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&e growing field of molecular imaging has allowed non-
invasive in vivo tracking of pharmacological and biological
pathways. Translational studies have fast-tracked the ap-
plication of observations from basic findings to the clinical
setting. Amongst the most encouraging methods are
transporter and receptor-based imaging, where probes
permit the diagnosis of disorders, in addition to the prog-
nostication and evaluation of response to treatments. Precise
preoperative staging, surgical preparation, and intra-
operative imaging can be achieved using tracers with high
sensitivity and specificity. A total of 14 manuscripts were
submitted to this special issue, and after rigorous review, 4
were accepted, including one preclinical and three clinical
studies.

J. H. Choi et al. created a new approach of radiochemical
production via photoactivated reaction to make 18F-labeled
PET tracers using small molecular and RGD peptides, which
can specifically and strongly bind to integrin αvβ3. Integrin
αvβ3 is related to angiogenic endothelial and different tu-
mors, including breast, prostate, lung, and ovarian cancers.
In vivo PET imaging after intravenous administration of an
18F-labeled compound to RR1022 sarcoma-bearing Sprague

Dawley rats demonstrated a high tumor-to-background
ratio, indicating it can be useful for evaluation of tumor
angiogenic response.

D. Dai et al. carried out a Phase 2 trial designed to
evaluate whether technetium-99m-labeled ethylenedicysteine-
glucosamine (99mTc-EC-G) SPECT/CTwas noninferior to 18F-
labeled fludeoxyglucose (18F-FDG) PET/CTin 17 patients with
confirmed nonsmall cell lung cancer (NSCLC). &e authors
found 100% concordance between both tracers for primary
tumor detection and 70% agreement for metastatic tumor
detection, indicating that 99mTc-EC-G SPECT/CT may be
a clinically useful radiotracer, warranting the preparation of
Phase 3 study.

Y. J. Jeong et al. analyzed dopamine transporters (DATs)
with 18F-labeled 3-b-(4-iodophenyl)nortropane (FP-CIT)
PET on patients with Parkinsonism, cerebellar, and auto-
nomic characteristics in multiple system atrophy with cer-
ebellar ataxia (MSA-C). A total of 49 subjects clinically
diagnosed with possible or probable MSA-C were included.
&e authors found statistically significant differences in
postural instability, rigidity, asymmetry, bradykinesia, and
specific uptake ratio (SUR) between groups. A subgroup of
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22 subjects received dopaminergic medications. In-
terestingly, all seven subjects with normal exams presented
no modification, whereas 10 out of 15 subjects with ab-
normal exams presented clinical progress.

Finally, D. Dai et al. compared 3D positron emission
mammography (PEM) with whole-body PET (WBPET) for
patients with breast cancer. A total of 410 women with
normal breast, benign tumors, or highly suspicious malig-
nant lesions were randomized at 1 : 1 ratio for imaging with
WBPET followed by 3D-PEM or 3D-PEM followed by
WBPET. Lumpectomy or mastectomy was carried out on
eligible subjects after imaging.&e authors reported that 3D-
PEM had sensitivity and specificity of 92.8% and 54.5%,
respectively, while WBPET had sensitivity and specificity of
95.7% and 56.8%, respectively.

In conclusion, significant developments have been
achieved in transporter and receptor-based molecular im-
aging, and the original articles in this special issue un-
derscore progresses for translation of these promising
techniques into the clinic.
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Novel probe development for positron emission tomography (PET) is leading to expanding the scope of molecular imaging. To
begin responding to challenges, several biomaterials such as natural products and small molecules, peptides, engineered proteins
including affibodies, and antibodies have been used in the development of targeted molecular imaging probes. To prepare
radiotracers, a few bioactive materials are unique challenges to radiolabelling because of their complex structure, poor stability,
poor solubility in aqueous or chemical organic solutions, and sensitivity to temperature and nonphysiological pH. To overcome
these challenges, we developed a new radiolabelling strategy based on photoactivated 1,3-dipolar cycloaddition between alkene
dipolarophile and tetrazole moiety containing compounds. Herein, we describe a light-triggered radiochemical synthesis via
photoactivated click reaction to prepare 18F-radiolabelled PET tracers using small molecular and RGD peptide.

1. Introduction

Molecular imaging probes provide better understanding of
fundamental pathways tomonitor biochemical changes in vivo.
/ey are important for diagnosis, monitoring of therapeutic
response, and drug development [1, 2]. PET is an attractive
nuclear medicine technique that serves as a noninvasive and
functional imaging modality at picomolar levels in vivo with
excellent sensitivity based on positron-emitting radionuclide
[3, 4]. PET scan information can be used to assess biological
processes in vivo during early stages of various diseases, in-
cluding cancer, heart disease, and dementia in Alzheimer’s
disease and Parkinson’s disease. It is also important to assess
response to chemotherapy or radiotherapy in various ma-
lignancies [5, 6]. Several radiopharmaceuticals targeting
specific diseases have been developed. Among various PET

tracers, FDG (2-deoxy-2-[18F]fluoro-D-glucose) is the most
commonly used one in nuclear medicine and molecular
cellular biology. FDGwas discovered approximately 40 years
ago [7]. It has led to a newmedical paradigm involving more
accurate diagnosis via functional information through
quantitative analysis in fields of oncology, neuroscience, and
cardiology. Several studies on 18F-radiolabelled targeting
radiotracers for disease monitoring via PET images have
been reported. Fluorine-18 has a relatively long half-life
(T1/2 �109.8min) and low energy (0.635MeV) that per-
mits PET imaging protocols with a duration up to 6 h and
short positron linear range in tissue due to low positron
energy, resulting in high sensitivity in PET imaging [8, 9].
However, 18F-incorporation into biotargeting vectors can be
challenging because it must be performed rapidly and ef-
ficiently under mild radiolabelling conditions due to short
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half-life of the radioisotope and regioselectivity labelling
of high specificity with acceptable radiochemical yield [10].
To overcome these obstacles, 18F-radiolabelling strategies
using 18F-prosthetic groups such as N-succinimidyl-4-[18F]
fluorobenzoate ([18F]SFB) [11–15], 2-bromo-N-[3-(2-[18F]
fluoropyridin-3-yloxy)propyl]acetamide ([18F]FPyBrA) [16, 17],
and N-(4-[18F]fluorobenzyl)-2-bromoacetamide ([18F]FBBA)
[18, 19] have been introduced for labelling of amine and
sulfhydryl functionalities of sensitive biomolecules, including
small molecules, peptides, and proteins. Click chemistry, copper
(I)-catalyzed Huisgen 1,3-dipolar cycloaddition, is still one of
the attractive approaches to prepare targetedmolecular imaging
probes for PET by radiolabelling with small molecules, peptides,
and proteins. A number of novel radiotracers have been re-
ported through the click chemistry, including copper-free ap-
proaches to avoid toxicity to humans who are susceptible to
even low levels of copper [20–27]. Recently, Lin and coworkers
have reported that advanced photoinducible 1,3-dipolar cy-
cloaddition reactions show extremely rapid reaction rate and
high regioselectivity of desired product without opposite
regioisomer under photoactivated mild condition [28–30]. /is
has stimulated efforts to further develop 18F-radiolabelling
strategy to create a new labelling platform using photo-
activation byUV radiation. Herein, we report a new strategy that
utilizes photoactivated click chemistry between 18F-labelled
terminal alkene dipolarophile and tetrazole moiety compound
under radiation using UV light source for a biocompatible and
mild reaction with significantly high radiochemical yield and
molar activity of desired radiolabelled product for PET imaging.

2. Results and Discussion

First, to determine whether photoinducible click reaction with
radiolabelled compound could be used as a novel approach to
prepare radiopharmaceuticals, we examined photoactivated
radiolabelling between 18F-radiolabelled compound [18F]2 and
2,5-diaryl tetrazole compound 3 under mild condition using
handheld 302nm UV lamp. For feasibility study of radio-
chemical synthesis using photoinducible reaction, we chose
a 2-(allyloxy)ethanol as a terminal alkene moiety. It is com-
mercially available. It readily undergoes a catalyst-free cyclo-
addition reaction with photoinduced nitrile imine from
tetrazole compound. To prepare 18F-radiolabelled compound
[18F]2, trimethylammonium triflate precursor 1 was prepared
from 4-(dimethylamino)benzoyl chloride and conjugated with
2-(allyloxy)ethanol followed by conversion of the dimethyla-
mino functional group using methyl triflate at room tem-
perature. Synthesis of 2,5-diaryl tetrazole compound 3 was
performed using a previously reported procedure [11]. Radi-
olabelling of precursor 1 was carried out with K[18F]F in
CH3CN (prepared following azeotropic distillation of
a CH3CN solution containing K2CO3 and Kryptofix 2.2.2) at
90°C for 10min to give 2-(allyloxy)ethyl-4-[18F]fluorobenzoate
[18F]2 followed by photoinduced cycloaddition with 2,5-diaryl
tetrazole compound 3 in situ (Scheme 1) at room temperature
under 302nm UV radiation for 30min. /e resulting radio-
labelled compound [18F]2 was obtained with 80% yield as
determined by radio-TLC. It was used without purification for
subsequent photoinducible click reaction with tetrazole

compound 3. Photo click reaction between 18F-radiolabelled
terminal alkene compound [18F]2 and tetrazole compound 3
produced the desired product [18F]4. It was isolated by sem-
ipreparative HPLC with an overall yield of 20–27% (decay-
corrected, n � 4). It had high molar activity of 30–112GBq/
μmol (n � 4) with radiochemical purity >98%. Purified [18F]4
was identified with nonradioactive reference compound 4 by
analytical HPLC (Figure 1). Increasing irradiation time to
5–30min of 302nm UV lamp resulted in the maximum ra-
diochemical yield at room temperature. In order to investigate
the radiochemical yield with reaction time, the best result was
obtained at 30min under the same reaction condition with the
time difference of 5 to 30min. Heating conditions were not
considered for the application of temperature-sensitive pro-
teins or peptides. Results indicated that the radiochemi-
cal synthesis through photoinducible reaction could be
performed under mild conditions, which was possible for both
large and small molecules. To evaluate the wavelength effect of
light source, we carried out optimized experiment with tetrazole
compound 3 and [18F]2 under irradiation of different light
sources such as halogen and red LED (720nm) at room
temperature. /e desired product [18F]4 was obtained when
302nm UV light was employed. However, no reaction was
observed when halogen or red LED was employed (Figure 2).
Of various light sources, only 302nm UV led to a good
conversion to intermediate nitrile imine when 2,5-diaryl tet-
razole compound 3 was used. /ese results demonstrated that
photoactivated click reaction between 2-(allyloxy)ethyl-4-[18F]
fluorobenzoate [18F]2 and nitrile imine was efficient under
irradiation with 302nm UV. Of various factors investigated for
photoactivated click reaction, UV wavelength was found to be
themost important factor to synthesize the desired product.We
aimed to develop water-soluble mass materials such as peptides
or proteins as imaging agents. Hence, we subsequently applied
the method to radiolabel cyclic RGD peptide and evaluated
tumor targeting ability of integrin αvβ3 as a molecular imaging
probe. Integrin αvβ3 is associated with angiogenic endothelial as
well as tumor cells, including cancers of the prostate, skin,
ovary, kidney, lung, and breast. RGD peptides can specifically
and strongly bind to integrin αvβ3 [31, 32]. Cyclic RGDyK
peptide was selected as targeting material due to its high
binding affinity to tumor cells, small size peptide, and available
description in the literature on tumor studies. We performed
conjugation with 2,5-diaryl tetrazole benzoic acid (5) to form
2,5-diaryl tetrazole-RGD (7) by reaction of NH2-Lys-RGDwith
N-hydroxysuccinimide active ester of 2,5-diaryl tetrazole
(Scheme 2). It was purified with HPLC. For radiochemical
synthesis of the desired 18F-labelled RGD peptide ([18F]8),
photoactivated click reaction was performed between 2,5-diaryl
tetrazole-RGD peptide (7) and 2-(allyloxy)ethyl-4-[18F]fluo-
robenzoate ([18F]4) using 302nm UV lamp for irradiation at
room temperature. After 20min of reaction, the crude mixture
was purified with HPLC.

Identity of the radiolabelled product ([18F]8) was con-
firmed byHPLC retention time after coinjectionwith authentic
nonradioactive compound 8. Radiochemical synthesis of [18F]8
was successfully carried out by photoactivation. Radiochemical
yield from [18F]fluoride was 10–12% (n � 4) by two-step one-
pot reaction./e desired product showed excellent purity with
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adequatemolar activities (20–72GBq/μmol) in a total synthesis
time of 95min (including HPLC purification and reformula-
tion). Based on these results, introducing a 2-(allyloxy)ethyl-4-
[18F]fluorobenzoate ([18F]2) tag into peptide is suitable and
effective due to the use of aqueous reaction media at room
temperature and high chemoselectivity without requiring toxic
metal catalyst. Biologically, the uptake of [18F]8 by U87MG
tumor cell was increased in a time-dependent manner, pla-
teauing between 60 and 120min. Furthermore, U87MG cell
blocking study using nonradiolabelled c(RGDyK) peptide
showed cell uptake inhibition indicative of specific binding of
[18F]8 to integrin αvβ3 expressed in U87MG glioblastoma cells
(Figure 3).

In vivo PET imaging following intravenous injection of
[18F]8 (4.66MBq tail-vein injected) to RR1022 tumor-bearing
SD rats showed tumor uptake of [18F]8 with renal clearance
of 18F-activity and high tumor-to-background contrast
(tumor/muscle� 53.5 and 76.2 at 1 h and 2h, resp.). No
significant defluorination from [18F]8 uptake at bone was
observed up to 2 h after injection. Furthermore, inhibition
study showed that the excess amount (10mg/kg) of c(RGDyK)
peptide significantly blocked [18F]8 uptake in the tumor
(tumor/muscle� 8.2 and 6.3 at 1 h and 2h, resp.) (Figure 4).
/ese in vivo imaging studies indicated that 18F-labelled RGD
peptide via photoinduced 1,3-dipolar cycloaddition could
successfully visualize tumor in vivo through integrin αvβ3.

3. Conclusion

Our results suggest that 18F-labelled RGD([18F]8) radiotracer
is useful for monitoring tumor response in angiogenesis
research./e development of novel radiolabelling method for
diagnosis of various diseases including cancer has benefit for
mild conditions as an important approach to obtain accurate
imaging. Photoinduced 1,3-dipolar cycloaddition using 18F-
radioisotope is an efficient radiolabelling strategy to prepare
molecular imaging probes. It could be applied as a bio-
orthogonal approach for chemical modification in biomedical
research. Further study is required on the application of such
photoinducible radiolabelling strategy based on its high
availability and excellent chemoselectivity.

4. Materials and Methods

Benzenesulfonyl hydrazide, sodium nitrite, aniline, 4-
fluorobenzoic acid, N,N′-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), 2-allyloxyethanol, dime-
thylaminobenzoyl chloride, methyl trifluoromethanesulfonate
(MeOTf), triethylamine (TEA), N-hydroxysuccinimide,
1-ethyl-3-3-dimethylaminopropylcarbodiimide (EDC),
4-formylbenzoic acid, and DIPEA (N,N′-diisopropylethyl-
amine) of ACS grade were purchased from Sigma-Aldrich
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Scheme 1: Synthesis of [18F]4 and 4 using photoinducible click reaction.
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Figure 1: Analytic HPLC profile of [18F]4 (a) with coinjection of the authentic compound 4 (b).
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(St. Louis, MO, USA). c(RGDyK) was purchased from
Futurechem (Seoul, Korea). All chemicals were used without
further purification unless otherwise noted. [18F]Fluoride ion
was produced from cyclotron (KIRAMS, South Korea) with
13MeV proton irradiation. Flash column chromatography
was performed using 230–400 mesh silica gel (Merck KGaA,
Darmstadt, Germany). Radio-TLC was analyzed using
a System 200 Imaging Scanner (BioScan, CA, USA). Purifi-
cation was performed with a spectra system SCM100
degasser, a P4000 pump, and a UV-Vis 3000 detector
(/ermo Scientific, Waltham, MA, USA). Absorbance was
monitored at 214 nmwith a C18 reverse-phase HPLC column
(250mm× 10mm, 5 µm, /ermo Scientific, MA, USA).
ChromQuest 4.2 software was used to record chromatograms.
NMR spectra were recorded with a 600MHz FT-NMR (JNM-
EAC600, JEOL, Tokyo, Japan). High-resolution mass spectra
(m/z) were recorded with electron ionization (EI, DFS
(/ermo Scientific, Germany)) and fast atom bombardment
(FAB, JMS-700 (JEOL, Tokyo, Japan)) at KBSI (Seoul, Korea).

4.1. Synthesis of 2-(Allyloxy)ethyl 4-(dimethylmino)benzoate.
2-Allyloxyethanol (2.0mL, 18.7mmol) was added to 4-N,N-
dimethylaminobenzoyl chloride (0.5 g, 2.72mmol) and
triethylamine (0.76mL, 5.44mmol) in 10mL of dichloro-
methane in a flame-dried flask with nitrogen stream. /e
reaction mixture was stirred for two hours at room tem-
perature. /e reaction mixture was then diluted with 50mL

of ethyl acetate and 30ml of water./e product of organic layer
waswashed twicewith 30mLofwater, and the organic layer was
washed with 50mL of brine. /e organic layer was dried over
sodium sulfate, evaporated, and purified with flash column
chromatography (ethyl acetate : hexane� 1 : 5) to obtain
a yellow oil product with yield of 55% (373.7mg). 1H NMR
(600MHz, CDCl3) data were δ (ppm)� 7.91 (m, 2H), 6.63
(m, 2H), 5.90 (m, 1H), 5.29 (m, 1H), 5.18 (m, 1H), 4.40 (m,
2H), 4.05 (m, 2H), 3.74 (m, 2H), and 3.01 (s, 6H). 13C NMR
(150MHz, CDCl3) data were δ (ppm) � 167.00, 153.39,
134.68, 131.48, 117.29, 116.95, 110.75, 72.22, 68.37, 63.57,
and 40.14. FAB MS calculated for C14H19O3N1Na1 was
272.1257m/z [M+Na]. It was also found to be 272.1257.

4.2. Synthesis of 4-((2-(Allyloxy)ethoxy)carbonyl)-N,N,N-
trimethylbenzenaminium (1). To a solution of 2-(allyloxy)
ethyl 4-(dimethylamino)benzoate (0.3 g, 1.20mmol) dissolved
in 2mL of dichloromethane, methyl trifluoromethanesulfonate
(0.27mL, 2.40mmol) was added. /e mixture was stirred for
two hours with nitrogen stream at room temperature. /e
reaction mixture was evaporated, and the resulting crude
mixture was dissolved in 0.5mL of ethanol. /e product was
crystallized with 100mL of diethyl ether and dried to obtain
a compound with a yield of 38% (122mg). 1H NMR (600MHz,
CDCl3) data were δ (ppm)� 8.26 (d, J� 8.4Hz, 2H), 7.92 (d,
J� 9Hz, 2H), 5.94–5.88 (m, 1H), 5.29 (d, J� 17.1Hz, 1H), 5.20
(d, J� 10.5, 1H), 4.51 (t, J� 9.6Hz, 2H), 4.06 (t, J� 2.4Hz, 1H),

[18F]4

[18F]2

Radioactivity

302 nm UV

0 4020 3010
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(a)
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740 nm LED
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Figure 2: Comparison of light effect for photoinducible click reaction. (a) 302 nm UV lamp, (b) 740 nm LED, and (c) halogen lamp. /e
desired photoinduced radiolabelled compound [18F]4 was obtained only under irradiation of 302 nm UV (a).
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4.05 (t, J� 2.4Hz, 1H), and 3.78 (s, 9H). 13C NMR (150MHz,
CDCl3) data were δ (ppm)� 164.65, 150.42, 134.50, 132.13,
131.34, 120.50, 116.09, 71.64, 67.67, 64.58, and 56.39. FAB MS
calculated for C15H22O3N1 was 264.1594m/z [M]. It was found
to be 264.1594.

4.3. Synthesis of 2-(Allyloxy)ethyl 4-[18F]fluorobenzoate ([18F]2).
Aqueous [18F]fluoride of 0.76GBq was added to an open
glass reaction vessel containing 1mL of Kryptofix 2.2.2 of
solution (5mg of Kryptofix 2.2.2 in 800 µL of acetonitrile
and 1.5mg of K2CO3 in 200 µL of H2O). Azeotropic dis-
tillation was carried out to remove water at 95°C with
a nitrogen stream. /is procedure was repeated 4-5 times by
further addition of 20 µL anhydrous acetonitrile until a white
powder was obtained. /e resulting K[18F]F complex was
dissolved in acetonitrile (200 µL). /e resulting K[18F]F
solution was transferred to a reaction vial containing 4-((2-
(allyloxy)ethoxy)carbonyl)-N,N,N-trimethylbenzenaminium
(2mg) and heated at 100°C with stirring for 20min. At the
end of the reaction, 18F-labelled desired compound showed

a yield of 79% on radio-TLC using 1 : 5 mixture of ethyl
acetate-hexane as developing solvent. We used crude
mixture of [18F]2 in the next step for photoinducible click
reaction without purification.

4.4. Synthesis of 2-(Allyloxy)ethyl 4-Fluorobenzoate (2).
Synthesis of 2-(allyloxy)ethyl 4-fluorobenzoate was carried out
according to the published method of Vaidyanathan et al. [33]
with slight modifications. Briefly, 2-allyloxyethanol (0.76ml,
0.71mmol) was added to a mixture of 4-fluorobenzoic acid
(0.1 g, 0.71mmol), DCC (0.15 g, 0.71mmol), and DMAP
(0.6mg, 8.0mmol) in 4mL of ethyl acetate with a N2 stream in
a flask dried with a heat gun. /e reaction mixture was stirred
at room temperature overnight, and a white precipitate was
filtrated out. After removing the precipitate, the residual re-
action mixture was evaporated and purified by flash column
chromatography (ethyl acetate : hexane� 1 : 5), resulting in
a colorless oil with a yield of 42% (67.6mg). 1H NMR
(600MHz, CDCl3) data were δ (ppm)� 8.10 (m, 2H), 7.13
(t, J� 8.6Hz, 2H), 5.96 (m, 1H), 5.33 (dd, J� 38.6Hz, 16.8Hz,
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10Hz, 2H), 4.49 (t, J� 5Hz, 2H), 4.08 (d, J� 6Hz, 2H), and
3.79 (t, J� 4.8Hz, 2H). 13C NMR (100MHz, CDCl3):
δ (ppm)� 167.2, 165.7, 164.7, 134.5, 132.4, 132.3, 126.5, 117.6,
115.7, 115.5, 68.1, and 64.4. FABMS calculated for C12H14O3F1
was 225.0921m/z [M+H]. It was found to be 225.0921.

4.5. Synthesis of 5-(4-Methoxyphenyl)-2-phenyl-2H-tetrazole
(3). For the preparation of phenylsulfonylhydrazone [29],
p-anisaldehyde (0.68 g, 5mmol) was dissolved in 50mL of
ethanol and mixed with benzensulfonylhydrazide (0.86 g,
25mmol). /e mixture was stirred at room temperature for
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Figure 3: U87MG cell uptake (a) and inhibition study (b) of 18FB-PEGHc-RGD ([18F]8) in U87MG cells. Significant radioactivity ac-
cumulation in U87MG cells was observed in the presence of 18FB-PEGHc-RGD ([18F]8). Inhibition study using nonradiolabelled c(RGDyK)
showed 52% reduction in cell uptake. Data are expressed as mean± SD from quadruplicate samples.
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Figure 4: (a) PET/CT images of 18FB-PEGHc-RGD ([18F]8) in RR1022 tumor-bearing rats at 1 h and 2 h after injection. High radioactivity
accumulations were found in the tumor (red arrow) at 1 h and 2 h after injection of 18FB-PEGHc-RGD ([18F]8). Inhibition study using
nonradiolabelled c(RGDyK) showed complete blocking of radioactivity in the tumor. (b) Transaxial views showing high tumor uptake of
18FB-PEGHc-RGD ([18F]8).
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30min. After addition of 100mL water, a white precipitate
formed. It was separated with a filter. Diazonium salt so-
lution was prepared by adding NaNO2 (0.35 g, 5mmol) into
2mL of water. It was dropped into cooled aniline (0.47 g,
5.0mmol) dissolved in 8mL of water/ethanol (1 :1) and
1.3mL of concentrated hydrochloric acid (∼36%). Phenyl-
sulfonylhydrazone was dissolved in 30mL of pyridine. Di-
azonium salt was then added dropwise with stirring at
−10°C. A red precipitate formed after addition of 250mL of
3NHCl. /e precipitate was then collected and extracted
with chloroform and water. /e organic layer was dried and
subjected to flash column chromatography on a silica gel
(dichloromethane : ethyl acetate� 50 :1). A red solid was
obtained with a yield of 30% (382mg).1H NMR (600MHz,
CDCl3) data were δ (ppm)� 8.21 (d, J� 8.8Hz, 4H), 7.60
(t, J� 8Hz, 2H), 7.51 (t, J� 7.4Hz, 1H), 7.10 (d, J� 8.8Hz, 2H),
and 3.90 (s, 3H). 13C NMR (100MHz, chloroform-d3):
δ (ppm)� 129.8, 129.6, 128.7, 119.9, 114.5, 55.6, 29.9, 22.9, and
14.3. FAB MS calculated for C14H13O1N4 was 253.1084m/z
[M+H]. It was found to be 253.1084.

4.6. Synthesis of 2-((3-(4-Methoxyphenyl)-1-phenyl-4,5-
dihydro-1H-pyrazol-4-yl)methoxy)ethyl 4-Fluorobenzoate
(4). Photoinducible 1,3-dipolar cycloaddition was performed
between 2 (0.1 g, 0.4mmol) and 3 (0.18 g, 0.79mmol) in 16mL
of mixture of acetonitrile/PBS (50/50). /e reaction mixture
was irradiated with 302nm UV lamp for 5min, 10min,
20min, 30min, 1 h, and 2h with stirring at room temperature.
After that, the mixture was extracted with chloroform and
water./e organic layer was then dried./e crudemixture was
then purified by flash column chromatography on silica gel
(dichloromethane : ethyl acetate� 50 :1) to obtain a product
with a yield of 63% (112.4mg). 1H NMR (600MHz, aceto-
nitrile-d3): δ (ppm)� 8.02 (dd, J� 8.7Hz, 5.4Hz, 2H), 7.79
(dd, J� 8.1Hz, 2.4Hz, 2H), 7.67 (dd, J� 8.4Hz, 1.2Hz, 2H),
7.45 (t, J� 7.5Hz, 2H), 7.40 (tt, J� 7.5Hz, 1.2Hz, 1H), 7.20
(t, J� 8.7Hz, 2H), 6.98 (dd, J� 6.6Hz, 22.4Hz, 2H), 6.81
(s, 1H), 4.58 (s, 2H), 4.44 (t, J� 4.8Hz, 2H), 3.84 (m, 4H), and
3.82 (s, 3H). 13C NMR (151MHz, acetonitrile-d3): δ (ppm)�

166.6, 165.2, 159.8, 151.0, 140.7, 139.9, 132.2, 129.2, 127.7,
126.8, 125.8, 124.1, 115.7, 115.6, 114.4, 105.8, 67.9, 64.2, 62.9,
55.0, and 16.6. FAB MS calculated for C26H25O4N0F1 was
448.1793m/z [M]. It was found to be 448.1790.

4.7. Synthesis of 2-((3-(4-Methoxyphenyl)-1-phenyl-4,5-dihydro-
1H-pyrazol-4-yl)methoxy)ethyl 4-[18F]fluorobenzoate ([18F]4).
Photoinducible 1,3-dipolar cycloaddition was performed
with 3 (1mg, 3.96mmol) and 2-(allyloxy) ethyl 4-[18F]flu-
orobenzoate ([18F]2) in 0.2mL of acetonitrile-phosphate
buffer� 1 :1. /e reaction mixture was irradiated with
302 nm UV lamp for 30min with stirring. For purification,
the reaction mixture was immediately loaded into RP-HPLC
(A� 0.1% TFA in water/B� 0.1% TFA in acetonitrile,
254 nm, 3.0mL/min) followed by gradient purification
(isocratic flow with 10% B for 5min, gradient increase from
10%→ 100% B for 25min, and maintaining the flow with
100% B for 10min). Retention time of the desired compound
was 27min. RP-HPLC was performed for the collected peak

for identification using nonlabelled standard compound.
Decay-corrected radiochemical yield of [18F]4 was 36%
including HPLC purification and synthesis time was 58min.

4.8. Synthesis of 4-(2-Phenyl-2H-tetrazol-5-yl)benzoate (5).
Compound 5 was prepared by a previously reported pro-
cedure [29]. To a flask containing compound 4-for-
mylbenzoic acid (2.25 g, 15.0mmol), ethanol (50mL) was
added. Benzoylsulfonohydrazide (2.58 g, 75.0mmol) was
added to the above solution. A white precipitate formed after
addition of 150mL water. It was collected in a funnel. /e
white solid was dissolved in 90mL pyridine to give solution
A. A solution of NaNO2 (1.04 g, 15.0mmol) in 6mL water
was added dropwise to a cooled mixture of aniline (1.40 g,
15.0mmol) dissolved in 24mLwater-ethanol (1 :1) and 4mL
concentrated HCl to give solution B. Solution B was added
slowly to solution A cooled with an ice bath. /e reaction
mixture was then extracted with ethyl acetate (3× 30mL). A
precipitate formed after adding 750mL 3NHCl to the
combined organic layers. It was collected and dried. /e
desired product was analyzed by LC/MS/MS and 1H/13C
NMR. 1H NMR (600MHz, chloroform-d3): δ (ppm)� 8.27
(d, J� 4.2Hz, 2H), 8.14 (t, J� 8.4Hz, 4H), 7.68 (t, J� 8.4Hz,
2H), and 7.62 (t, J� 7.2Hz, 1H). 13C NMR (100MHz,
chloroform-d3): δ (ppm)� 167.2, 164.3, 136.6, 133.3, 130.9,
130.8, 127.3, and 120.5. LC-mass/HRMS (m/z): [M+H]+
calculated for C14H11N4O2 was 267.0884; it was found to be
267.0885.

4.9. Synthesis of 2,5-Dioxopyrrolidin-1-yl 4-(2-phenyl-2H-
tetrazol-5-yl)benzoate (6). N-hydroxysuccinimide (NHS,
86.5mg, 0.75mmol) was added to a mixture of 1-ethyl-3-
3-dimethylaminopropylcarbodiimide (EDC, 116.7 mg,
0.75 mmol) and 4-(2-phenyl-2H-tetrazole-5-yl)-benzoic
acid (100 mg, 0.38 mmol) in 5 mL acetonitrile followed by
incubation at room temperature overnight with a stream
of N2 gas. /e reaction mixture was then diluted with
100 mL of CH2Cl2 and water. /e organic layer was
washed three times with 100mL of water followed by
wash with 100 mL of brine once. /e organic layer was
dried over sodium sulfate and then evaporated. /e
resulting crude mixture was purified with flash column
chromatography (ethyl acetate : hexane � 1 : 1). An or-
ange powder was obtained with a yield of 21.9% (30 mg).
/e product was analyzed by LC/MS/MS and 1H/13C
NMR. 1H NMR (600MHz, CDCl3): δ (ppm) � 8.42 (d,
J � 9 Hz, 2H), 8.29 (d, J � 9 Hz, 2H), 8.21 (d, J � 7.8 Hz,
2H), 7.59 (t, J � 15 Hz, 2H), 7.53 (t, J � 15.6 Hz, 1H), and
2.94 (s, 9H). 13C NMR (151MHz, dichloromethane-d2):
δ (ppm) � 169.8, 164.5, 162.1, 131.7, 130.6, 130.4, 127.9,
120.5, 34.5, and 26.3. LC-mass/HRMS (m/z): [M +H]+
calculated for C18H14N5O4 was 364.1047; it was found to
be 364.1040.

4.10. Synthesis of 2,5-Dioxopyrrolidin-1-yl 4-(2-phenyl-2H-
tetrozol-5-yl)benzoate-RGD Conjugate (7). Cyclic Arg-
Gly-Asp-D-Tyr-Lys (cRGDyK, 5.8mg, 0.006mmol) was
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added to a mixture of 6 (5mg, 0.01mmol) and N,
N′diisopropylethylamine -(DIPEA, 1.8mg, 0.01mmol) in
1mL of dimethylformamide (DMF) followed by incubation at
room temperature for two hours with a stream of N2 gas. /e
mixture was purified using RP-HPLC. Flow rate was set at
2.5ml/min. /e mobile phase consisted of solvent A (0.1%
trifluoroacetic acid in water) and solvent B (0.1% trifluoro-
acetic acid in acetonitrile). Gradient details were as follows:
0–5min, 1% B; 5–30min, 20% B; 30–45min, 70% B; and
45–60min, 100% B. Retention time of the product was 43min.
/e product was analyzed by LC/MS/MS. LC-mass/HRMS
(m/z): [M+H]+ calculated for C41H50N13O9 was 868.3855; it
was found to be 868.3848.

4.11. Synthesis of FB-PEGhc-RGD (8). A photoinducible 1,3-
dipolar cycloaddition was performed between 2,5-dioxop
yrrolidin-1-yl 4-(2-phenyl-2H-tetrozol-5-yl)benzoate-RGD
(2, 1.0mg, 0.001mmol) and 2-(allyloxy)ethyl 4-fluorobenzoate
(3.8mg, 0.017mmol) in 200µL of mixture of acetonitrile/PBS
(50/50). /e reaction mixture was irradiated with 302nm UV
lamp for 30min with stirring at room temperature./emixture
was purified using RP-HPLC./e flow rate was set at 3mL/min
with mobile phase consisting of solvent A (0.1% trifluoroacetic
acid in water) and solvent B (0.1% trifluoroacetic acid in ace-
tonitrile). Gradient details were as follows: 0min, 30% B; 0–
22min, 100% B; and 22–23min, 30% B. /e retention time
was 8.5min. /e desired product was analyzed by
LC/MS/MS. LC-mass/HRMS (m/z): [M+H]+ calculated
for C53H63FN11O12 was 1064.4642; it was found to be
1064.4287.

4.12. Synthesis of 18FB-PEGhc-RGD ([18F]8). Photoinducible
1,3-dipolar cycloaddition was performed by mixing 2,5-
dioxopyrrolidin-1-yl 4-(2-phenyl-2H-tetrozol-5-yl)benzoate-
RGD (1mg) and 2-(allyloxy)ethyl 4-[18F]fluorobenzoate in
0.2ml of acetonitrile-phosphate buffer at 1 :1. /e reaction
mixture was irradiated with 302 nmUV lamp for 30min with
stirring. /e reaction mixture was purified using RP-HPLC.
/e flow was at 3mL/min. Mobile phase consisted of solvent
A (0.1% trifluoroacetic acid in water) and solvent B (0.1%
trifluoroacetic acid in acetonitrile). Gradient details were as
follows: 0min, 30% B; 0–22min, 100%B; and 22–23min, 30%
B. Retention time of the desired compound was 8.5min.
Decay-corrected radiochemical yield of [18F]8 was 10–12%
(n � 4), and total synthesis time was 134min including HPLC
purification and reformulation.

4.13. Tumor Cell Uptake Assay. U87MG human glioma cells
were maintained and subcultured every other day in Roswell
Park Memorial Institute (RPMI) 1640 media supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
at 37°C in 5% CO2 and 95% air environment. /e cells were
seeded into 24-well plates at density of 5×104 cells/well and
cultured overnight. /e cells were rinsed once with PBS
followed by addition of [18F]8 (∼0.33MBq/well) or RGD
(100 μM/well) to cultured wells in quadruplicate. After in-
cubation at 37°C for 5, 15, 30, 60, and 120min, cells were

rinsed twice with cold PBS and harvested after treatment
with TrypLE. /e cells were collected in measurement tubes
for counting. Finally, radioactivity of the cells was measured
using a gamma counter. All experiments were performed in
quadruplicate. Results are expressed as mean± SD.

4.14. In Vivo Experiments

4.14.1. Tumor Models. All experimental protocols with
animals were performed in compliance with the poli-
cies and procedures of the Institutional Animal Care and
Use Committee of Chonbuk National University (Jeonju,
Korea). Four male SD rats were purchased from Orient-
Bio (Seoul, Korea) at 13 weeks of age. /ey were injected
subcutaneously (s.c.) in the right flank with 1 × 107 RR1022
fibrosarcoma cells suspended in 150 µL RPMI 1640 me-
dium. When tumors reached 0.8–1.0 cm in diameter
(7 d after inoculation), rats were used for microPET im-
aging experiment.

4.14.2. MicroPET Studies. MicroPET scans and image data
analysis were performed using a Biograph TruePoint
40 PET/CTscanner (Siemens Medical Solutions, Knoxville,
TN, USA). Rat bearing RR1022 tumor was tail-vein injected
with 5.1MBq of [18F]8 under zoletil anesthesia (mg/kg).
Ten-minute static PET images were then acquired at two
time points (1 h and 2 h) after injection. CT scan was ob-
tained first by a continuous spiral technique (120 kVp,
200Ma, 0.5 s rotation time). A PET scan was then acquired
in 3-dimensional mode at 15 minutes per bed position.
Obtained PET data were reconstructed iteratively using an
ordered-subset expectation maximization algorithm. Ini-
tial CT data were used for attenuation correction. For
receptor-blocking experiment, c(RGDyK) (10mg/kg) was
coinjected with 5.4MBq of [18F]8 to RR1022 tumor rat. At
1 h and 2 h after injection, ten-minute static microPET
scans were acquired. Assessment of tracer distribution in
tumor tissue was expressed as tumor-to-muscle (T/M)
ratio, dividing the mean activity within the ROI of the
tumor by the mean activity within thigh muscle ROI.
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Objective. 99mTc-ethylenedicysteine-glucosamine (99mTc-EC-G) was developed as a potential alternative to 18F-FDG for cancer
imaging. A Phase 2 study was conducted to compare 18F-FDG PET/CT and 99mTc-EC-G SPECT/CT in the detection and staging
of patients with non-small cell lung cancer (NSCLC). This study was aimed to demonstrate that 99mTc-EC-G SPECT/CT was not
inferior to 18F-FDG PET/CT in patients with confirmed NSCLC. Methods. Seventeen patients with biopsy proven NSCLC were
imaged with 99mTc-EC-G and 18F-FDG to detect and stage their cancers. Imaging with PET/CT began 45–60minutes after injection
of 18F-FDG. Imaging with 99mTc-EC-G began at two hours after injection (for 5 patients) or three hours (for 12 patients). SPECT/CT
imaging devices from the three major vendors of SPECT/CT systems were used at 6 participating study sites. The image sets were
blinded to all clinical information and interpreted by independent PET and SPECT expert readers at a central independent core
laboratory. Results. 100% concordance between 99mTc-EC-G and 18F-FDG for primary lesion detection, lesion location and size,
and confidence that the biopsied lesion was malignant.There was 70% agreement between 99mTc-EC-G and 18F-FDG for metastatic
lesion detection, location and size, and confidence that the suspicious lesions were malignant. Conclusions. Evaluation of primary
and suspicious metastatic lesions detected by 99mTc-EC-G and 18F-FDG on 17 patients resulted in excellent agreement for detection
of primary and metastatic lesions.The study results indicated that 99mTc-EC-G SPECT/CT has the potential to be a clinically viable
alternative to 18F-FDG PET/CT and 99mTc-EC-G is not inferior to 18F-FDG PET/CT.

1. Introduction

1.1. Molecular Mechanism of Ethylenedicysteine-Glucosamine
(EC-G) in Oncology. 18F-Fluoro-2-deoxyglucose (FDG), a
nonmetabolizable 2-deoxyglucose analogue, blocks glycol-
ysis and inhibits protein glycosylation [1]. Increased 18F-
FDG uptake is used to visualize cancer cells in patients
using PET/CT [2, 3]. In addition, it is known that cell
uptake of glucose and glutamine is directed by growth
factor signaling. Both glucose and glutamine are involved
in mitochondrial tricarboxylic acid (TCA) cycle integrity,
glycolysis, ATP production, and glycosylation [4, 5]. For
example, glutamine is a known precursor amino acid for

the synthesis of O-linked-Beta N-acetylglucosamine (Glc-
NAc), one of the main initiators of the Hexosamine Biosyn-
thetic Pathway (HBP) [6–8]. Glutamine combines with
fructose-6-phosphate from the glucose glycolytic pathway in
the presence of glutamine fructose-6-phosphate transferase
(GFAT), an initiating enzyme, resulting in the synthesis
of glucosamine-6-phosphate [7, 8]. A series of enzymatic
steps result in the production of uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc) in endoplasmic reticulum
(ER). The synthesized UDP-GlcNAc is transported from ER
to the Golgi apparatus via the UDP-GlcNAc transporters
and is then utilized as a donor substrate for the N- and O-
linked glycosylation of extracellular and membrane proteins
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Figure 1: Structure of ethylenedicysteine-glucosamine (EC-G) and relationship to N-acetylglucosamine (GlcNAc).

[9, 10]. O-linked glycosylation is regulated by the termi-
nating enzyme O-linked GlcNAc transferase (OGT). OGT
is the enzyme responsible for the addition of a single N-
acetylglucosamine (GlcNAc) residue to the hydroxyl groups
of serine and/or threonine residues of target proteins. The
hexosamine signaling pathway terminating in O-linked Glc-
NAc cycling has been shown to be involved in cellular
signaling cascades and regulation of transcription factors
involved in cancer biology and is a requirement for cell
membrane andprotein synthesis for cell regeneration in other
tissue types as well [10–12]. GlcNAc, a glucose analogue, can
be taken up by cells through glucose transporters [13, 14].
In cancer cells, GlcNAc glycosylation has been shown to
play a role of angiogenesis and metastasis [12]. We have
then developed a metabolic agent that mimics GlcNAc
pathway by combining the chelator, ethylenedicysteine (EC),
to two molecules of D-glucosamine [15–17] creating the
chemical analogue ethylenedicysteine-glucosamine (EC-G),
a metabolic conjugate compound containing two molecules
of GlcNAc [18]. The molecular mechanism of EC-G involves
trapping by phosphorylation, docking byUDP conjugation at

position-1 of glucosamine, fusing by recruiting NfKb protein
conjugation at position-1 of glucosamine, and translocation
of fused glycoprotein to cell nuclei to regulate Sp1 and myc
[19–21]. In addition to its application in molecular diagnostic
imaging, EC-G binds to therapeutic metals that can be used
to treat cancer cells (Figure 1).

1.2. Cellular Uptake Differences between 99mTc-EC-G and 18F-
FDG. It is well known that 18F-FDG localizes in inflamma-
tory cells [14] and infection [15]. Glucose loading studies were
performed with stimulated macrophages and neutrophils
for both 99mTc-EC-G and 18F-FDG (Figures 2 and 3). It
can be seen that increasing the concentration of glucose
in the presence of macrophages or neutrophils results in a
decrease in 18F-FDG uptake due to competition between
18F-FDG and glucose. Alternatively, 99mTc-EC-G uptake in
macrophages or neutrophils is minimal and remains constant
independent of the amount of glucose loading. This suggests
the potential for 99mTc-EC-G to have increased diagnostic
accuracy over 18F-FDG in patients having an infectious
process such as tuberculosis, pneumonia, or a granulomatous
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Figure 2: Comparative uptake of 99mTc-EC-G versus 18F-FDG in stimulated neutrophils as a function of glucose concentration (Courtesy of
Alexis Broisat and Dr. David K. Glover: Department of Medicine, Cardiovascular Division, University of Virginia, Charlottesville, VA). ∗∗
indicates a significant uptake difference (𝑃 < 0.05, t-test) between glucose loading and control groups.
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Figure 3: Comparative uptake of 99mTc-EC-G versus 18F-FDG in stimulated macrophages as a function of glucose concentration (Courtesy
of Alexis Broisat and Dr. David K. Glover: Department of Medicine, Cardiovascular Division, University of Virginia, Charlottesville, VA). ∗
indicates a significant uptake difference (𝑃 < 0.05, t-test) between glucose loading and control groups.

disease. 99mTc-EC-G should have a clear advantage compared
to 18F-FDG in evaluating the efficacy of therapy in real time
while the patient is undergoing therapy. The reason is the
inflammatory reaction of the collateral tissue surrounding the
tumor following the initiation of chemotherapy or radiation
therapy. Consequently, an 18F-FDG PET/CT imaging proce-
dure is not able to differentiate between the inflammation and

the impact of the therapy on the tumor because the tumor is
obfuscated by the presence of the inflammation.

99mTc-EC-G localizes in the nucleus of cells. Several
experiments, which were proof of concept studies, demon-
strated intranuclear localization that was validated by per-
forming cytosol studies as well as thymidine incorporation
studies [13]. The results of cytosol study showed 18F-FDG
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Figure 4: Whole-body planar biodistribution images of 99mTc-EC-
G at 15, 30, 60, 120, and 240 minutes after injection. Note absence of
activity in the brain, heart, and bone.

to be localized completely within the cytoplasm whereas
the 99mTc-EC-G localized in the nucleus. The thymidine
incorporation studies showed that glucose and 99mTc-EC-
G localize in all three phases of cell proliferation (G0/G1,
G2/M, and S), while there was no uptake of 18F-FDG in
any of the phases of cell proliferation [13]. This suggests
that EC-G (GlcNAc) and glucose are both involved in the
proliferation/growth activity of the cells, whereas 18F-FDG is
not in glycosylation process. Lack of 18F-FDG activity in the
proliferation and growth studies is attributed to the location
of the fluorine atom in position 2 of the molecule, which
prevents acetylation occurrence and is recognized by UDP
and participation in cell proliferation and growth.

1.3. Metallic Application with EC-G. Using a chelator such as
EC, radiodiagnostic (99mTc, 111In, and 68Ga), radiotherapeu-
tic (177Lu, 188Re, 90Y, 225Ac, and 223Ra), and nonradioactive
metals (187Re, Pt, and Cu) have the opportunities to be
incorporated. Thus, for both diagnostic and therapeutic
metallic labels, EC-G is considered as a new theranostic
molecule.

1.4. 99mTc-EC-G Characteristics in Oncology (Phase 1 Finding).
Planar biodistribution images of 99mTc-EC-G (Figure 4) from
our Phase 1 study are hallmarked by no uptake in the
normalized bone, brain, or myocardium. In addition, there
is minimal uptake in the liver until late in the imaging
cycle. This demonstrates a different biodistribution pattern
compared to 18F-FDG, which has significant uptake in the
normalized heart, brain, and bone marrow. It is postulated
that the absence of 99mTc-EC-G uptake in the normal brain
is due to the charge on the EC-G which prevents the
compound from crossing the blood-brain barrier. However,
in the presence of a tumor lesion, the uptake in the region(s)
of abnormality should occur. Thus, a 99mTc-EC-G whole-
body scan, which would include the brain, could potentially
be used to determine if brain metastasis is present. To extend

evidence of 99mTc-EC-DG imaging efficacy in identifying
anatomical regions and in determining extent of disease in
these patients as compared to 18F-FDG PET/CT imaging,
here, we report amulticenter Phase 2 study comparing 99mTc-
EC-G SPECT/CT with 18F-FDG PET/CT in patients with
non-small cell lung cancer (NSCLC).

2. Materials and Methods

2.1. Primary Endpoint and Objectives. CGMP grade EC-G
was manufactured at J-STAR Research, Inc. (South Plain-
field, New Jersey). 99mTc-EC-G was delivered by the local
radiopharmacy to the clinical trial site.The endpoints for this
Phase 2 study were as follows:

(1) Noninferior to the sensitivity of 99mTc-EC-G SPECT/
CT versus 18F-FDG PET/CT for the biopsied primary
tumor.

(2) Noninferior to the detectability and confidence level
for determining malignancy/or not for metastatic
disease using 99mTc-EC-G SPECT/CT versus 18F-
FDG PET/CT.

The Phase 2 trial was a multicenter study conducted on
a total of 22 untreated patients (12 women and 10 men)
aged 46.4 to 89.5 years (mean age: 68.5), who had nonin-
cisional biopsy-definitive evidence of NSCLC or cytology
results confirming NSCLC from a bronchoscope procedure.
Patients underwent imaging procedures with both 99mTc-
EC-G SPECT/CT and 18F-FDG PET/CT. Of the 22 enrolled
patients, 17 patients completed the study.

Within 7 days of qualification for the study or dur-
ing prestudy procedures, 18F-FDG was administered and
a PET/CT scan was performed. A dose range of 370 to
740MBq of 18F-FDG was injected into a peripheral vein
of the upper extremity (actual dose administered was to
be consistent with the recommendations of the vendor of
the PET/CT system). A CT scan without contrast from the
base of the skull to the upper thigh level was acquired 60
minutes following injection of the 18F-FDG. This was used
for attenuation correction (AC). Alternatively, a HighQuality
CT Scan (HQS) sufficient to provide anACmap and adequate
for anatomical localization when fused with the PET image
could have been substituted for the attenuation correctionCT
scan. Whole-body PET imaging from the base of the skull
to the upper thigh level was immediately obtained after the
attenuation correction CT scan or the alternative HQS. If the
HQS alternative was not utilized, the PET scan was followed
by a diagnostic CT scan (without contrast from base of skull
to upper thigh level). This CT scan was used for anatomical
localization. Standard practice imaging protocols were used
unless otherwise specified or clinically indicated.

99mTc-EC-Gwas administered and a SPECT/CT scanper-
formed from 1 to 3 days following the PET/CT scan (or within
45 days if the PET/CT scan was done as a part of prestudy
procedures). A target activity level of 925MBq (range from
740 to 1110MBq) of 99mTc-EC-G was administered through
an indwelling IV line. The dose of EC-G was approximately
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5mg for the first 5 enrolled patients and approximately 1 mg
or less for the remaining 12 patients. A HQS without contrast
from the base of the skull to the upper thigh level (covering
the same field of view as the PET/CT scan) was acquired
approximately 2 hours following injection of 5mg of 99mTc-
EC-G and at approximately 3 hours following injection of
the 1mg (or less) dose of 99mTc-EC-G. The CT information
was used to create an attenuation correction map for the
attenuation correction, whereas the HQS was fused with the
SPECT images to provide anatomical localization of lesions.
Immediately after the HQS was performed, the patient was
given a SPECT scan from the base of the skull to the upper
thigh level. Standard practice imaging protocols were used
unless otherwise specified or clinically indicated.

After the last imaging procedure, a 21-day follow-up was
performed (without a patient visit) to acquire any additional
imaging, surgical/pathology tissue diagnostic results, and
treatment documentation. Safety was evaluated by assessing
vital signs, EKGs, physical examinations, clinical laboratory
test results, and the incidence and severity of AEs.

3. Statistical Considerations

3.1. Overview. ThePhase 2 study was designed to be explora-
tory and include up to 25 patients with a biopsy (or cytology
report from a bronchoscope) definitive diagnosis for NSCLC.
The study design included 7 centers with no more than 8
patients completing the entire protocol at any center. This
number of patients was considered sufficient to obtain the
necessary data and knowledge to document continued safe
use of 99mTc-EC-G in multiple centers and to organize and
plan a Phase 3 study.

3.2. Core Lab Interpretation Process: Independent Reading.
The endpoints for this study include estimates of agreement
(based on anatomical location and measures of extent of
disease (staging) above and below the diaphragm) between
PET/CT and SPECT/CT. The first endpoint was 99mTc-
EC-G SPECT/CT not being inferior to 18F-FDG PET/CT
based on tissue specific pathology results for the primary
lesion. In terms of the primary lesion, tissue specimens with
a pathological diagnosis of malignancy were classified as
positive. Any other pathology results, such as benign or
inflammatory conditions, were classified as negative.The sec-
ond endpoint was 99mTc-EC-G SPECT/CT not being inferior
to 18F-FDG PET/CT in the detection of suspicious malignant
lesions (metastasis). Measures were based on detectability of
suspicious lesions in one or more of the following anatomical
zones: lobes for the right and left lungs; the mediastinum; the
liver; and the adrenal glands.

A five-page interpretation form was completed by each
core laboratory independent reader for each image set per-
formed on each patient. The image interpretation was based
on an objective score 1–5 with 5 representing the highest
positive score, where the reader evaluated the following
factors:

Diagnostic image quality above and below the
diaphragm

Detectability of primary lesion and confidence that it
represents cancer
Detectability of any suspicious metastatic lesions and
the anatomical zone for the lesion as well as the
confidence that the lesion represents a malignancy
Lesion size, scored as a range (1: <5mm; 2: 5mm–
1 cm; 3: >1 cm)

The SPECT/CT image sets were read and interpreted by
two dedicated independent SPECT specialists. Separately, the
PET/CT image sets were read and interpreted by two dedi-
cated independent PET specialists. All reads were blinded to
clinical information other than knowing all patients enrolled
had positive tissue diagnosis of NSCLC for the primary
lesion.

When PET and/or SPECT readers at the core laboratory
identified suspicious lesions beyond the primary (biopsied)
lesion, they scored lesion detectability, identified the anatom-
ical location and lesion size, and recorded their confidence
that the lesion(s) was (were) malignant.Whenmore than one
lesion was identified in a given anatomical zone, the reader
was instructed to evaluate the single lesion they felt best
represented the diagnosis for the group. The objective results
were provided to the biostatistician to perform the noninferi-
ority analysis comparing the 99mTc-EC-G SPECT/CT results
to the 18FDG PET/CT results for detecting primary as well
as metastatic lesions on patients who had a confirmed biopsy
proven diagnosis of NSCLC.

4. Results

4.1. Safety. All AEs that were reported during the study
occurred after the administration of 99mTc-EC-G. All but 2
AEs, nausea and vomiting, were considered unrelated to the
study drug. These 2 AEs for nausea and vomiting occurred
in 1 patient after administration of 99mTc-EC-G and were
classified as mild and unlikely related to the study drug.
Most AEs were classified as mild or moderate, with 3 AEs
(international normalized ratio increased, hypokalemia, and
embolism) in 2 patients being classified as severe. There were
6 SAEs (obstructive pneumonia, hypokalemia, international
normalized ratio increased to 2 times the upper limit of
normal, ataxia, speech impairment, and embolism) in 3
patients. All moderate and severe AEs were evaluated and
deemed by the Safety Panel to be unrelated to the study drug.
Overall, 99mTc-EC-G and 18F-FDG were well tolerated.

4.2. Imaging Results

4.2.1. Primary Lesion. The 18FDG PET/CT and 99mTc-EC-
G SPECT/CT scan results showed 100% concordance for
detection of primary lesions, determination of lesion size,
and confidence that the detected lesion was malignant. The
detection of primary lesions was not influenced by the dose
of 99mTc-EC-G or by the time of imaging in the range of doses
and times used in the 2 studies. The detection of the primary
lesion was also not influenced by the type of imaging device
or the device vendor (imaging devices from the three major
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international vendors were used in the study). Overall, the
study results demonstrated noninferior detection of primary
lesions (biopsied) of 99mTc-EC-G SPECT/CT compared to
18F-FDG PET/CT (sensitivity only). The reader’s average
score [1–5] for detectability, lesion location and lesion size,
and confidence that the lesion wasmalignant averaged 4.6 for
the PET readers and 4.5 for the SPECT readers.

There was 1 patient who entered the Phase 2 study with a
negative biopsy for NSCLC. However, this patient smoked,
showed all of the clinical symptoms for lung cancer (e.g.,
blood in sputum), and had diagnostic findings on the CT
scan that the radiologist felt were consistent with a diagnosis
of a lung malignancy. The radiologist recommended that
the referring physician order a 18F-FDG PET/CT scan. The
decision was made to also perform a 99mTc-EC-G SPECT/CT
scan which also showed a positive finding. Based on the
positive results of the 18F-FDG PET/CT scan, the patient
was sent to surgery for tumor removal, and the extracted
tumor was found positive for NSCLC. In this case, the use
of 18F-FDG PET/CT and separately 99mTc-EC-G SPECT/CT
scanning both achieved an accurate diagnosis even in light
of the original negative biopsy. This example shows the value
of oncology imaging to assure patients receive the correct
diagnosis and therefore the most appropriate therapy.

4.2.2. Metastatic Lesions. Metastatic lesions were also shown
to localize 99mTc-EC-G for both the 1 and 5mg dose of
EC-G. However, the detectability of some lesions in dense
tissue such as the liver and adrenal glands was shown to
be affected by the characteristics of the SPECT/CT system
used. Specifically, lesion detectability with select SPECT/CT
systems was at a lower confidence level compared to PET/CT.
This occurred on two SPECT/CT systems where the slice
thickness used to reconstruct theACmap and fuse the SPECT
and CT images was 1 cm. Unfortunately, these two devices
accounted for all reported lesions in the liver (3 lesions) and
adrenal glands (1 lesion).This occurred because the 1 cm slice
thickness used for the reconstruction of theACmaps resulted
in artifacts and distortion of the SPECT/CT fused image.This
of course impacted image quality and detectability of small
lesions. Despite this issue, there was 70% overall agreement
between SPECT/CT and PET/CT for all metastatic lesions.
There was 83% agreement for metastatic lesions detected
in the lungs (10/12 lesions), 75% agreement for lesions in
the mediastinum (3/4 lesions), 66% agreement for liver
lesions (2/3), and 0% agreement for adrenal lesions (0/1).
Retrospectively, it was reported that the suspicious adrenal
lesion was a midline abdominal lesion that had a confirmed
diagnosis of pancreatitis and one suspicious lung met was
confirmed as a granulomatous infection. Even without this
retrospective information, when there was agreement, the
confidence level for PET/CT was 4.4/5.0 versus 4.0/5.0 for
SPECT/CT. Importantly, as a result of these findings, the FDA
agreed to the following important modifications to the Phase
3 protocol:

(1) All certified SPECT/CT systems used in the Phase 3
studymust have aCT that provides anAC reconstruc-
tion slice thickness of 5mm or better.

PET/CT SPECT/CT

Primary

Figure 5: Comparative SPECT/CT: 99mTc- EC-G and PET/CT: 18F-
FDG image sets on a 68-year-old patient having a biopsy confirmed
primary NSCLC.

(2) All suspicious lesions identified by the SPECT and/or
PET core laboratory readers must be confirmed by
either a tissue diagnosis or evidence for contrast
enhancement from a baseline diagnostic CT contrast
(DCCT) study to eliminate the possibility of a false
positive interpretation for 18F-FDG due to uptake in
infection or inflammation.

Example of image sets showing detection of primary
tumors and metastasis for 18F-FDG PET/CT and 99mTc-EC-
G SPECT/CT is shown in Figures 5–7. In all cases the slice
thickness for the reconstructed AC maps is 5mm or better.

5. Discussion

The Phase 2 studies completed on 17 patients expanded the
patient safety experience using 99mTc-EC-G and provided
evidence of 99mTc-EC-G imaging efficacy in identifying
anatomical regions with known non-small cell lung cancer
and in determining the extent of disease (metastasis) in
these patients as noninferior to 18F-FDG PET/CT imaging.
Specifically, the Phase 2 study demonstrated equivalent detec-
tion (100%) of primary lesions (biopsied) by SPECT/CT and
PET/CT (sensitivity only) and noninferiority to detectability
(70% agreement) for metastatic lesions between SPECT/CT
and PET/CT.

In addition, the Phase 2 study showed that 99mTc-EC-G
SPECT/CT imaging has the potential to serve as an alterna-
tive to 18F-FDG PET/CT imaging for diagnosing and staging
oncology patients. In particular, the Phase 2 study provided
equivalent diagnostic informationwith good accumulation in
lung cancer and associated metastatic lesions using gamma
cameras from three device manufacturers (Philips Health-
care, Siemens Healthcare, and GE Healthcare) as well as for
a Philips SPECT system integrated to a Philips CT system
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PET/CT SPECT/CT

Primary

SPECT/CT PET/CT

MET

Figure 6: Comparative SPECT/CT: 99mTc- EC-G and PET/CT: 18F-
FDG image sets on a 56-year-old patient having a biopsy confirmed
primary NSCLC and diagnostic CT contrast confirmed metastasis
to the sternum.

Primary

Primary

MET

PET/CT SPECT/CT

Figure 7: Comparative SPECT/CT: 99mTc- EC-G and PET/CT: 18F-
FDG image sets on a 61-year-old patient having a biopsy confirmed
primary NSCLC and diagnostic CT contrast confirmed metastasis
to the lung.

via a Philips work station, provided the imaging device has
a CT with 5mm or better slice thickness for reconstructing
AC maps and image fusion. The Phase 2 study also showed
that when the specific activity of 99mTc-EC-G was increased
from 5 mg of EC-G labeled with 925 BCq of 99mTc to 1mg of
EC-G labeled with 925 BCq of 99mTc, the tumor/background
ratio for both the primary and metastatic lesions improved
significantly. It was also shown that when the time to image
was changed from 2 to 3 hours after injection, there was addi-
tional improvement in the tumor/background ratio. Thus,
the Phase 3 study design requires specific characteristics for
SPECT/CT technology, high specific activity for 99mTc-EC-G,
and a 3-hour postinjection imaging time to assure the highest

detectability of small lesions even in the presence of dense
tissue.

An extremely important issue identified in Phase 2 relates
to whether lesions detected by either SPECT or PET that do
not have a tissue diagnosis are in factmalignant. For example,
it is now known that 18F-FDG localizes in infection and
inflammation as well as malignant tumors. The results of the
Phase 2 study and the Study Design, Protocol and Statistical
Analysis Plan for the pivotal Phase 3 study were presented to
the FDA. The FDA granted the proposed Phase 3 study with
a Special Protocol Assessment Letter of Agreement.

A summary of the main features of the Phase 3 study
includes the following:

(1) The Phase 3 study was designed for noninferiority.
Hypothesis testing of the results of the Phase 2 primary
endpoint of sensitivity for detection of the biopsied primary
lesion combined with the objective measure for detect-
ing metastasis resulted in the following parameters being
accepted by the FDA:

(i) An estimated 165–190 patients, for each of the two
identical clinical arms

(ii) A margin of 10% between SPECT/CT: 99mTc-EC-G
and PET/CT: 18F–FDG

(iii) A required confidence interval of 95%.

(2) The patient population was expanded to include all
lung cancer types.

(3) Criteria for patient enrollment include any patient
with clinical and radiological evidence consistent with lung
cancer that has been referred for a PET scan to confirm the
diagnosis and/or for staging the disease.

(4) All patients enrolled must agree to a tissue diagnosis
of the primary lesion; a baseline diagnostic CT with contrast
study; and awhole-body bone scan independent of the results
of the PET/CT study.

(5) The Phase 3 study Truth Standard will be tissue
diagnosis (primary as well as metastatic lesions when avail-
able) or evidence for contrast enhancement/or not from the
diagnostic CT with contrast scan on suspicious lesions.

(6) The blinded read imaging interpretation by the Core
Lab readers for the presence of malignancy for both PET and
SPECTwill be compared against the Truth Standard for every
detectable lesion.

For this reason, Phase 3 will require that all suspicious
lesions detected by either radiopharmaceutical compound be
validated formalignancy.This will include a requirement that
all primary lesions have a tissue diagnosis. In addition, a tis-
sue diagnosis (open or closed biopsy) is performed whenever
possible or practical in respect to any suspicious metastatic
lesions. Suspicious metastatic lesions that do not have tissue
confirmation will be deemed malignant if the baseline Stan-
dard of Care DCCT scan consensus interpretation by 2 inde-
pendent truth standard core laboratory readers (readers who
are independent/different from the core laboratory PET and
SPECT readers) determines the lesions(s) to have vascular
and anatomical patterns (contrast enhancement) consistent
with malignancy. Phase 3 trial would categorize the patients
into clinically statistical relevant groups such as percent of
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patients of NSCLC highlighting the need of 99mTc-EC-G for
diagnostic tests to identify the subpopulations of patientswho
will benefit from this diagnostic/therapeutic trial.

6. Conclusions
99mTc-EC-G was well tolerated. All but 2 AEs (nausea and
vomiting, considered mild and unlikely related to the study
drug) were considered unrelated to study drug. There were 6
SAEs, all considered unrelated to the study drug, and there
were no deaths or AEs leading to withdrawal. No clinically
significant trends or abnormalities were observed in vital sign
measurements or EKGs.

The 99mTc-EC-G SPECT/CT results compared to the 18F-
FDG PET/CT results showed 100% agreement for detection
of primary lesions, determination of location and lesion
size, and confidence that the detected lesion represented a
malignancy. Detection of primary lesions was not influenced
by the dose of 99mTc-EC-G or by the time of imaging in
the range of doses and times used in the study. Detection
of primary lesion was also not influenced by the type of
imaging device or the device vendor.Overall, the study results
demonstrated noninferiority in detecting primary lesions
(biopsied) of 99mTc-EC-G SPECT/CT compared to 18F-FDG
PET/CT (sensitivity only). Metastatic lesions were shown to
localize EC-G for both the 1 and 5mg dose of EC-G, but
the detectability of lesions by SPECT/CT was at a lower level
than that noted for PET/CT when the CT slice thickness
for reconstruction of AC maps and image fusion was 1 cm.
Despite this issue, the overall detectability, lesion location and
size, and confidence that a suspicious lesion was malignant
showed overall noninferiority to the same measures reported
for 18F-FDG PET/CT (4.4/5.0 versus 4.0/5.0), respectively.
The results of the Phase 2 studywere warranted for the pivotal
Phase 3 study.
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We evaluated the difference in the status of dopamine transporters (DATs) depending on Parkinsonism, cerebellar, and autonomic
features using F-18 FP-CIT positron emission tomography (PET) in multiple system atrophy with cerebellar ataxia (MSA-C).
We also assessed whether the DAT PET could be useful in the management of MSA-C. Forty-nine patients who were clinically
diagnosed as possible to probable MSA-C were included. Based on the F-18 FP-CIT PET results, patients were classified into
normal (𝑛 = 25) and abnormal (𝑛 = 24) scan groups. There were statistically significant differences in rigidity, bradykinesia,
postural instability, asymmetry, and specific uptake ratio (SUR) between the two groups but no significant differences in tremor
and cerebellar/autonomic symptoms. Dopaminergic medications were administered to 22 patients. All seven patients with normal
scans showed no change, while 10 of the 15 patients with abnormal scans showed clinical improvement. There was a trend of a
negative correlation between levodopa equivalent dose and SUR, but it was not statistically significant. DAT imaging, such as F-18
FP-CIT PET, may be useful in predicting the response to dopaminergic medication regardless of cerebellar/autonomic symptoms
in MSA-C. In addition to being used for the diagnosis of the disease, it may be used as a treatment decision index.

1. Introduction

Multiple system atrophy (MSA) is an adult-onset, sporadic
neurodegenerative disorder pathologically characterized by
prominent alpha-synuclein (a-Syn) inclusions with neuronal
degeneration. Clinically, cardinal features of the disorder
are Parkinsonism, cerebellar ataxia, autonomic failure, and
corticospinal tract dysfunction. There are two clinical sub-
types depending on the predominant motor presentation:
a Parkinsonian variant reflecting underlying nigrostriatal
degeneration (MSA-P) and a cerebellar variant associated
with cerebellar ataxia (MSA-C) [1].

Although cerebellar symptoms are a major feature of
MSA-C, Parkinsonian features are also observed [2]. This
is supported by a pathologic study that revealed that a-Syn
involvement and neuronal loss occurred not only in the
cerebellum, pons, and olives but also in the striatum inMSA-
C [3]. This nigrostriatal degeneration of MSA-C can also be
visualized in imaging studies; it has been reported that striatal

dopamine transporter (DAT) is reduced to various degrees in
DAT imaging, such as F-18 fluorinated-N-3-fluoropropyl-2-
b-carboxymethoxy-3-b-(4-iodophenyl)nortropane (FP-CIT)
positron emission tomography (PET) [4–7]. F-18 FP-CIT
PET can be used to assess dopaminergic neuronal degenera-
tion by evaluating the density of DATs. Because many motor
disorders characterized by Parkinsonian features exhibit var-
ious degrees of degeneration of dopaminergic neurons, DAT
imaging, such as F-18 FP-CIT PET, is currently being used
clinically for the evaluation of these diseases [5, 6]. In MSA,
F-18 FP-CIT PET is mainly investigated in MSA-P, in which
nigrostriatal symptoms are predominant, and it is relatively
less studied in MSA-C. As seen in the MSA-C diagnostic
guideline [1], there have been many studies on the use of
perfusion single photon emission computed tomography or
F-18 fluorodeoxyglucose (FDG) PET in the diagnosis of the
disease by evaluating the decrease in blood flow or glucose
metabolism in the cerebellum or striatum [8–12]. In the F-
18 FP-CIT PET studies, various levels of striatal dopamine
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receptors have been reported [4–7], but the usefulness of the
PET scan in disease evaluation has not yet been established
in MSA-C.

Clinically, there is no cure for MSA, and management
of MSA in focused on symptomatic relief [13]. Parkinson-
ism, cerebellar, and autonomic symptoms should be treated
judiciously [2]. Dopaminergic medications for the treatment
of Parkinsonism can often induce dyskinesia or aggravate
autonomic symptoms, especially orthostatic hypotension [2].
This sometimes makes it difficult for neurologists to decide
on medicines for Parkinsonism, but there are no indicators
to support the determination of drug administration other
than clinical judgments based on neurological examinations.
In particular, cerebellar ataxia of MSA-C can make it hard
for clinicians to evaluate Parkinsonism. Therefore, objective
indicators of the status of Parkinsonism may help them
make treatment decisions. Previous studies on idiopathic
Parkinson’s disease (IPD) have commonly reported that the
DAT status of F-18 FP-CIT PET is associated with the degree
of Parkinsonian symptoms [14–17]. Likewise, in MSA-C,
F-18 FP-CIT PET can show the status of the presynaptic
dopaminergic function, so it can be considered a marker of
Parkinsonism in MSA-C. If so, F-18 FP-CIT PET may be
helpful in the treatment as well as diagnosis of MSA-C.

In the present study, we evaluated the difference in the
status of DAT depending on Parkinsonism, cerebellar, and
autonomic features and assessed whether F-18 FP-CIT PET
could be useful in the treatment of Parkinsonism in MSA-C.

2. Materials and Methods

2.1. Patients. Forty-nine patients with clinically possible or
probable MSA-C (M : F = 30 : 19, 61.6 ± 6.5 yrs) were ret-
rospectively enrolled in this study. Clinically, 21 patients
had possible MSA-C (M : F = 13 : 8, 59.7 ± 6.3 yrs), and 28
patients had probable MSA-C (M : F = 17 : 11, 62.9 ± 6.4 yrs).
The diagnosis of MSA-C was done by movement disorder
specialists based on the current diagnostic criteria in patients
with adult-onset (older than age of 40) progressive ataxia
who had no relevant family history and no established
acquired etiology of ataxia [1, 17]. All medical records were
available, and the neurologists checked for motor disability,
such as Parkinsonism (e.g., tremor, rigidity, bradykinesia,
and postural instability), cerebellar features (e.g., gait ataxia,
limb ataxia, cerebellar dysarthria, and cerebellar oculomotor
dysfunction), and autonomic symptoms (e.g., orthostatic
hypotension, urinary incontinence, and erectile dysfunc-
tion). The neurologists defined Parkinsonism as having defi-
nite bradykinesia and rigidity.

In patients taking dopaminergic medication for the
treatment of Parkinsonism, doses of the drugs were inves-
tigated and expressed as levodopa equivalent doses (LEDs)
[18]. Movement disorder specialists assessed the response
to dopaminergic medication based on the clinical rating if
there was a clinically meaningful improvement. Patients who
took the medication for less than 3 months, discontinued the
medication due to side effects, or were unable to confirm the
response were excluded from the analysis.

Patients with Parkinson’s disease, other atypical or sec-
ondary Parkinsonism, head trauma, stroke, dementia, or psy-
chological disorders were excluded. In our normal database
of F-18 FP-CIT PET, 10 healthy individuals who did not have
any clinical symptoms related to Parkinsonism were selected.
The Institutional Review Board of our hospital reviewed and
approved the study protocol and informed consent form.

2.2. F-18 FP-CITPET/CTand ImageAnalysis. All the F-18 FP-
CIT PET/CT examinations were performed using a Dis-
covery 710 PET/CT (GE Healthcare, Milwaukee, WI, USA)
scanner. Patients were intravenously injected with 185 MBq
F-18 FP-CIT and PET/CT acquisition was started 180min
after the radiotracer injection. F-18 FP-CIT was supplied
by FutureChem in Republic of Korea. A helical CT scan
was carried out with a rotation time of 0.5 s at 120 kVp and
100mAs without an intravenous contrast agent. A PET scan
followed immediately and was acquired for 10min in the
three-dimensional mode. All the images were acquired from
the skull vertex to the skull base.The patients were allowed to
continue their anti-Parkinson medication.

Two experienced nuclear medicine physicians reviewed
all the PET/CT images using a dedicated workstation with
custom software (Advantage Workstation 5.0). The striatal
volumetric analysis was done following a previous study
[19]. To analyze the striatal functional volume, a semiauto-
matically delineated spherical volume-of-interest (VOI) was
drawn over each of the two strata (Figure 1). The striatal
target volume was segmented with custom software using
a gradient-based method that detected the striatal margin
based on a change in activity levels near the structure margin
automatically [20]. We drew the VOI over the occipital lobe,
and the value of the functional striatal volume multiplied by
the occipital mean standardized uptake value (SUV mean)
was considered nonspecific uptake of the striatum. Specific
uptake ratios (SURs) were calculated for the target striatal
VOI, and these values were defined as follows: mean stan-
dardized uptake value (mean SUV) of striatal VOI − mean
SUV of occipital VOI/mean SUV of occipital VOI.

F-18 FP-CIT PET images were classified into normal
and abnormal scans by visual and quantification analysis.
First, the visual assessment was done using the morphology
and density of the striatum and striatal asymmetry. Second,
quantification analysis was performed based on the values of
healthy subjects.The SUR cut-off value in the healthy subjects
was 2.84. If the visual and quantification analyses showed
the same results, the scan results were classified accordingly,
while discordant cases were categorized by the agreement of
two nuclear medicine physicians.

2.3. Statistical Analysis. The differences in patient charac-
teristics and clinical symptoms between the normal and
abnormal scan groups of F-18 FP-CIT PET were evaluated
using the Mann–Whitney 𝑈 test for continuous variables
and the Chi-square test or Fisher’s exact test for categorical
variables. Fisher’s exact test was performed to evaluate the
response to dopaminergic medication according to the scan
result. The relation between LED and various parameters
was evaluated using Spearman’s rho. Statistical analyses were
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(a) (b)

Figure 1: F-18 FP-CIT images of normal scan (a) and abnormal scan (b) groups. The gradient-based VOIs were automatically drawn on the
striatum in the PET images.

(a) (b)

Figure 2: Two patients were normal in the quantitative analysis but abnormal in the visual assessment. One patient showed very
heterogeneous uptake in both strata (a), and the other patient showed significantly decreased uptake in the tail portion of both putamens (b).

performed using MedCalc software version 16.4 (MedCalc
Software, Mariakerke, Belgium). Statistical significance was
defined as 𝑝 value < 0.05.

3. Results

3.1. Patients Characteristics and Difference between Normal
and Abnormal Scan Groups (Table 1). In F-18 FP-CIT PET, of
all 49 MSA-C patients, 47 showed consistent findings in the
visual and quantification analyses. Twenty-five patients were
normal, and 22 were abnormal in both analyses consistently.
The other two patients showed discordant results, which were
quantitatively normal but visually abnormal. After checking
again, one patient showed very heterogeneous uptake in both
strata, and the other patient showed significantly decreased

uptake in the tail portion of both putamens (Figure 2).There-
fore, these two patients were placed in the abnormal scan
group despite their normal quantification results. Finally,
25 (51.0%) patients were in the normal scan group, and 24
(49.0%) patients were in the abnormal scan group. There
were no differences in age, sex, or disease duration between
the two groups. Clinically confirmed Parkinsonismwasmore
frequent in the abnormal scan group (32.0% versus 66.7%,
𝑝 = 0.0163). Among Parkinsonian features, rigidity (𝑝 =
0.0004), bradykinesia (𝑝 = 0.0082), and postural instability
(𝑝 = 0.0040) were significantly more common in the abnor-
mal scan group than the normal scan group, but there was
no significant difference in resting tremor (𝑝 = 0.3209).
There was no significant difference between the two groups
in the frequency of cerebellar features, such as gait ataxia
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Table 1: Difference in characteristics of the patients between normal and abnormal scan groups.

Characteristics Normal scan
(𝑛 = 25)

Abnormal scan
(𝑛 = 24) 𝑝 value1

Age (years) 61.7 ± 6.6 61.5 ± 6.5 0.9272
Sex (male : female) 18 : 7 12 : 12 0.0939
Disease duration (years) 3.1 ± 1.5 3.0 ± 1.6 0.8441
Parkinsonism 8 (32.0%) 16 (66.7%) 0.0163

Bradykinesia 14 (56.0%) 22 (91.7%) 0.0082
Bradykinesia (score) 1.0 ± 0.9 1.6 ± 0.8 0.0142
Rigidity 8 (32.0%) 20 (83.3%) 0.0004
Rigidity (score) 0.3 ± 0.5 0.9 ± 0.5 0.0003
Postural instability 17 (68.0%) 24 (100.0%) 0.0040
Resting tremor 4 (16.0%) 7 (29.2%) 0.3209

Cerebellar symptom
Gait ataxia 25 (100.0%) 24 (100.0%) 1.0000
Limb ataxia 22 (88.0%) 22 (91.7%) 1.0000
Cerebellar dysarthria 22 (88.0%) 23 (95.8%) 1.0000
Oculomotor dysfunction 18 (72.0%) 22 (91.7%) 0.1383

Autonomic symptom
Orthostatic hypotension 12 (48.0%) 9 (36.0%) 0.4624
Urinary incontinence 10 (40.0%) 13 (54.2%) 0.3255
Erectile dysfunction 10/18 (55.6%) 9/12 (75.0%) 0.4425

PET parameter
Striatal asymmetry 0.97 ± 0.03 0.88 ± 0.10 0.0006
Striatal SUR 3.98 ± 0.58 2.59 ± 0.89 <0.0001

1𝑝 value in bold, italic type indicates statistical significance. SUR: specific uptake ratio.

(𝑝 = 1.0000), limb ataxia (𝑝 = 1.0000), cerebellar dysarthria
(𝑝 = 1.0000), and cerebellar oculomotor dysfunction (𝑝 =
0.1383). There was also no significant difference between the
two groups in the frequency of autonomic symptoms, such as
orthostatic hypotension (𝑝 = 0.4624), urinary incontinence
(𝑝 = 0.3255), and erectile dysfunction (𝑝 = 0.4425). In F-
18 FP-CIT PET, the abnormal scan group showed significant
asymmetry in the striatum (0.97 versus 0.88, 𝑝 = 0.0006).
SUR was also significantly lower in the abnormal scan group
(3.98 versus 2.59, 𝑝 < 0.0001).

3.2. Treatment Response of Dopaminergic Medication of Nor-
mal and Abnormal Scan Groups. Of the 49 patients, 39
had taken dopaminergic medication, including levodopa and
dopamine agonists, according to the clinical judgment of
neurologists, but 17 of these patients were excluded in the
response analysis for the reasons mentioned above. Of the
patients taking the drug, the remaining 22 patients were
included in the analysis. Of the 22 patients takingmedication,
seven patients showed normal striatal uptake and 15 patients
showed decreased striatal uptake in F-18 FP-CIT PET. After
the chronic administration of dopaminergic medication (1.7
± 0.9 years, 464 ± 200mg/day in LED), 10 of 22 patients
showed clinical improvement (45.5%).Therewas no response
in all seven patients with normal striatal uptake. Ten of the
15 patients (66.7%) with abnormal striatal uptake showed

a response to the medication (Figure 3). Fisher’s exact test
revealed a significant difference in the response rate between
the normal and abnormal scan groups (𝑝 = 0.005).

3.3. Relationship between Dopaminergic Medication Dose and
Striatal Uptake of F-18 FP-CIT PET. Themean LED was 464
± 200mg/day in the 22 patients who received dopaminergic
medication. The mean LED was 386 ± 180mg/day in the
12 patients who had no response to the drug and 488 ±
205mg/day in the 10 patients who had a response to the drug,
and there was no significant difference in the LED between
the two groups (𝑝 = 0.2823). We examined the relationship
of LED with the grade of bradykinesia, rigidity, and SUR in
the 10 patients who were clinically responsive among the 22
patients who received dopaminergic medication. LED was
not significantly correlated with grade of bradykinesia (𝑟 =
−0.450, 95% confidence interval (CI) = −0.205–0.827, 𝑝 =
0.1648) or rigidity (𝑟 = −0.426, 95% CI = −0.817–0.234, 𝑝 =
0.1915). There was trend of a negative correlation between
LED and SUR, but it was not statistically significant (𝑟 =
−0.456, 95% CI = −0.844–0.243, 𝑝 = 0.1848, Figure 4).

4. Discussion

InMSA, F-18 FP-CIT PET is widely used clinically for disease
evaluation of MSA-P, because it represents the characteristic
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Figure 3: Bar chart showing responsiveness to dopaminergic
medication in normal and abnormal scan groups. There was no
response in all patients with normal scans and some response in the
abnormal scan group.
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Figure 4: Correlation analysis between levodopa equivalent dose
(LED) and specific uptake ratio (SUR) showing a trend of a negative,
but not statistically significant, relationship (𝑟 = −0.456, 𝑝 =
0.1848).

degeneration of presynaptic nigrostriatal dopaminergic
nerves as in IPD. The clinical significance of F-18 FP-CIT
PET has not yet been clearly established in MSA-C, but
several studies have reported varying degrees of striatal
uptake [4–7]. In the present study, of 49 patients, 25 (51.0%)
were normal and 24 (49%) were abnormal in F-18 FP-CIT
PET. The mean decline of SUR in the striatum was about
35% of that in normal subjects. Previous studies reported

similar results of a reduction range between 21% and 79%
[4, 7, 21]. Although it is generally known that nigrostriatal
dopaminergic neurons are relatively uniformly reduced in
MSA, the abnormal scan group of MSA-C in this study was
asymmetrically reduced compared to normal subjects. These
findings correlate well with a pathologic study indicating that
neuronal loss of the nigrostriatal tract was heterogeneous
according to the disease status [3], and a Germanmulticenter
study also reported that approximately 50% of MSA patients
of their cohort revealed asymmetry of clinical symptoms
[22]. Our results showed that striatal uptake of F-18 FP-CIT
PET clearly reflected clinical Parkinsonian symptoms in
MSA-C. Among the Parkinsonian features, the frequency
of rigidity, bradykinesia, and postural instability and the
severity of rigidity and bradykinesia were significantly higher
in the abnormal scan group compared with the normal
scan group. Resting tremor was not different between the
two groups; this result could be explained by the fact that
resting tremor is not directly related to the loss of nigral
dopaminergic neurons [16].This result was similar to those of
previous studies on IPD [14–18]. Based on these results, F-18
FP-CIT PET also represents the nigrostriatal dopaminergic
neuronal degeneration in MSA-C as in IPD.

However, in order for F-18 FP-CIT PET to have a signifi-
cant clinical role inMSA-C, the results of the study should not
be affected by motor dysfunction due to cerebellar or auto-
nomic dysfunction. Our study showed that regardless of the
F-18 FP-CIT PET results, most patients had cerebellar dys-
function and there was no significant difference in cerebellar
or autonomic symptoms between the normal and abnormal
scan groups.These results suggest that nigrostriatal neuronal
degeneration occurs independently from cerebellar and auto-
nomic neuronal degeneration. A previous study reported
similar results, which showed no correlation between striatal
uptake in DAT SPECT and clinical cerebellar disability
[21]. Pathologic studies supporting these results indicated
that region-specific cell loss was reported in MSA [3, 23,
24]. In particular, in MSA-C, neuronal loss predominantly
involves the olivopontocerebellar structure and frequently
the nigrostriatal tract and autonomic nuclei [3, 13]. However,
region-specific neuronal degeneration occurs independently
[23, 24].Therefore, F-18 FP-CIT can demonstrate the status of
presynaptic nigrostriatal dopaminergic degeneration regard-
less of cerebellar or autonomic dysfunction.

One of the purposes of the present studywas to determine
whether F-18 FP-CIT PET has a role in the treatment of
Parkinsonism in MSA-C. Currently, symptomatic treatment
is only available for MSA-C, and the two main targets of
symptomatic treatment are Parkinsonism and autonomic
dysfunction [2, 13]. Although the response to dopaminergic
medication is poor or transient, about half of patients with
MSA-C respond to the medication [2]. To evaluate drug
responsiveness, the dopaminergic medications should be
given for 3 months at an escalating dose, but orthostatic
hypotension can be aggravated by the medication and about
half of the patients with drug treatment show dyskinesia
[2, 13, 22]. These problems make neurologists hesitant to
prescribe medication; thus, they need an indicator that can
help them decide whether to prescribe the medicine. In this
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study, through a chart review by a neurologist, we evaluated
22 patients’ responsiveness to dopaminergic medications. All
seven patients (100%) with normal scans showed no clinical
response, and 10 of the 15 patients (66.7%) with abnormal
scans showed a clinical response to the medication. Normal
findings in F-18 FP-CIT PET suggested no nigrostriatal
denervation.Therefore, the drug seemed to have no effect on
all seven patients in the normal group. Clinically, even if a
suspicion of Parkinsonism inMSA-C patients may be normal
in F-18 FP-CIT PET, this discrepancy could be explained
by the difficulty of diagnosis due to the manifestation of
various motor function abnormalities in MSA-C. In the 15
patients who showed abnormal PET scans, 10 patients had a
response to the drug, but one-third of the patients had no
response. We could not find any difference in clinical and
imaging characteristics between the two groups of patients
(data not shown). Pathologic and imaging studies have
demonstrated that postsynaptic dopamine D2/3 receptor and
presynaptic DAT are also decreased in MSA [3, 25, 26].
Because dopamine D2/3 receptor provides inhibitory motor
control, the reduction of the receptor leads to a loss of motor
control. Since the motor dysfunction in MSA-C is due to
the combined effect of pre- and postsynaptic receptors of
the dopaminergic nerve, it is difficult to correctly assess the
degeneration of dopaminergic neurons with only the F-18
FP-CIT PET showing only presynaptic DAT. In the presence
of severe dopamine D2/3 receptor decline, an effect of the
dopaminergic drug is unlikely. In this study, the five patients
with no response to the drug of the 15 patients with abnormal
scans would be considered in this case, but accurate evalu-
ation requires additional dopamine D2/3 receptor imaging.
Based on these results, it can be suggested that if F-18 FP-
CIT PET shows normal findings in MSA-C patients, it may
not be necessary to administer dopaminergic medications
because drug effects are unlikely. In addition, in patients with
abnormal PET findings, dopaminergic medication may be
considered.

We thought that the degree of DAT reduction in F-18
FP-CIT might be correlated with the need for the drug.
Nissen et al. reported that although the correlation was not
strong, the amount of dopaminergic drug required increased
significantly with decreasing DAT uptake (𝑟 = −0.26,
𝑝 = 0.0201) [27]. In this study, a trend of an inverse
association between LED and SUR was shown, but it was not
statistically significant (𝑟 = −0.456, 𝑝 = 0.1848).The possible
explanation was that, as mentioned above, the state of
the nigrostriatal dopaminergic pathway was not completely
evaluated in F-18 FP-CIT PET showing only the presynaptic
DAT state. In addition, the neurologist considered the adverse
effect of the drug and adjusted the dose according to the
patient’s response. However, there was a trend of a negative
relationship. Thus, a further study with a large population is
needed.

The present study had some limitations. We could
not investigate responsiveness to dopaminergic medication
quantitatively, because this study was performed retrospec-
tively based on a chart review. In addition, for the analysis of
the response to dopaminergic medication, we included only
those patients whose drug effects were clearly marked on the

chart as a result of clinical judgments by movement disorder
specialists. Moreover, we did not consider the normal aging
effect in the quantification analysis of F-18 FP-CIT PET.
Previous studies reported that DAT ligand (e.g., FP-CIT)
binding in the normal striatum decreased with age at a rate
of 5.3–7.7% per decade [28, 29]. Therefore, age correction
is recommended for accurate quantification. In this study,
except for four patients in their 70s, all patients were in
their 50s and 60s. Most of the normal controls were also
in their 50s and 60s. Thus, we thought the aging effect on
the quantification results of F-18 FP-CIT PET would not
be significant. Finally, misdiagnosis of clinically probable or
possible MSA-C could be possible because no post-mortem
confirmation was available. However, the diagnostic criteria
for MSA have a high diagnostic accuracy [30]. Also, the
mean disease duration of the patients was about 3 years,
and patients with other cerebellar and Parkinsonism-related
disease were excluded from this study.

In conclusion, this study suggests that F-18 FP-CIT PET
imaging may be useful in predicting the effect of dopaminer-
gic medication regardless of cerebellar or autonomic symp-
toms in MSA-C. In addition to being used for the diagnosis
of the disease, F-18 FP-CIT PET may be used as a treatment
decision index.
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Objective. To compare the diagnostic performance of three-dimensional (3D) positron emission mammography (PEM) versus
whole body positron emission tomography (WBPET) for breast cancer. Methods. A total of 410 women with normal breast or
benign or highly suspicious malignant tumors were randomized at 1 : 1 ratio to undergo 3D-PEM followed by WBPET or WBPET
followed by 3D-PEM. Lumpectomy ormastectomywas performed on eligible participants after the scanning.Results.The sensitivity
and specificity of 3D-PEMwere 92.8% and 54.5%, respectively.WBPET showed a sensitivity of 95.7% and specificity of 56.8%. After
exclusion of the patients with lesions beyond the detecting range of the 3D-PEM instrument, 3D-PEM showed higher sensitivity
thanWBPET (97.0%versus 95.5%,P=0.913), particularly for small lesions (<1 cm) (72.0%versus 60.0%,P=0.685).Conclusions.The
3D-PEMappearsmore sensitive to small lesions thanWBPET butmay fail to detect lesions that are beyond the detecting range.This
study was approved by the Ethics Committee (E2012052) at the Tianjin Medical University Cancer Institute and Hospital (Tianjin,
China). The instrument positron emission mammography (PEMi) was approved by China State Food and Drug Administration
under the registration number 20153331166.

1. Introduction

Breast cancer is the most common type of cancer in women
worldwide, and there were approximately 1.7 million new
cases in 2012 [1]. In China, the incidence of breast cancer
increases continuously for the past two decades, and the
estimated incidence and mortality in 2013 was 25.89 and
6.56 cases per 100,000 women, respectively [2, 3]. Early
diagnosis is the key to improve the prognosis and outcomes
of patients with breast cancer. The Swedish randomized
trials demonstrated that mammography screening reduced
the mortality of breast cancer significantly [4]. In addition

to mammography, mammary ultrasonography, and breast
magnetic resonance imaging (MRI), whole body position
emission tomography (WBPET) has been used for diag-
nosis and staging of breast cancer [5–8]. WBPET detects
suspicious mammary lesions based on the unique biochem-
ical characteristics of breast cancer. Malignant mammary
lesions usually have a higher rate of glucose metabolism
than normal or benign tumors, leading to a significantly
greater accumulation of radiotracer labeled glucose ana-
logues, such as 18F-fluorodeoxyglucose (18F-FDG), in malig-
nant lesions, which can be detected by WBPET scanning
[5–8].
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FDG-WBPET scan appears to be particularly superior
to the nonbiochemical techniques such as mammography
and mammary ultrasonography in patients without obvious
cancer-associated anatomical changes. FDG-WBPET scan
can detect malignancies in patients with dense or scarring
breast tissues, whereas those nonbiochemical techniques
usually fail on those patients [9]. In ameta-analysis to system-
atically compare the diagnostic accuracy of ultrasonography,
computed tomography, breast MRI, mammography, and
FDG-WBPET in patients with suspected recurrent and/or
metastatic breast cancer, Pan et al. found that breast FDG-
WBPET showed the highest pooled sensitivity [10]. However,
the relatively low spatial resolution of FDG-WBPET (4mm
to 7mm) limits its use on staging breast cancer and partic-
ularly limits its value to detect small lesions or lymph node
metastases in breast cancer [11, 12].

To improve the spatial resolution, positron emission
mammography (PEM) has been developed recently by mul-
tiple research institutes and medical instrument industry [9,
13–23]. Aliaga et al. tested PEM on animal models of breast
cancer and found that the potential spatial resolution of PEM
was 1.8mm [24]. In a recent meta-analysis, Caldarella et al.
showed that the pooled sensitivity and specificity for PEM
were 85% and 79%, respectively in women with suspicious
breast lesions [25]. Recently, Yamamoto et al. compared
the imaging sensitivity of PEM versus WBPET in relation
to tumor size and found that PEM showed significantly
higher imaging sensitivity (78.6%) than WBPET (47.6%),
particularly for small size tumors [26]. Large-scale trial to
compare diagnostic performance of PEM versus WBPET in
Chinese women is still lacking. This study aims to fill this
knowledge gap. Here, in this double-center study, partici-
pants with normal breast or benign or malignant tumors
received three-dimensional PEM (3D-PEM) and WBPET
scanning sequentially. Diagnostic performance of 3D-PEM
and WBPET was evaluated by comparing the imaging
diagnosis with histopathological diagnosis. The detector of
the 3D-PEM instrument used in this study has an average
intrinsic spatial resolution of 1.67mm [27].

2. Methods

2.1. Study Design and Settings. This prospective, nonin-
terventional, double-center, randomized clinical study was
conducted inTianjinMedicalUniversityCancerHospital and
Xuanwu Hospital of Capital Medical University from August
2012 to March 2014. The study protocol was approved by the
Institutional Review Boards of Tianjin Medical University
and Capital Medical University. The study was conducted
in compliance with the Declaration of Helsinki, the Good
Clinical Practices, and relevant ethical guidelines.

2.2. Participants. Informed consent was obtained from all
study participants. Eligible participants were aged 18 to 70
years with or without a family history of breast diseases and
had normal mammary gland, benign, or highly suspicious
malignant mammary tumor. The mammary condition was
evaluated by clinical tests, mammography, and mammary
ultrasonography. The exclusion criteria were pregnancy and

breast feeding, previous surgery, chemotherapy, or radiother-
apy to treat malignancy, low tolerance to WBPET or PEM,
being unable to keep prone position, being unable to undergo
surgery although having an indication of surgery, or being
unsuitable for the study based on the judgment of partic-
ipating investigators. At the enrollment interview, general
clinical data were collected. Mammography and mammary
ultrasonography were performed or the results of these tests
were obtained from the participants if they took the tests
within 3 months prior to the enrollment interview. Eligible
participants were scheduled for PEM and WBPET within 30
days of the interview.After PEMandWBPET, lumpectomy or
mastectomy was performed on the patients that were eligible
for surgery based on physician’s judgment. Mammary biopsy
was conducted prior to the surgery. Surgical tissue specimens
collected after lumpectomy ormastectomywere examined by
pathologists.

2.3. 3D-PEM Scanning. 3D-PEM was performed using a
PEMi-I scanning system (Gao NengMedical Equipment Co.,
Ltd. Hangzhou, China). The PEMi-I system has a 64-ring
detecting system, which allows for efficient acquisition of 3D
images. The opening for breast placement has a diameter
of 160mm. The machine was designed for prone position,
so that the breasts hang freely in the detector (Figure 1).
Participants were required to fast for 4 to 6 hours and their
fast blood glucose was determined. The radiotracer 18F-FDG
(259–444MBq) was injected intravenously to the partici-
pants that had a fast blood glucose level≤ 140mg/dL, and then
the participants were required to rest for 50–60 minutes to
allow the radiotracer to circulate. The participants that were
allocated for the group of 3D-PEM followed by WBPET had
20-minute scan on the PEMi-I for each breast. Twelve-slice
reconstructions were created, with slice thickness varying
from 3 to 8mm depending on breast thickness. Images were
submitted to attenuation correction according to the image
segmentation method. On the PEM images, breast tissue
was separated from air based on the activity map of the
breast. Linear attenuation coefficients (ACF) were obtained
for each line of response based on the segmentation result.
Reconstruction was repeated with the ACFs. WBPET was
performed immediately after 3D-PEM (approximately 90 to
100 minutes after radiotracer injection).

2.4. Whole Body WBPET Scanning. Patients that were allo-
cated to the group of WBPET followed by 3D-PEM under-
went WBPET after radiotracer injection. WBPET was per-
formed using the WBPET scanning system Discovery ST
4UPG (GE, USA) or EXACT ECAT 47 (Siemens, Germany).
The image acquisition (120 kV, 160–220mA, helical pitch
0.75 : 1, and 5mm slice thickness) was conducted using 2-
minute emission acquisitions from the apex of the lung to the
lower edge of the liver with participants at supine position.
3D-PEM was then performed immediately after WBPET
(approximately 80–90 minutes after radiotracer injection).

2.5. Image Analysis. WBPET and PEM images were reviewed
by 3 certified radiologists, who were blinded to participants’
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Figure 1: Images of the PEM system.

clinical information. A positive PEM and WBPET were
defined as images showing continuous 2 layers of visi-
ble nodular or blocks of moderately to strongly abnormal
radioactivity uptake. A negative PEM and WBPET were
images showing no or very weak abnormal radioactivity
uptake. Disagreements among the radiologists were dis-
cussed until reaching a consensus.

2.6. Surgical Histopathological Examination. Patients under-
went lumpectomy or mastectomy within 1-2 weeks after
WBPET and 3D-PEM examination. Surgical tissue speci-
mens collected after lumpectomy or mastectomy were exam-
ined by pathologists. The histological grade and type were
determined.

2.7. Evaluation. Concordant positive diagnosis was defined
as the scanning images of both 3D-PEM and WBPET
showing lesions with similar shape and size; concordant
negative diagnosis represented absence of lesions on the
scanning images of both 3D-PEM and WBPET. Positive
WBPET was defined as images presenting more than 2 layers
of visible nodular shaped or massive area of medium to
severe abnormal increased uptake of radiotracer. Negative
WBPET represented images showing uniformly distributed
radioactivity or scattered, spotty, and mild increased uptake
of radiotracer. The sensitivity and specificity of 3D-PEM and
WBPET were compared. Calculations for concordance rate
of positive diagnosis, concordance rate of negative diagnosis,
overall diagnostic concordance, sensitivity, specificity, and
accuracy are explained in Table 1.

2.8. Sample Size. At a significant level of 5% (2-sided), 239
participants with breast cancer were required to achieve
95% concordant positive diagnosis of 3D-PEM compared to
WBPET with a power of 80%. Based on the assumption of
80% concordant negative diagnosis of 3D-PEM compared
to WBPET at a significant level of 5% and a power of 80%,
153 participants with benign tumor or normal breasts were
required. To achieve 90% overall diagnostic concordance
of 3D-PEM compared to WBPET at a significant level of
5% and a power of 80%, 385 participants were required.
Thus, the estimated total sample size was 392 (239 positive
+ 153 negative) participants, and a total of 400 participants

Table 1: Calculation of diagnostic concordance and performance of
WBPET and 3D-PEM.

WBPET+ WBPET−
3D-PEM+ A B
3D-PEM− C D

Histopathology + Histopathology −
3D-PEM or WBPET+ a b
3D-PEM or WBPET− c d
Concordance rate of positive diagnosis of 3D-PEM compared with WBPET
= A/(A + C) × 100%; concordance rate of negative diagnosis of 3D-PEM
compared withWBPET =D/(B +D)× 100%; overall diagnostic concordance
= (A + D)/(A + B + C + D) × 100%; sensitivity = a/(a + c) × 100%; specificity
= d/(b + d) × 100%; accuracy = (a + d)/(a + b + c + d) × 100%.

(160 cases of negative malignancy + 240 cases of positive
malignancy) were to be enrolled.

2.9. Randomization and Blinding. To minimize possible bias
effects of the amount of 18F-FDG uptake on the diagno-
sis, participants were randomized at 1 : 1 ratio to undergo
either 3D-PEM followed by WBPET (3D-PEM-WBPET)
or WBPET followed by 3D-PEM (WBPET-3D-PEM). Ran-
domization sequence was generated with the software SAS.
Participants were not blinded for WBPET and 3D-PEM.The
radiologists, who evaluated the scanning images of WBPET
and 3D-PEM, were blinded for participants’ clinical data.

2.10. Statistical Analysis. The statistical analysis was per-
formed using the software SAS 9.13. Full analysis set (FAS)
included data from participants with WBPET results. Per
protocol set (PPS) included data from participants that were
compliant with the study protocol, and participants with
severe deviation from protocol, such as failure to undergo
3D-PEM, were excluded from PPS. Categorical variables
are presented as percentage and continuous variables are
presented as mean ± standard deviation (SD), median, min-
imum, and maximum. Diagnostic concordance, sensitivity,
specificity, and accuracy were calculated. Student’s t-test
was used to compare patients’ clinical characteristics. Chi-
square test was used to compare sensitivity, specificity, and
accuracy.
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Table 2: Baseline clinical characteristics.

3D-PEM-WBPET
(n = 204)

WBPET-3D-PEM
(n = 200) P value Total

(N = 404)
Age (years)

Mean ± SD 50.1 ± 9.3 51.1 ± 9.1 0.2663 50.6 ± 9.2
Median (min, max) 50.0 (19.0, 71.0) 51.0 (20.0, 70.0) 50.0 (19.0, 71.0)

BMI (kg/m2)
Mean ± SD 24.3 ± 3.4 24.5 ± 3.7 0.6061 24.4 ± 3.6
Median (min, max) 24.1 (17.3, 39.7) 24.2 (15.9, 43.0) 24.2 (15.9, 43.0)

SBP (mmHg)
Mean ± SD 120.3 ± 12.1 122.5 ± 15.3 0.1075 121.4 ± 13.8
Median (min, max) 120.0 (87.0, 160.0) 120.0 (87.0, 180.0) 120.0 (87.0, 180.0)

DBP (mmHg)
Mean ± SD 77.4 ± 7.9 78.1 ± 8.6 0.3913 77.7 ± 8.2
Median (min, max) 80.0 (51.0, 109.0) 80.0 (53.0, 100.0) 80.0 (51.0, 109.0)

Comorbidities, n
Diabetes mellitus 9.7% (11/113) 11.7 (13/111) 0.6323
Uterine fibroids 48.9% (23/47) 55.9% (19/34) 0.5366

SBP: systolic blood pressure; DBP: diastolic blood pressure; SD: standard deviation; BMI: body mass index. Values in the 2 groups were compared by Student’s
t-test or chi-square or Fisher’s exact test.

3. Results

3.1. Patient Flow and Baseline Data. A total of 410 partici-
pants, including 255 patients with highly suspicious malig-
nancy based onmammography andmammary ultrasonogra-
phy and 155 participants withoutmalignancywere enrolled in
the study and randomized to WBPET-3D-PEM or 3D-PEM-
WBPET group. During the study, 6 subjects did not receive
WBPET because of voluntary withdrawal from the study.
Thus, FAS contained 404 participants. Among participants
undergoing WBPET, 3D-PEM results were missing from 5
participants, resulting in PPS of 399 participants. Patient
flow is displayed in Figure 2. Participants’ baseline clinical
data are described in Table 2. Clinical characteristics were
comparable in participant receiving 3D-PEM-WBPET versus
that receiving WBPET-3D-PEM (Table 2).

3.2. Evaluation. Diagnostic concordance of 3D-PEM and
WBPET was analyzed on FAS and PPS data. For FAS data,
concordance rate of positive diagnosis was 93.8% (95%
CI: 90.6%–97.1%), concordance rate of negative diagnosis
was 97.5% (95% CI: 94.8%–100.0%), and overall diagnostic
concordance was 95.3% (95% CI: 93.1%–97.5%, Table 3).
These results are similar to those from the analysis on PPS
data (Table 3).

A total of 19 participants showed inconsistent 3D-PEM
and WBPET (Tables 3 and 4), among whom, 5 lost 3D-PEM
data (Table 4). Histopathological examination of the remain-
ing 14 cases revealed 3 cases of consistency between 3D-
PEM and histopathological results and 11 cases of consistency
betweenWBPET andhistopathological results. Of the 11 cases
of false diagnosis by 3D-PEM, 9 showed false negative 3D-
PEM but true positive WBPET, and the lesions of the 9 cases
were either near the chest wall (7 cases) or near the armpit (2
cases). These locations are out of the detecting range of the

Enrolled (N = 410)

Randomized (N = 410)

Total FAS (N = 404)

Total PPS (N = 399)

WBPET-PEM (n = 205)

Refuse WBPET (n = 5)

FAS WBPET-PEM (n = 200)

PEM-WBPET (n = 205)

Refuse WBPET (n = 1)

FAS PEM-WBPET (n = 204)

Missing PEM data (n = 2) Missing PEM data (n = 3)

PPS WBPET-PEM (n = 198) PPS PEM-WBPET (n = 201)

Figure 2: Patient flow chart.

3D-PEM detector (Table 4). The histopathological results of
the 2 false positive 3D-PEM were one case of inflammatory
lesion and one case of adenofibroma. Of the 3 cases wrongly
diagnosed byWBPET, 2 were false positive and one was false
negative. These 3 cases were accurately diagnosed by 3D-
PEM.The 3D-PEM andWBPET scanning images of the case
showing false negative WBPET and true positive 3D-PEM
are presented in Figure 3. The images of the case with false
positive WBPET and true negative PEM are presented in
Figure 4.
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Table 3: Diagnostic concordance of 3D-PEM and WBPET.

Full analysis set Total
WBPET + WBPET −

3D-PEM + 228 4
3D-PEM − 15 157

243 161 404
Concordance rate of positive diagnosis: 228/243 = 93.8% (95% CI: 90.6%–97.1%)
Concordance rate of negative diagnosis: 157/161 = 97.5% (95% CI: 94.8%–100.0%)
Overall diagnostic concordance: 385/404 = 95.3% (95% CI: 93.1%–97.5%)

Perprotocol set Total
WBPET + WBPET −

3D-PEM + 228 3
3D-PEM − 11 157

239 160 399
Concordance rate of positive diagnosis: 228/239 = 95.4% (95% CI: 92.5%–98.3%)
Concordance rate of negative diagnosis: 157/160 = 98.1% (95% CI: 95.7%–100.0%)
Overall diagnostic concordance: 385/399 = 96.5% (95% CI: 94.6%–98.4%)
CI: confidential interval.

Table 4: Participants with inconsistent diagnosis from 3D-PEM and WBPET.

Subject ID Age
(years)

WBPET
(left/right)

3D-PEM
(left/right)

Histopathology
(left/right)

3D-PEM loss
004 46 +/− NA/NA (loss) +/NA
008 47 −/− NA/NA (loss) +/NA
010 58 −/+ NA/NA (loss) NA/−
250 64 −/+ NA/NA (loss) NA/+
251 47 +/− NA/NA (loss) +/NA

Consistent 3D-PEM and histopathology (false diagnosis of WBPET)
003 35 −/+ −/− NA/−
161 65 −/− −/+ NA/+
128 45 −/+ −/− −/−

Consistent WBPET and histopathology (false diagnosis of 3D-PEM)
False negative 3D-PEM

036 45 +/− −/− +/NA
063 38 −/+ −/− NA/+
086 45 −/+ −/− NA/+
089 46 −/+ −/− NA/+
096 44 −/+ −/− NA/+
244 48 +/− −/− +/NA
414 52 −/+ −/− NA/+
177 55 +/− −/− +/NA
181 47 −/+ −/− NA/+

False positive 3D-PEM
018 44 −/− +/− −/NA
112 54 −/− +/− −/NA
+/+: left breast + and right breast +; +/−: left breast + and right breast−;−/+: left breast− and right breast +;−/−: left breast− and right breast−. NA: not applied
(no histopathology examination). A positive test represents at least one side breast showing +. A negative test represents both sides showing −. Participants
without 3D-PEM were considered to show inconsistent results compared with WBPET.
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Figure 3: The images of the case showing false negative WBPET and true positive PEM. PEM images (left and right) and WBPET images
of a 60-year-old woman with a true positive (TP) lesion (abnormal high 18F-FDG uptake, the maximum standard uptake value (SUVmax) is
4.12) in the right mammary gland (arrow pointing), whereas abnormal high 18F-FDG uptake was not shown in the PET (false negative, FN).

The diagnostic accuracy of WBPET and 3D-PEM was
evaluated using histopathology results as the gold diagnostic
standard.Histopathologywas available from253 participants,
including 209 malignant and 44 benign cases. The majority
of the malignancy was infiltrating ductal carcinoma (159/209,
76.1%).Therewere only 18 cases (18/209, 8.5%) of ductal carci-
noma in situ (DCIS), and the remaining cases (191/209, 91.5%)
were invasive carcinomas. 3D-PEM andWBPET appeared to
have similar specificity (54.5% versus 56.8%, P = 0.909) and
accuracy (86.2% versus 88.9%, P = 0.808, Table 5). Although
WBPET sensitivity (95.7%) was slightly higher than 3D-PEM
sensitivity (92.8%), the values are not significantly different
(P = 0.828, Table 5). To further estimate the performance of
WBPET and 3D-PEM, we analyzed lesions < 1 cm and lesions
≥ 1 cm separately. Diameters of three dimensions were mea-
sured and the average diameter was calculated to represent
lesion size. The mean lesion size (total 278 lesions) was 1.7 ±
8.4 cm. For the 44 small lesions (diameter < 1 cm), 3D-PEM
showed higher sensitivity (69.2%) than WBPET (61.5%, P =
0.79, Table 5); for the 234 larger lesions (diameter ≥ 1 cm),
WBPET sensitivity (92.1%) was slightly higher than PEM
sensitivity (90.1%, P = 0.88, Table 5). However, sensitivity was
not statistically significantly different between WBPET and
3D-PEM. No WBPET or PEM associated adverse event was
reported during the study.

To accurately evaluate the diagnostic performance of 3D-
PEM, we excluded the one patient with benign lesion out of
PEM detecting range and the 9 patients, whose malignant
lesions were beyond the range of PEM detector. We then
compared the performance of WBPET and 3D-PEM on the
243 cases (253 − 10). The overall sensitivity of 3D-PEM
(97.0%) was slightly higher than that (95.5%) of WBPET (P
= 0.913, Table 6). In both small lesion (<1 cm) and large
lesion (≥1 cm) subgroups, 3D-PEM sensitivity was higher
thanWBPET sensitivity (small lesions: 72.0% versus 60.0%, P
= 0.685; large lesions: 93.8% versus 91.8%, P = 0.835, Table 6).

4. Discussion

In the current study, the diagnostic concordance of 3D-
PEM and WBPET was higher than 95%. Since the first
report on PEM by Thompson et al. in 1994 [14], several pilot
clinical studies including small number of patients showed
promising results of using PEM to diagnose breast cancer
[21–23]. Levine et al. evaluated PEM on 18 biopsy-proven
malignant lesions and found that PEM yielded a sensitivity,
specificity, and overall diagnostic accuracy of 86%, 91%, and
89%, respectively [21]. Similarly, Rosen et al. tested PEMon 18
malignant and 2 benign mammary abnormalities and found
a sensitivity of 86% [22], and Tafra et al. demonstrated that
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Figure 4: The images of the case showing false positive WBPET and true negative PEM. PEM images (left and right) andWBPET images of
a 48-year-old woman without lesion (no abnormal high 18F-FDG uptake, true negative (TN)) in the left or the right mammary gland (arrow
pointing), whereas abnormal high 18F-FDG uptake was shown in the PET (arrow pointing; the maximum standard uptake value (SUVmax)
is 2.64; false positive (FP)).

PEM led to a sensitivity of 87% in 44 newly diagnosed breast
cancer patients [23]. In a recent meta-analysis to investigate
the diagnostic accuracy of PEM to detect malignancy in
women with suspicious breast cancer, Caldarella et al. found
that the pooled sensitivity and specificity were 85% (95%
CI: 83%–88%) and 79% (95% CI: 74%–83%), respectively
[25]. However, only 8 studies were included in the meta-
analysis and significant study heterogeneity was associated
with the pooled sensitivity and specificity [25]. Compared
with those previous reports, this current study showed a
higher sensitivity of PEM, which was 92.8% in the 253
patients with histopathologically confirmed diagnosis and
97.0% in the 243 patients with lesions within the 3D-PEM
detecting range. The higher sensitivity of PEM observed in
this current study may be partially attributable to the high
proportion of invasive breast cancers (>90%) in the patients.
Caldarella et al. reported that the pooled sensitivity of PEM
was higher (86%) for invasive cancers than for in situ cancers
(81%) [25].

Because of the higher spatial resolution of PEM than
WBPET, PEM is predicted to be more sensitive to detecting
malignancies thanWBPET, particularly for small size lesions
[14]. Data from previous studies appear to support this
prediction [26, 28]. In a recent report, Yamamoto et al.
investigated the association between tumor size and the
sensitivity of PEM and WBPET in 45 Japanese women with
histopathologically confirmed mammary malignancy [26].
They found that PEM was significantly more sensitive than
WBPET (66.7% versus 13.3%, P = 0.008) for lesions < 1 cm,
whereas detection sensitivity for lesions ≥ 1 cm was compara-
ble in the 2 imaging approaches [26]. They also showed that
the sensitivity advantage of PEM over WBPET diminished
as the lesion size increased [26]. Similarly, Schilling et al.
reported that PEM had a significantly higher lesion detection
sensitivity thanWBPET (92.8% versus 67.9%, P < 0.001) [28].
Report by Kalinyak et al. also shows a significantly higher
sensitivity of PEM to detect tumor in 69 patients with newly
diagnosed breast cancer thanWBPET (92% versus 56%) [29].
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Table 5: Comparison of diagnostic performance of 3D-PEM and WBPET.

Total cases
WBPET n = 253 3D-PEM n = 253 P value

+ − + −

Histopathology +, n = 209 200 9 194 15
Histopathology −, n = 44 19 25 20 24
Sensitivity (%) 95.7 92.8 0.828
Specificity (%) 56.8 54.5 0.909
Accuracy (%) 88.9 86.2 0.808

WBPET n = 44 3D-PEM n = 44 P value
+ − + −

Lesion < 1 cm
Histopathology +, n = 26 16 10 18 8
Histopathology −, n = 18 5 13 6 12
Sensitivity (%) 61.5 69.2 0.79
Specificity (%) 72.2 66.7 0.878
Accuracy (%) 65.9 68.1 0.92

WBPET n = 234 3D-PEM n = 234 P value
+ − + −

Lesion ≥ 1 cm
Histopathology +, n = 203 187 16 183 20
Histopathology −, n = 31 15 16 15 16
Sensitivity (%) 92.1 90.1 0.88
Specificity (%) 51.6 51.6 1.0
Accuracy (%) 86.8 85.0 0.65
Values were compared by chi-square test.

Table 6: Comparison of diagnostic performance of 3D-PEM and WBPET after exclusion of lesions beyond the range of 3D-PEM detector.

Total cases
WBPET n = 243 3D-PEM n = 243 P value

+ − + −

Histopathology +, n = 200 191 9 194 6
Histopathology −, n = 43 18 25 20 23
Sensitivity (%) 95.5 97.0 0.913
Specificity (%) 58.1 53.5 0.517
Accuracy (%) 88.9 89.3 1.0

WBPET n = 43 3D-PEM n = 43 P value
+ − + −

Lesion < 1 cm
Histopathology +, n = 25 15 10 18 7
Histopathology −, n = 18 5 13 6 12
Sensitivity (%) 60.0 72.0 0.685
Specificity (%) 72.2 66.7 0.878
Accuracy (%) 65.1 69.8 0.613

WBPET n = 225 3D-PEM n = 225 P value
+ − + −

Lesion ≥ 1 cm
Histopathology +, n = 195 179 16 183 12
Histopathology −, n = 30 14 16 15 15
Sensitivity (%) 91.8 93.8 0.835
Specificity (%) 53.3 50.0 0.884
Accuracy (%) 86.7 88.0 0.912



Contrast Media & Molecular Imaging 9

The current study also demonstrated that the PEM showed
higher sensitivity than WBPET in small lesions, although
the difference was not statistically significant because of the
relatively low number of small lesions. Compared with the
previously reported sensitivity of WBPET in breast cancer,
which was between 64% and 96% [30], the detection sensi-
tivity of WBPET in this current study (96.5%) is on the high
end of the range.The relatively large average size of lesions in
our patients (diameter > 1.5 cm) may contribute to the high
sensitivity of WBPET. In addition, the WBPET systems used
in this current study are dual time point imaging WBPET,
which has been shown to have an improved sensitivity to
detect invasive mammary malignancies [31].

This current study found 9 cases of false negative 3D-
PEM,whichwere true positive fromWBPET and histopatho-
logical analysis. Schilling et al. suggested that the false
negative PEM in their study could be related to insufficient
FDG uptake of the small size lesions [28]. Insufficient FDG
uptake appeared to be not the reason for false negative PEM
in this current study because the 9 cases were correctly
diagnosed by WBPET. Careful review of the WBPET images
revealed that the lesions of the 9 cases are beyond the
detecting range of the 3D-PEM instrument. Of the 9 cases
of false negative 3D-PEM, 7 lesions are next to the pectoral
muscle and 2 lesions are near the armpit. In addition to very
small size lesions with inadequate radiotracer uptake, the
limitation of field-of-view associated with PEM instrument is
also considered a major source of false negative results [25].
Deep small lesions located near to the pectoral muscle or in
the axillary region are particularly difficult to be detected by
PEM.The 9 false negative 3D-PEM cases may also contribute
to the slightly lower overall sensitivity of 3D-PEM (92.8%)
compared with WBPET (95.7%) in this current study. After
exclusion of the 9 false negative 3D-PEM cases and the one
case of benign lesion that was out of the detecting range of
the 3D-PEM, the 3D-PEM showed a higher sensitivity than
WBPET for all the lesions (97.0% versus 95.5%), small lesions
(72.0% versus 60.0%), and large lesions (93.8% versus 91.8%).
Histopathological analysis of the 2 false positive PEM cases
revealed that they are one case of inflammatory lesion and
one case of adenofibroma, suggesting that benign mammary
abnormalities might also have a higher metabolic rate of
glucose than normal breast tissue.

5. Conclusion

This current study found that 3D-PEM and WBPET showed
satisfactory diagnostic concordance in Chinese patients and
that the 3D-PEM appeared to bemore sensitive thanWBPET
for lesions within the detecting range of the 3D-PEM instru-
ment, particularly for small lesions with a diameter < 1 cm.
The 3D-PEM instrument used in the current study may not
detect lesions beyond the detecting range, particularly the
regions near to the pectoral muscle and the axillary regions.
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