promising molecular probes
for HCC detection. Two types of affibody-based probes,
64Cu-DOTA-ZEGFR:1907 for PET, and Alexa680-ZEGFR:1907 for
near-infrared fluorescent (NIRF) imaging (Figure 1), were
evaluated and compared for molecular imaging of three type
of HCC xenograft models. It is expected that the EGFR
targeted NIRF probe can not only imageHCCs noninvasively
but also provides a tool for image-guided therapy, whereas
the PET probe can find more broad applications for clinical
cancer imaging.

2. Materials and Methods

2.1. Preparation of Affibody-Based Molecular Probes.
The affibody molecule Ac-Cys-ZEGFR:1907 (Ac-
CVDNKFNKEMWAAWEEIRNLPNLN GWQMTAFIA
SLVDDPSQSANLLAEAKKLNDAQAPK-NH

2
) was

synthesized and analyzed as previously described [25].
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
mono-N hydroxysuccinimidide ester (DOTA-NHS ester)
was obtained from Macrocyclics Inc. (Dallas, TX). Near-
infrared fluorescent dye Alexa Fluor 680 C2 maleimide was
purchased from Invitrogen Life Technologies (Carlsbad, CA).
The general procedure for the conjugation of maleimido-
mono-amide-DOTA andAlexa Fluor 680 C2maleimide with
Ac-Cys-ZEGFR:1907 was performed as previously reported
[25]. The purity and molecular mass of the resulting affibody
derivatives, DOTA-ZEGFR:1907 and Alexa680-ZEGFR:1907,
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were determined by analytical scale reverse phase high-
performance liquid chromatography (RP-HPLC) and
matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF-MS). 64CuCl

2
was

purchased from the Department of Medical Physics,
University of Wisconsin at Madison. 64Cu radiolabeling of
DOTA-ZEGFR:1907 was performed as reported previously [12].

2.2. Cell Culture and Animal Models. The human HCC cell
lines HepG2, PLC/PRF/5, and Hep3B were purchased from
American Type Culture Collection (ATCC) (Manassas, VA).
PLC/PRF/5 and Hep3B cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM), and HepG2 cells were
cultured in ATCC-formulated Eagle’s Minimum Essential
Medium (MEM), supplemented with 10% fetal bovine serum
(FBS), and 1% penicillin-streptomycin (Invitrogen Life Tech-
nologies, Carlsbad, CA). All cell lines were maintained in a
humidified atmosphere of 5% CO

2
at 37∘C.

All animal studies were carried out in compliance with
Federal and local institutional rules for the conduct of
animal experiments. The animal protocol was approved by
the Stanford University Administrative Panels on Laboratory
Animal Care. In brief, male athymic nude (nu/nu) mice were
obtained from Charles River Laboratories, Inc. (Cambridge,
MA) at 4 weeks of age. To generate animal tumor models,
approximately, 10 × 106 HepG2 cells were injected subcu-
taneously into the upper left shoulder. On separate mice,
approximately 5 × 106 of Hep3B or PLC/PRF/5 cells were
injected into the upper right shoulder. Tumors were allowed
to grow to a size of approximately 1.0 cm in largest diameter
(3-4 weeks after inoculation), and tumor-bearing mice were
subjected to in vivo imaging and biodistribution studies (𝑛 =
3 for each tumor models).

2.3. Quantitative Real-Time PCR. Total RNA was extracted
from human HCC cell lines using the RNeasy mini kit
(Qiagen, Valencia, CA). First-strand cDNA was generated
using Taqman Reverse Transcription Reagent with random
primers. Quantitative real-time PCR assays were performed
using Taqman EGFR gene expression assay and Universal
PCR Master Reagent in a Stratagene MX3000P Q-PCR
system (Stratagene, La Jolla, CA). The EGFR expression
level was assessed in terms of threshold cycle value using
Stratagene MxPro software and normalized to the internal
control, human 18S rRNA (Eukaryotic 18S rRNA endogenous
control). All the reagents were purchased from Applied
Biosystems (Foster City, CA).

2.4. Western Blotting. Whole proteins from either cell pellets
or tumor tissues were harvested using T-PER Tissue Protein
Extraction Reagent (Pierce Biotechnology, Rockford, IL).
Protein concentration was assessed by BCATM protein assay
kit (Pierce Biotechnology, Rockford, IL). Protein (20𝜇g) was
then resolved using NuPAGE 4%–12% Bis-Tris gels (Invit-
rogen Life Technologies, Carlsbad, CA). Immunoblotting
was carried out using EGFR polyclonal antibody (Ab2430,
Abcam, Cambridge, MA) at 1 : 5,000 dilution.

2.5. Fluorescence Microscopy. Hep3B, PLC/PRF/5, and
HepG2 cells were seeded onto cover slips approximately
24 h prior to the experiment. Staining using EGFR
polyclonal antibody was performed at 1 : 500 dilution and
AlexaFlour 660 goat anti-rabbit IgG (H + L) (Invitrogen Life
Technologies, Carlsbad, CA). For staining using Alexa680-
ZEGFR:1907, cover slips were washed with PBS and then
incubated with Alexa680-ZEGFR:1907 (100 nM) at 37∘C for
1 h in the dark. The EGFR-binding specificity of Alexa680-
ZEGFR:1907 in cells was verified by coincubation with or
without large excess of blocking dose of nonfluorescent-
labeled Ac-Cys-ZEGFR:1907 peptide (10 𝜇M). Stained slides
were imaged using the Talamasca 2P confocal microscope
(Zeiss LSM510, Thornwood, NY) on the same day using 40x
oil immersion lens.

For immunohistochemistry (IHC) on subcutaneous
xenograft tumors, tissue treatment and fixation were per-
formed by the Department of Surgical Pathology, Stanford
University. IHC staining of EGFR was performed using
polyclonal EGFR antibodies (Ab2430, Abcam, Cambridge,
MA) at 1 : 500 dilution and DAKO Envision Plus Kit (Dako,
Carpinteria, CA). For immunofluorescence on human tissue
microarrays, 100 nM of Alexa680-ZEGFR:1907 was incubated
with the slides for 1 h in the dark. Stained slides were imaged
using Talamasca 2P confocal microscope on the same day.

2.6. Optical Imaging and ImageAnalysis. In vivo optical imag-
ing was performed with an IVIS 200 small animal imaging
system (Caliper, Alameda, California). A filter set (excitation
615 to 655 nm; emission 695 to 770 nm) was used for
acquiring Alexa680-ZEGFR:1907 fluorescence in vivo. Identical
illumination settings were used to acquire all images, and
fluorescence emission was normalized to photons per second
per centimeter squared per steradian (p/sec/cm2/sr). Images
were analyzed using Living Image 3.0 software (Caliper,
Alameda, CA). A prescan image before injection was
acquired to eliminate autofluorescence. Mice (𝑛 = 3) were
injected with 500 pmol of Alexa680-ZEGFR:1907 via tail vein
and subjected to optical imaging at 0.5, 1, 2, 4, and 24 h post
injection (p.i.). For blocking experiments, mice (𝑛 = 3) were
injected with a mixture of 300𝜇g nonfluorescent Ac-Cys-
ZEGFR:1907 and 500 pmol of Alexa680-ZEGFR:1907. IVIS-200
NIR fluorescent images were acquired using a 1 s exposure
time. After the final scan at 24 h p.i., animals were euthanized
and imaged ex vivo. Tumor and other major tissues were
dissected out and fluorescence images acquired to obtain the
mean fluorescence flux (p/sec/cm2/sr) for each sample.

2.7. Small Animal PET, Biodistribution, and Image Analysis.
Small animal PET of tumor-bearing mice (𝑛 = 3 each group)
was performed using a microPET R4 rodent-model scanner
(Siemens Medical Solutions USA, Knoxville, TN). Imaging
studies were conducted at 1, 2, 4, and 24 h after tail vein injec-
tion of ∼3.7MBq (∼100 𝜇Ci) 64Cu-DOTA-ZEGFR:1907 with or
without coinjection of 300𝜇g of nonradioactive (blocking)
Ac-Cys-ZEGFR:1907. At different time points after injection,
the mice were anesthetized with 2% isoflurane and placed
in the prone position near the center of the field of view of
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Figure 2: Human hepatocellular carcinoma cell line characterization. (a) Assessment of EGFR expression inHCC cell lines, includingHep3B,
PLC/PRF/5, and HepG2 cells. Protein ladders are indicated in kDa. Bands for EGFR and 𝛽-actin are indicated by arrowheads. (b) EGFR
expression in HCC cell lines at mRNA level was assessed by quantitative real-time PCR. Relative quantification of EGFR RNA expression was
validated by 18S RNA. (c) Immunofluorescence staining of Hep3B, PLC/PRF/5, and HepG2 cells using FITC labeled anti-EGFR antibody.
Positive staining of EGFR was shown in red. Nuclei staining using DAPI is shown in blue. (d) Immunofluorescence staining of Hep3B,
PLC/PRF/5, and HepG2 cells using Alexa680-ZEGFR:1907. Staining using unlabeled Ac-Cys-ZEGFR:1907 as a blocking reagent was also shown.
Positive staining of EGFR was shown in red. Nuclei staining using DAPI is shown in blue.

the scanner. The 3-minute static scans were obtained, and
the images were reconstructed by a two-dimensional ordered
subsets expectation maximum (OSEM) algorithm. Quantifi-
cation analysis of the images was performed as previously
reported [33]. After the final scan, the animals were sacrificed
by cervical dislocation under deep anesthesia and dissected.
Tumors and organs of interest were excised, weighed, and
their radioactivity was measured using the CobraII auto-
gamma counter B5002 (Packard, Virginia Beach, VA). Results
were expressed as percent of injected dose per gram of tissue
(%ID/g).

2.8. Statistical Analysis. Quantitative data were expressed
as mean ± standard deviation (SD). Statistical analysis was
performed using one-way ANOVA and the Student’s two-
tailed t-test for unpaired data. 𝑃 values less than 0.05 were
considered statistically significant.

3. Results

3.1. Characterization of Human HCC Cell Lines. To assess the
endogenous EGFR expression in human HCC cell lines, we
first detected EGFR protein level by Western blotting in a
panel of three human HCC cell lines (Hep3B, PLC/PRF/5,
and HepG2). Among these cell lines, Hep3B cells have the

highest level of EGFR expression, PLC/PRF/5 cells havemod-
erate level of EGFR expression, whereas HepG2 cells have
undetectable EGFR expression (Figure 2(a)). The varying
levels of EGFR expression in these cell lines were confirmed
by quantitative real-time PCR (Figure 2(b)). Immunohisto-
chemistry using polyclonal anti-EGFR antibody also showed
highest level of EGFR staining in Hep3B cells, moderate level
of EGFR staining in PLC/PRF/5 cells, and absence of EGFR
staining in HepG2 cells (Figure 2(c)).

To demonstrate the EGFR binding specificity and
subcellular localization of the fluorescently labeled affibody,
Alexa680-ZEGFR:1907, in HCC cells, immunofluorescence
staining was done in Hep3B, PLC/PRF/5, and HepG2 cells.
Fluorescence signal was observed mainly on the cell surface
of Hep3B cells (Figure 2(d)), consistent with the fact that
this probe was designed to primarily target the extracellular
domain of EGFR [24]. Furthermore, the fluorescence signal
from the Hep3B cells could be significantly reduced by
incubation with large excess (10𝜇M) of the unlabeled Ac-
Cys-ZEGFR:1907, indicating binding specificity of the probe. In
PLC/PRF/5 cells, reduced fluorescence signals were detected,
consistent with the lower level of EGFR expression in these
cells. Coincubation of PLC/PRF/5 cells with large excess
(10 𝜇M) of unlabeled Ac-Cys-ZEGFR:1907 resulted in loss
of positive signals, again demonstrating binding specificity
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Figure 3: Immunofluorescence and immunohistochemistry stain-
ing on subcutaneous HCC xenografts. (a) Immunofluorescence
staining of Hep3B, PLC/PRF/5, and HepG2 xenografts using
Alex680-ZEGFR:1907. (b) Immunohistochemistry (IHC) staining on
paraffin-embedded subcutaneous tumor tissues, including Hep3B,
PLC/PRF/5, and HepG2 tumors. Anti-EGFR antibody was used
in 1 : 200 dilution. Nuclei staining was performed using Dako
Cytomation Mayer’s hematoxylin histological staining reagent. (c)
Representative photograph of PLC/PRF/5, Hep3B, and HepG2
subcutaneous tumors.

(Figure 2(d)). Only background fluorescence was detected in
HepG2 cells.

3.2. EGFR Expression in HCC Xenografts. Based on the pre-
vious results, HCCmice xenografts with Hep3B, PLC/PRF/5,
and HepG2 cells were generated to represent HCC tumors
with high-, moderate-, and no-EGFR expression, respec-
tively, for subsequent imaging studies. The subcutaneous
xenografts (𝑛 = 3 for each tumor model) were harvested
for assessment of EGFR protein expression. Immunoflu-
orescence using Alex680-ZEGFR:1907 showed that Hep3B
and PLC/PRF/5 xenografts express high levels of EGFR
expression, whereas HepG2 xenografts showed no detectable
EGFR expression (Figure 3(a)). Immunohistochemistry of
paraffin-embedded tissue sections from Hep3B, PLC/PRF/5,
and HepG2 xenografts showed that Hep3B xenografts have
extensive staining of EGFR, whereas PLC/PRF/5 xenografts
showed regional positive staining, and HepG2 tumor did not
show any positive regions (Figure 3(b)). Visual inspection of
tumor xenografts revealed that Hep3B and HepG2 are highly
vascularized, and both tumor samples showed much darker
color than that of PLC/PRF/5 tumors (Figure 3(c)).

3.3. In Vivo and Ex Vivo Tumor Targeting by Optical Imag-
ing. After demonstrating the specific binding of Alexa680-
ZEGFR:1907 toward EGFR in both in vitro cell culture and in
vivo xenografts of humanHCC cell lines, this fluorescent affi-
body probe was used for optical imaging of nude mice bear-
ing subcutaneous Hep3B, PLC/PRF/5, or HepG2 xenografts.
The PLC/PRF/5 xenografts could be clearly distinguished
from the surrounding background tissue from prescan, 1 h
to 4 h p.i. (Figure 4(a)). Based on quantification analysis of
region-of-interest (ROI), PLC/PRF/5 tumor accumulations
are significant higher than those of normal tissues at 0.5, 1,
2, and 4 h (𝑃 < 0.001, resp.) (Figure 4(b) left), with tumor-
to-normal tissue ratio reaching a peak around 1.60 at 1 h
p.i. (Figure 4(b) right). Minimum fluorescent signals were
detected in the HepG2 xenografts which are EGFR negative.
Even thoughHep3B xenografts express reasonably high levels
of EGFR (Figure 3), only very weak fluorescent signals could
be detected. All xenografts from imaged mice (𝑛 = 3 for each
groups) were harvested for assessment of EGFR expression by
Western blotting, which showed high levels of EGFR expres-
sion in Hep3B and PLC/PRF/5 tumors but undetectable
EGFR expression in HepG2 tumors (Figure 4(c)).

Receptor specificity of the Alexa680-ZEGFR:1907 probe was
further verified by blocking experiments in mice bearing
PLC/PRF/5 xenografts. After coinjection of a large excess
of nonfluorescent Ac-Cys-ZEGFR:1907, tumor as well as over-
all uptake was significantly reduced at 2 h and 4 h p.i.
(Figure 4(d)). Tumor-to-background contrasts as quantified
by ROI analysis of images at 2 h and 4 h p.i. are shown in
Figure 4(e). Significant differences (𝑃 < 0.05) between the
ratios for blocking and nonblock group at both time points
were observed.

After the final scan at 24 h p.i., animals were euthanized
and ex vivo fluorescence imaging on tumor andmajor organs
were performed (Figure 4(f)). Quantitative analysis showed
that PLC/PRF/5 tumors have much stronger fluorescence
signals than HepG2 tumor, and that a significant level of
signal remained in the liver and kidney. The stomach and
intestine also showed some level of probe accumulation.

3.4. Small Animal PET of HCC. Ac-Cys-ZEGFR:1907 was also
conjugated with DOTA and radiolabeled with 64Cu for PET
of HCC small animal models. Decay-corrected coronal PET
images of mice bearing Hep3B and PLC/PRF/5 tumors at 1, 2,
4, and 24 h after tail vein injection of 64Cu-DOTA-ZEGFR:1907
are shown (Figure 5(a)). Hep3B xenografts, which express
high levels of EGFR, were clearly visualized starting at 1 h p.i.,
with the excellent tumor imaging quality at later time points
(4 and 24 h p.i.). PLC/PRF/5 xenografts, which express low
levels of EGFR, also showed distinct tumor accumulation,
with clear tumor imaging and high tumor-to-background
ratios at 4 and 24 h p.i. (Figures 5(a) and 5(b)). Quantification
analysis showed that the PET probe uptake into both Hep3B
and PLC/PRF/5 xenografts increased with time (Figure 5(c)),
with the highest tumor uptakes for Hep3B and PLC/PRF/5
xenografts occurring at 24 h p.i. (8.52 ± 1.10% and 6.46 ±
0.59%, resp.). In addition to the tumor, high radioactivity
accumulations were also observed in the liver ofmice bearing



6 BioMed Research International

PL
C5

H
ep

3B
H

ep
G

2

Prescan 1h 2h 4h 24h

2

1.5

1

×10
8

(p
/s

/c
m

2
/s

r)
(a)

1

1.5

2

2.5

3

Fl
uo

re
sc

en
ce

 fl
ux

 (p
/s

/c
m

2
/s

r)

0
0 1 2 3 4 5 20 24 28

Time (h)

Tumor
Muscle

0 1 2 3 4 5
0.8

1

1.2

1.4

1.6

1.8

20 24 28

Tu
m

or
 to

 m
us

cle
 ra

tio

Time (h)

×10
8

0.5

(b)

Hep3B HepG2PLC/PRF/5

EGFR

Actin

150kDa

50kDa

100 kDa

(c)

Figure 4: Continued.



BioMed Research International 7

2

1.5

1

×10
8

(p
/s

/c
m

2
/s

r)

PL
C5

2h 4h 2h 4h

BlockingUnblocking

(d)

0

0.5

1

1.5

2

Tu
m

or
 to

 m
us

cle
(A

le
x6

80
 E

G
FR

 affi
bo

dy
)

Blocking BlockingNon-
blocking

Non-
blocking

2h
4h

(e)

PL
C5

H
ep

G
2

Tm H L Lv Sp Kn St Ins Br Bo Ms

(f)

Figure 4: Optical Imaging and quantification. (a) In vivo fluorescence imaging of subcutaneous PLC/PRF/5 (labeled as PLC5 in the figure),
Hep3B, and HepG2 tumor-bearing nude mice at prescan, 1 h, 2 h, 4 h, and 24 h p.i. Approximately 500 pmol Alex680-ZEGFR:1907 was injected.
Arrows indicate the location of tumors. (b) ROI analysis of tumor and normal tissue (muscle) fluorescence flux and tumor-to-muscle ratio
after tail vein injection of Alex680-ZEGFR:1907 in mice bearing PLC/PRF/5 tumor (𝑛 = 3). (c) Protein extractions from subcutaneous tumor
tissues were harvested and assessed for EGFR expression. Bands for EGFR and 𝛽-actin are indicated by arrowheads. Protein ladders are
indicated in kDa. (d) Contrast of in vivo fluorescence imaging of subcutaneous PLC/PRF/5 tumor-bearing nudemice at 2 h and 4 h. Alex680-
ZEGFR:1907 with (right) or without (left) coinjection of unlabeled Ac-Cys-ZEGFR:1907 (300𝜇g). (e) Fluorescence intensity ratio of tumor to
muscle in blocking and unblocking PLC/PRF/5 tumor-bearing nude mice at 2 h and 4 h p.i. (f) Ex vivo imaging of tumor and normal tissues
of PLC/PRF/5 tumor-bearing animals injected with Alex680-ZEGFR:1907 and sacrificed at 24 h p.i.. Tm: tumor; H: heart; L: lung; Lv: liver; Sp:
spleen; Kn: kidney; St: stomach; Ins: intestine; Br: brain; Bo: bone; Ms: muscle.

either xenografts. The level of liver accumulation, however,
decreased with time (from 26.19 ± 2.89% at 1 h p.i. to 16.04 ±
1.19%at 24 h p.i. inmice bearingHep3B xenografts, and from
16.79 ± 1.64% at 1 h p.i. to 12.89 ± 0.69% at 24 h p.i. in mice
bearing PLC/PRF/5 xenografts) (Figure 5(c)).

When a large excess of nonlabeled affibody was co-
injected with 64Cu-DOTA-ZEGFR:1907 in mice bearing
PLC/PRF/5 xenografts, the overall uptake of 64Cu-DOTA-
ZEGFR:1907 was significantly decreased, and the xenografts
were barely visible by PET at all time points (Figure 5(a)).
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Figure 5: Small-animal PET and quantification analysis. (a) Small animal PET imaging of tumor-bearing mice at 1 h, 2 h, 4 h, and 24 h after
tail vein injection of 110 𝜇Ci of 64Cu-DOTA-ZEGFR:1907. Representative decay-corrected coronal PET images were shown on different tumor-
bearing animals, including Hep3B, PLC/PRF/5, and PLC/PRF/5 with blocking dose of unlabeled Ac-Cys-ZEGFR:1907. Arrows indicate the
location of tumors. (b) Quantification analysis of tumor-to-normal organ ratio in Hep3B and PLC/PRF/5 tumor-bearingmice, respectively, at
1 h, 2 h, 4 h and 24 h after tail vein injection. (c) Quantification analysis of tumor or liver uptake of 64Cu-DOTA-ZEGFR:1907 in PLC/PRF/5 tumor
models (represented as PLC5 in Figure) and Hep3B tumor models at different time points after injection of the PET probe. (d) Quantification
analysis of the probe accumulation inPLC/PRF/5 tumorwith (represent as timepoint B) orwithout coinjection of unlabeledAc-Cys-ZEGFR:1907
at 1 h, 2 h, 4 h, and 24 h p.i.

Quantification analysis of PET images showed much
lower tumor as well as liver uptake at all time points
(𝑃 < 0.05, Figure 5(d)), suggesting successful blocking by
the nonlabeled affibody and implying the high specificity of
64Cu-DOTA-ZEGFR:1907 for EGFR.

To further validate the PET tumor imaging study, biodis-
tribution analysis was done after the final PET scan at
24 h p.i.. Biodistribution patterns of 64Cu-DOTA-ZEGFR:1907
in the tumor, liver, and kidney of mice bearing Hep3B
and PLC/PRF/5 xenografts were similar (Figure 6(a)). High

kidney and liver uptakes and moderate tumor uptakes
were observed. The tumor-to-normal tissue ratios, including
tumor/blood and tumor/muscle ratios, were not significantly
different between the two tumormodels (Figure 6(b)). Block-
ing experiment using coinjection of a large excess of Ac-
Cys-ZEGFR:1907 caused a significant decrease in overall uptake
of 64Cu-DOTA-ZEGFR:1907 (Figure 6(c)). The probe uptake in
the PLC/PRF/5 xenograft dropped significantly from 7.84 ±
0.43% to 3.39 ± 1.25% (𝑃 < 0.05), whereas the radioactivity
uptake in the liver dropped significantly from 18.20±2.73% to
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Figure 6: Biodistribution of 64Cu-DOTA-ZEGFR:1907 in nude mice bearing subcutaneous PLC/PRF/5 and Hep3B xenografts at 24 h. (a)
Comparison of different organs in PLC/PRF/5 andHep3B tumor-bearing animals after tail vein injection of 64Cu-DOTA-ZEGFR:1907 (𝑛 = 3). (b)
Comparison of tumor-to-blood (T/blood) and tumor-to-muscle (T/muscle) ratios in Hep3B and PLC/PRF/5 tumors (𝑛 = 3). (c) Comparison
of different organs in PLC/PRF/5 tumor-bearing animals with (represented as PLC5 24 h B in figure) and without (represented as PLC5 24 h
in figure) coinjection of unlabeled Ac-Cys-ZEGFR:1907 (𝑛 = 3).

7.9 ± 2.11% (𝑃 < 0.05). Radioactivity uptakes in the kidneys
were unaffected by blocking.

4. Discussion

Our study reports the first use of an engineered, EGFR-
targeted affibody molecule, Ac-Cys-ZEGFR:1907, as a probe for
the detection of human HCC lesions. Affibody molecules
are small scaffold proteins that have recently emerged as a
promising platform for molecular imaging and therapy in
oncology. Several anti-EGFR affibodies with high binding
affinity and specificity have been reported [24, 31]. Among
them, Ac-Cys-ZEGFR:1907 showed high specific binding to

EGFR without cross-binding to other EGFR isoforms [24].
Earlier studies have reported the high tumor-specific uptake
and good tumor-to-background ratio of the ZEGFR:1907 affi-
body in EGFR-expressing A431 tumor xenografts using opti-
cal and PET imaging modalities [25]. High EGFR expression
in a subset of HCC suggests that Ac-Cys-ZEGFR:1907 may also
be useful for the detection of HCC.

Indeed, fluorescently labeled Ac-Cys-ZEGFR:1907 was able
to specifically bind to and identify endogenous EGFR protein
expressed in human HCC cell lines in vitro. Additionally, the
expression of EGFR in subcutaneous xenografts generated
from these cell lines corresponded with their expression
in vitro, suggesting that Alexa680-ZEGFR:1907 could be used
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for detecting HCC xenografts derived from these cell lines.
Surprisingly, when Alexa680-ZEGFR:1907 was used in near-
infrared fluorescence imaging of HCC xenografts, only
PLC/PRF/5 tumors could be clearly visualized. Xenografts
from Hep3B cells, which express even higher EGFR levels
than that of PLC/PRF/5 cells, could not be delineated. This
observation reveals a limitation of optical imaging, in that flu-
orescence signals may be blocked and/or absorbed by tumor
tissues enriched with blood vessels, such as Hep3B xenografts
(Figure 3(c)). However, when Ac-Cys-ZEGFR:1907 based PET
probe, 64Cu-DOTA-ZEGFR:1907, was used, both Hep3B and
PLC/PRF/5 xenografts could be clearly imaged.The targeting
specificity of the both optical and PET probes was further
confirmed by coinjection of nonlabeled Ac-Cys-ZEGFR:1907
intomice bearingEGFR-positive tumors. Furthermore, 64Cu-
DOTA-ZEGFR:1907 was found to have good PET imaging
quality and very similar biodistribution patterns in animals
bearing Hep3B and PLC/PRF/5 xenografts. Therefore, PET
imaging using 64Cu-DOTA-ZEGFR:1907 to target EGFRmay be
more useful than optical imaging using Alexa680-ZEGFR:1907
in detecting the heterogeneous subtypes of HCC tumors.

During the course of our study, Sogawa et al. reported
the use of a novel humanmonoclonal antibody against EGFR
for HCC imaging [34], confirming the value of EGFR-based
diagnostic imaging of HCC and highlighting the challenge of
detecting HCC tumors in vivo. Since the liver is the major
organ for drug/reagent clearance and metabolism, it can take
up and even retain large amounts of imaging agents, giving
rise to high background signals. Even though the enhanced
permeability and retention (EPR) effect of the tumor (due
to the leaky vasculature and lack of lymphatic drainage in
the tumor) or receptor-mediated targeted uptake of imaging
agents may facilitate probe accumulation in the tumor over
other tissues [35], the liver background for nonspecific probe
accumulation can still be high. Reducing the nonspecific liver
accumulation continues to be a major obstacle in HCC imag-
ing. Our previous studies and reports by other groups have
found that affibodies were mainly cleared through the kid-
neys which showed high renal accumulation, with relatively
lower liver uptake [24, 33, 36, 37]. Thus, it is advantageous to
use affibody-based probes to image biomarkers expressed in
HCC because of the preferred renal clearance. Our current
data confirmed the higher renal uptakes of both affibody
probes, although liver accumulations could also be detected
(likely caused by the expression of basal levels of EGFR
in normal liver tissue [38]). In PET quantitative analysis
of 64Cu-DOTA-ZEGFR:1907 in both Hep3B and PLC/PRF/5
xenografts, probe uptake in the xenografts increased over
time, while the uptake in normal liver decreased over time.
Thus, it is reasonable to propose that introduction of a longer
half-life radionuclide, which will allow imaging at later time
points, may enhance the tumor-to-liver ratios, making it
more clinically useful [39].

5. Conclusion

We have successfully demonstrated that EGFR-expressing
HCC lesions can be specifically detected by using the
EGFR-targeted affibody Ac-Cys-ZEGFR:1907. In particular, in

vivoPET imaging based on amodified version of this affibody
appears to have greater diagnostic value than optical imaging
based on the same affibody. The early and sensitive detection
of HCC based on molecular cancer markers, such as EGFR,
is a critical step in improving the currently dismal prognosis
of HCC patients.
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