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Given the many limitations of [18F]-FDG in glioma imaging,
such as high background uptake in normal brain tissue and
significant uptake in inflammation, the quest for better posi-
tron emission tomography (PET) tracers for brain tumor im-
aging has been constant [1]. Since amino acid transporters
(AATs) are indispensable channels for cellular uptake of nu-
trients and neurotransmitters, radiolabeled amino acids (AAs)
have been extensively studied for imaging brain malignancies
[2]. In the clinical setting, PET scans with radiolabeled AA
(analogues) are often performed following brain tumor diag-
nosis by either magnetic resonance imaging (MRI) or com-
puted tomography (CT), potentially aiding in personalized
treatment planning, monitoring the efficacy of various types
of therapy (e.g., radiation therapy, surgery, and/or chemother-
apy), and the detection of tumor recurrence [1, 3].

To date, several AA-based tracers have been investigated
clinically, such as 11C-methionine ([11C]-MET), 18F-
fluorodihydroxyphenylalanine ([18F]-DOPA), 18F-
fluoroethyltyrosine ([18F]-FET), 11C-α-methyl-L-tryptophan
([11C]-AMT) [2], 4-18F-(2S,4R)-fluoroglutamine ([18F]-
FGln) [4, 5], and several others [6, 7]. Among these PET
tracers, [11C]-MET has been the most extensively studied,
and is highly useful in L-type amino acid transporter 1 imag-
ing [8–10]. However, widespread clinical application of [11C]-
MET has been severely hampered by the short half-life of 11C

(20.38 min) and low radiochemical yield (usually <5%). By
using the more widely available, longer-lived 18F (t1/2:
109.7 min) to label methionine or other AAs (analogues) with-
out interfering with their biological activity, this problem may
be solved. Unfortunately, radiolabeling AA (analogues) with
18F without affecting their transport by AATs is very challeng-
ing, since even minor modifications to the side chain will
significantly alter the biological properties of the resulting
PET tracer, which may function differently from the parent
AA.

In this issue of European Journal of Nuclear Medicine and
Molecular Imaging, Li and Kong et al. reported the first-in-
human study of 18F-trifluorobborate-derived tyrosine (denot-
ed as [18F]-FBY, Fig. 1) in six healthy human volunteers and
thirteen patients who were suspected with glioma [11]. The
significance of this study is that this is the first clinical inves-
tigation of a new class of PET tracers (i.e., boramino acid,
BAA, Fig. 1), which can potentially have a broad impact in
imaging many solid tumor types that exhibit elevated AAT
activity. Clinical translation is typically a long process, requir-
ing the concerted efforts of a collaborative team from various
disciplines, as well as significant resources and infrastructure.
The clinical application of [18F]-FBY has been no different,
with the path leading to this important study dating back to a
2005 study conducted by Ting et al.

To overcome the difficulty in 18F-labeling of AAs and
other molecules, various chemical approaches were developed
by research groups around the globe [12, 13]. In one
pioneering study in 2005, Ting et al. reported two new classes
of biomolecule precursors (i.e., arylfluoroborates and
alkylfluorosilicates) that can enable highly efficient 18F-label-
ing in one step within an aqueous or mixed solvent media
[14]. Subsequently, a series of studies were carried out to
optimize the 18F-labeling procedure and yield, and various
targeting ligands were studied in small animal models
[15–21], which were exquisitely summarized in a review ar-
ticle in 2016 [22]. In brief, various biomolecules can be func-
tionalized with an organotrifluoroborate moiety, which can
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then be radiolabeled with aqueous 18F− in one step, a fast
process (usually <30 min) with a satisfactory non-decay-
corrected radiochemical yield of 20–35% [23]. More impor-
tantly, the radiolabeling is quite stable with little
defluorination (evidenced by low bone uptake in the PET
images) when the trifluoroborate is stabilized with a nearby
electron-withdrawing group (e.g., -NH3

+).
Building upon these findings, a new class of AA mimics,

BAAs (Fig. 1a), were developed and readily labeled with 18F
for PET imaging, which can serve as general imaging probes
for AATs [24]. The structure of a BAA resembles that of the
corresponding natural AA, except that -BF3 replaces the car-
boxylate group. Both in vitro and in vivo, these [18F]-BAAs
behaved like AAs and the cellular uptake was mediated by
AATs, which was validated bymolecular docking and density
functional theory structure predictions. In this initial report
[24], four 18F-BAAs were synthesized and investigated (i.e.,
[18F]-Leu-BF3, [

18F]-Phe-BF3, [
18F]-Ala-BF3, and [18F]-Pro-

BF3; Fig. 1b), exhibiting very low background signal in nor-
mal tissue (including the brain) and tumor-specific

accumulation, suggesting that [18F]-BAAs hold great promise
in developing new PET tracers.

Very fewAAs have been labeled with 18F due to the lack of
proper chemistry, while all BAAs can be readily synthesized
and labeled with 18F via 19F-18F exchange reaction. Therefore,
all 20 BAAs could potentially be labeled in the same way for
PET imaging applications. In one follow-up study, an 18F-
labeled alanine derivative ([18F]-Ala-BF3, Fig. 1b) was report-
ed for cancer imaging, which serves to measure alanine-
serine-cysteine-threonine transporter type 2 (ASCT2) activity
[25]. Good tumor contrast was achieved in xenograft tumor-
bearing mice and the tracer showed very low uptake in inflam-
mation, a feature not associated with 18F-FDG. In another
report, [18F]-Gln-BF3 (also called [18F]-FBQ, Fig. 1b) was
synthesized as a glutamine derivative to explore its potential
applications for cancer diagnosis [26]. Even though [18F]-
FBQ exhibited fast clearance from normal tissues and tumor
uptake was significant, high bone uptake was observed which
increased over time, indicating clear defluorination that ren-
ders [18F]-FBQ unstable/unsuitable for clinical translation. To
overcome the defluorination problem, two methylene groups
were added to the side chain of [18F]-FBQ to yield [18F]-FBQ-
C2 (Fig. 1b), which was synthesized with good radiochemical
yield and purity [27]. [18F]-FBQ-C2 showed excellent stability
both in vitro and in vivo with no defluorination observed (< 1
%ID/g uptake of radioactivity in the bone). A competitive
inhibition assay revealed that [18F]-FBQ-C2 enters cells via
the system ASC and N, similar as glutamine, and can be
transported by overexpressed ASCT2 in the tumor cells.

In another report, an 18F-labeled boron-derived methionine
analogue, [18F]-B-MET (Fig. 1b), was synthesized and eval-
uated as a potential substitute of [11C]-MET for glioma PET
imaging [28]. The push button synthesis, highly efficient
radiolabeling, and good imaging performance in glioma
models make this tracer a promising candidate for future clin-
ical translation. However, because there is no trapping mech-
anism for [18F]-B-MET inside the cell, unlike [18F]-FDG (i.e.,
tumor uptake of [18F]-FDG usually increases over time), it
showed rather rapid clearance from the tumor tissue.
Subsequently, a metabolically stable boron-derived tyrosine
(denoted as fluoroboronotyrosine, FBY, Fig. 1b) was devel-
oped for boron neutron capture therapy (BNCT), and [18F]-
FBYwas synthesized and employed for PET image guidance,
as well as quantitative and non-invasive evaluation of FBY
biodistribution in mouse tumor models [29]. When thermal
neutron irradiation was applied, B16F10 tumor-bearing mice
injected with FBY showed significantly prolonged median
survival without exhibiting obvious systemic toxicity. This
is an excellent example of true theranostics, given the same
chemical entity was used for both imaging and therapy appli-
cations (with the only difference being 18F vs 19F for PET and
BNCT, respectively). Recently, these investigators also
established a bioorthogonal chemical system, in which Phe-
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Fig. 1 a Amino acid (AA) and boramino acid (BAA). b Chemical struc-
tures of several 18F-labeled BAAs
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BF3 (which can enter cells) desilylates and cleaves a designed
linker containing a silyl ether, enabling the controlled release
of a drug from an antibody-drug conjugate in tumor-bearing
mice [30]. Again, [18F]-Phe-BF3 allowed for non-invasive and
quantitative measurement of tumor uptake via serial PET
imaging.

Building upon the many years of prior work as summarized
above, in this issue of European Journal of Nuclear Medicine
and Molecular Imaging, Li and Kong et al. reported the first-
in-human study of [18F]-FBY (Fig. 1b) [11]. [18F]-FBY ex-
hibited rapid renal clearance and was well tolerated by all
healthy volunteers, with no adverse symptoms observed or
reported. More importantly, [18F]-FBY uptake had a good
correlation with tumor grade, with maximum standardized
uptake values (SUVmax) of 0.28 ± 0.14 and 2.84 ± 0.46,
tumor-to-normal contralateral activity ratio of 2.30 ± 1.26
and 24.56 ± 6.32 in low-grade (i.e., WHO grade II) and
high-grade (i.e.,WHO grades III and IV) tumors, respectively.
The difference in [18F]-FBY uptake between low-grade and
high-grade gliomas was corroborated by immunohistochemi-
cal staining for large neutral amino acid transporter type 1
(LAT-1) expression and Ki-67 index. In addition, there was
a significant linear correlation between SUVmax from [18F]-
FBY PET and the expression level of LAT-1 (r2 = 0.80,
P < 0.0001), as well as the Ki-67 labeling index (r2 = 0.79,
P < 0.001), traits highly desirable for patient staging, progno-
sis, and monitoring of therapeutic efficacy. Overall, in addi-
tion to potentially providing image guidance for future BNCT
of glioma patients, [18F]-FBY is a PET tracer with favorable
pharmacokinetic/dosimetry profiles and clean background, as
well as no observable bone uptake, features that should make
it suitable for tumor imaging virtually anywhere of the human
body besides the kidneys and bladder.

For routine clinical use, a PET tracer needs to be
synthesized in a simple/fast way with good radiochemi-
cal yield and purity [22, 31–33]. These characteristics
are reflected by [18F]-FBY, which was synthesized in
good non-decay-corrected radiochemical yield (38 ±
14%, n = 13) with excellent radiochemical purity (>
99%). Since the radiolabeling was a simple isotope ex-
change in aqueous solution, it is straightforward to au-
tomate for large-scale synthesis and more broad clinical
applications in the future. In terms of radiolabeling sta-
bility, there was some concern about defluorination with
one of the 18F-labled BAAs (i.e., [18F]-FBQ [26]), with
questions arising on whether the radiolabeling method
optimized for minimal defluorination in animal studies
could translate to clinical application. We are delighted
to see that almost no bone uptake was observed during
the dynamic PET imaging in healthy volunteers, indicat-
ing minimal levels of free fluoride were released from
[18F]-FBY, making it suitable for further clinical
investigations.

Now that this important first-in-human study has been
completed, future investigation/validation of [18F]-FBY in a
larger cohort of patients is warranted, not only in brain tumor
but also in various other solid tumor types. Direct comparison
with [18F]-FDG, [11C]-MET, and/or [18F]-FET in glioma pa-
tients will be needed to determine whether [18F]-FBY is su-
perior to the current gold standard. The positive correlation of
[18F]-FBY uptake with tumor grade, LAT-1 expression level,
and Ki-67 index adds promise. If this correlation is further
validated in large cohort studies, [18F]-FBY will have a broad
impact in glioma patient diagnosis, staging, prognosis, treat-
ment, and monitoring of treatment efficacy.

In this study with a small number of patients, [18F]-FBY
showed good tumor contrast inWHO grade III and IV glioma,
whereas the tumor uptake in WHO grade II patients was very
low at the background level [11]. During the brain tumor
development process, some grade II lesions may become
grade III or IV. A combination of [18F]-FBY PETwith various
other imaging techniques or other PET tracers that can better
delineate early-stage, low-grade brain tumors may be needed
for the sub-population of low-grade cancer patients, since ear-
ly and accurate detection of brain tumor is crucial for longer
survival and better clinical outcome. Much future work lies
ahead, and we look forward to follow-up studies in this excit-
ing area of cancer imaging with 18F-labeld BAAs, as well as
future investigations in BNCT, where [18F]-FBY holds the
potential to measure local boron concentration via PET imag-
ing to overcome the shortcoming of previous BNCT strate-
gies.
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