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Simple Summary: Significant advancements have been made in molecular imaging, partic-
ularly positron emission tomography (PET), which has evolved from using metabolic ra-
diotracers like 2-deoxy-2-['8F]fluoro-D-glucose ['®F]FDG to more targeted probes. Among
these, avp6-integrin has emerged as a promising target for both oncological and non-
oncological diseases. This review explores the radiochemical properties and initial clinical
applications of the PET probe [®®Ga]Ga-Trivehexin. Preclinical and clinical studies are
discussed, focusing on its radiochemical characteristics and preliminary clinical uses,
highlighting advancements, challenges, and future potential. The results show that the
optimized multimeric system significantly improved pharmacokinetic properties, bind-
ing affinity, and selectivity for av6-integrin, achieving up to an 18-fold enhancement
compared to previous monomeric tracers. Preliminary clinical applications, particularly
in head and neck cancer and pancreatic adenocarcinoma, have demonstrated promising
detection rates and improved differential diagnosis compared to ["®F]JFDG. Additionally,
[Ga]Ga-Trivehexin has shown potential in non-oncological conditions such as idiopathic
pulmonary fibrosis and primary hyperthyroidism. This review emphasizes the progress
made in the design and application of [®®Ga]Ga-Trivehexin, a highly promising PET tracer
for both oncological and non-oncological imaging.

Abstract: Background/Objectives: Molecular imaging, especially PET, has advanced signif-
icantly, shifting from metabolic radiotracers like 2—deoxy-2—[18F]ﬂuoro-D—glucose ['8F]EDG
to target-specific probes. Among these, xv[36-integrin has emerged as a promising target in
cancer and non-cancer diseases. This review focuses on the radiochemical properties and
initial clinical applications of the [®® Ga]Ga-Trivehexin PET probe. Methods: The literature
review on [*¥Ga]Ga-Trivehexin systematically evaluated both preclinical and clinical stud-
ies, with particular emphasis on its radiochemical characteristics and preliminary clinical
applications, while highlighting advancements, associated challenges, and the potential for
future developments in the field. Results: This study highlights the significant advance-
ments achieved with [®8Ga]Ga-Trivehexin in the field of molecular imaging. The optimized
multimeric system has substantially enhanced the radiotracer’s pharmacokinetic properties,
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binding affinity, and selectivity for «v[36 integrin, demonstrating up to an 18-fold improve-
ment compared to previous monomeric tracers. The synthesis protocol has been refined
to achieve high radiochemical purity (>95%), essential for safe clinical use. Preliminary
clinical applications, particularly in head and neck cancer (HNC) and pancreatic ductal
adenocarcinoma (PDAC), have shown promising results, with high detection rates and
improved differential diagnosis compared to ['8F]FDG. Furthermore, [*®Ga]Ga-Trivehexin
PET/CT has shown potential in non-oncological conditions, such as idiopathic pulmonary
fibrosis (IPF) and primary hyperthyroidism, suggesting broader clinical applicability.
Conclusions: [®®Ga]Ga-Trivehexin is a promising PET probe for imaging ovB6-integrin in
cancers and non-oncological diseases like idiopathic pulmonary fibrosis (IPF) and primary
hyperparathyroidism (PHP).

Keywords: [®8Ga]Ga-Trivehexin; trivehexin; avB6-integrin; molecular imaging; precision
oncology; PET

1. Introduction

Molecular imaging has had an impressive evolution in the last decade [1]. Consid-
ering positron emission tomography (PET) imaging, the first chapters of this evolution
saw the widespread use of metabolic radiotracers. Among those, Z—deoxy-Z—[lsF]ﬂuoro—
D-glucose (['8F]FDG) has been and still is the most widely used PET radiotracer em-
ployed in daily clinical practice, with a growing multitude of oncologic and non-oncologic
applications [2—6]. Besides ['8F]FDG, numerous other metabolic radiotracers have been
proposed and subsequently implemented in daily clinical practice, including radiolabeled
choline and amino acidic radiotracers (i.e., ['®8F]F-Fluciclovine, [18F]F—Fluorodopa, [Mcjc-
methionine, and many others) [7-10]. Afterwards, the evolution of target-specific PET
molecular probes has signaled a revolution in PET imaging. The first glance into the
potentialities of cancer-specific molecular targets was offered by radiolabeled somato-
statin analogs, who offered the first theranostic model in neuroendocrine neoplasms [11].
Afterwards, radiolabeled prostate-specific membrane antigen (PSMA) ligands have revolu-
tionized the landscape of prostate cancer imaging and, more recently, therapy [12-14].

The investigation for new target-specific radiotracers is at the forefront of actual
translational research, with plenty of new PET probes being explored [15-17]. Among those,
radiotracers targeting the integrin protein family are among the most promising for clinical
translation [18]. Integrins are a group of 24 transmembrane glycoproteins involved in cell
adhesion. These proteins are composed of the dimerization of two subunits: c—which has
18 different isoforms—and 3—counting eight variants. The different combinations of «
and (3 subunits originate the integrin proteins, which are characterized by very different
functions and expression throughout the human body. Of note, some integrin proteins
are involved in carcinogenesis [19,20]. Among cancer-related integrins, cv33 has been the
first under investigation since the early 1980s [21]. av[33-integrin is related to angiogenesis,
both in physiological conditions (i.e., wound healing and embryonal development) and in
solid tumor growth [22]. Of note, high-affinity antagonists of «v33-integrin—collectively
known as RGD peptides—have been used to selectively target ocv33-integrin [23]. Some of
those have also been radiolabeled with radionuclides for PET or Single Photon Emission
Tomography (SPECT) to map the in vivo distribution of av[33-integrin expression [24].
However, these radiotracers did not meet the initial high expectations. The average ocv(33-
integrin expression in solid tumors was not high enough to emulate the performances of
the other theranostic models currently used in daily clinical practice [22].
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More recently, the researchers’ attention shifted towards av[36-integrin. Its expression
is typical of epithelial cancer cells, while its levels are almost absent in normal tissues [22].
Overexpression of avp6-integrin is related to the transforming growth factor 3 (TGE-3)
pathway and activates tumorigenesis [25]. Therefore, av6-integrin is a suitable target
for selective molecular imaging of epithelial carcinomas, in particular pancreatic cancer,
head and neck carcinomas and colon cancer [26]. Moreover, since TGF-f is correlated
to extracellular matrix (ECM) remodeling, av[36-integrin is also overexpressed in some
non-oncological conditions, in particular idiopathic pulmonary fibrosis (IPF) [27].

Recently, [*3Ga]Ga-Trivehexin has been proposed as a PET probe to map in vivo
expression of avp6-integrin expression and has started its translational journey from
preclinical to clinical experiences. In this review, we aim to provide an updated overview
of the radiochemical features of this radiotracer. Moreover, initial clinical experiences with
[8Ga]Ga-Trivehexin PET in oncological and non-oncological diseases will be discussed.

2. [¥8GalGa-Trivehexin: A Radiochemical Insight

Over the years, the biological significance of the av36 integrin has driven exten-
sive research into the development of both peptidic and non-peptidic inhibitors specif-
ically targeting this integrin. Among these, several peptide-based ligands have been
explored for imaging applications, including the linear peptides A20FMDV2 (NAVPNL-
RGDLQVLAQKVART), derived from the foot-and-mouth disease virus (FMDYV), and
H2009.1 (RGDLATLRQL), as well as the cyclic peptide S02 [28]. These ligands have been
radiolabeled and successfully employed for in vivo imaging of av[36 expression using
SPECT and PET techniques [29-32]. Building on these advances, researchers sought to
further refine integrin-targeting ligands by enhancing their metabolic stability and reducing
their size while maintaining high affinity. This effort led to the discovery of the cyclic non-
apeptide cyclo(FRGDLAFp(NMe)K), a highly potent ocv36 ligand with a binding affinity
of 0.26 nM [33]. Notably, it demonstrated exceptional selectivity against other integrins,
with significantly lower affinities for av33, a5p1, av35, and «IIbp3. Additionally, it ex-
hibited full stability in human plasma for up to three hours. Crucially, functionalization
of the lysine side chain did not compromise its activity, making it an ideal scaffold for the
development of radiolabeled molecular probes for imaging ocv36 expression (Figure 1).

Notni et al. [34] developed corresponding probes for PET imaging, labeled with
8Ga (t /2 = 68 min), which is readily available from 8Ge/BGa generators—compact
benchtop devices that serve as long-lived regenerative sources of [®®Ga]Ga®* in dilute
HCl. For %8Ga radiolabeling, the TRAP (1,4,7-triazacyclononane-1,4,7-tris[methylene(2-
carboxyethyl)]phosphinic acid) chelator (Figure 1) was chosen for its high affinity and
selectivity for gallium, ensuring efficient and reliable labeling. Additionally, its three
conjugation sites allow for easy attachment of reporter molecules or multimerization of
targeting vectors, which can be conveniently achieved using click chemistry (Cu-catalyzed
azide-alkyne cycloaddition, CuAAC) to modify the probe structure (Figure 2).

Unfortunately, they found that, unlike previous studies, multimerization of the av[36-
selective peptide c(FRGDLAFp(NMe)K) did not enhance tumor accumulation in PET imag-
ing. While multimers exhibited higher av[36 affinity, enhanced by approximately 2-fold for
the dimer [®Ga]Ga-TRAP(AvB6), and by approximately 11-fold for the trimer [®8Ga]Ga-
TRAP(AvB6)3, compared to the monomeric TRAP-conjugate [*®®Ga]Ga-Avebehexin, they
showed inferior pharmacokinetics compared to monomers. In contrast, the [®*Ga]Ga-
Avebehexin demonstrated excellent renal clearance and a low background signal, enabling
highly sensitive PET imaging even in tumors with moderate ocv[36 expression (e.g., H2009
lung adenocarcinoma xenografts in mice).
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Figure 1. (a) TRAP chelators used for the synthesis of integrin AvB6 conjugates by means of click
chemistry (Cu-catalized azide-alkyne cycloaddition) with the functionalized AvB6 (b).
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Figure 2. (a) [®®Ga]Ga-Avebehexin; (b) the dimer [®Ga]Ga-TRAP(AvVB6),; (c) the timer [*®*Ga]Ga-
TRAP(AvB6); [20].
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The [®Ga]Ga-Trivehexin tracer originates from the optimization of the ®Ga-labeled
TRAP trimer [*®®Ga]Ga-TRAP(AvB6); [20]. To enhance the hydrophilicity of the conjugates,
both phenylalanine residues in c[FRGDLAFp(NMe)K] were substituted with tyrosine
(Figure 3). At the atomic level, the structural variations are limited to the presence of two
extra oxygen atoms on Tyr2 (sequence: c[YRGDLAYp(NMe)K]), highlighted in blue in
Figure 3.
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Figure 3. [#8Ga]Ga-Trivehexin.

The trimeric conjugate Trivehexin was synthesized using a method similar to that
employed for TRAP(AvB6); and the previously developed avp8-integrin tracer [®*Ga]Ga-
Triveoctin [35]. The process involved conjugating the Lys(pentynoic amide) derivative of
Tyr2 to the symmetrical TRAP chelator scaffold through a straightforward click chemistry
(CuAAC) reaction. This synthesis route facilitated efficient automated 8Ga labeling of
Trivehexin (5 nmol), performed at pH 2, yielding [*®Ga]Ga-Trivehexin with a radiochemical
efficiency exceeding 95% and a purity of over 99%.

The individual substitution of Phe with Tyr in c[FRGDLAFp(NMe)K] resulted in only
a slight decrease in affinity (ICsy values of 0.39 pM and 0.40 pM for c[FRGDLAYp(NMe)K]
and c[YRGDLAFp(NMe)K], respectively, compared to 0.26 pM for the original peptide).
However, the simultaneous replacement of both Phe residues led to a significant drop
in affinity and reduced subtype selectivity in the Tyry-alkyne building block compared
to its phenylalanine counterpart. Despite this drawback, trimerization effectively com-
pensated for the reduced affinity, yielding an 18-fold increase in avf36-integrin binding
and a notable improvement in selectivity, consistent with previous findings. Furthermore,
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[8Ga]Ga-Trivehexin demonstrated the anticipated increase in hydrophilicity, with a logDy 4
value of —2.1 £ 0.1, which was moderately lower than that of [#3Ga]Ga-TRAP(AvB6);
(log D74 = —1.5 £ 0.1) [20].

The evaluation of [®Ga]Ga-Trivehexin in cellular and in vivo models provided strong
evidence of its specificity and favorable pharmacokinetics. In cellular assays, the tracer
demonstrated a specific and blockable uptake in H2009 lung adenocarcinoma cells, which
express v 36-integrin, while no uptake was observed in MDA-MB-231 breast cancer cells,
which lack ocv36-integrin expression. These results confirmed the tracer’s high selectivity
for av36-integrin [20].

When tested in SCID mice bearing H2009 (xv36-positive) and MDA-MB-231 (av[36-
negative) xenografts, dynamic pPET imaging revealed that [*®Ga]Ga-Trivehexin cleared
from the bloodstream significantly faster than [#8Ga]Ga-TRAP(AvVB6)s. Notably, [#3Ga]Ga-
Trivehexin exhibited minimal non-specific accumulation in major organs, a clear improve-
ment over [**Ga]Ga-TRAP(AvB6);, which showed off-target uptake, particularly in the
liver, lungs, and even tumor tissue. This reduced background uptake contributed to better
tumor contrast in pPET imaging [20].

The improved biodistribution of [®®Ga]Ga-Trivehexin led to higher tumor-to-organ
ratios, enhancing tumor delineation in pPET images due to the lower background signal.
Additionally, PET imaging and biodistribution studies in MDA-MB-231 xenografts further
confirmed specificity, as no [*¥Ga]Ga-Trivehexin uptake was detected in these 6-negative
tumors. Immunohistochemistry (36-IHC) verified that MDA-MB-231 xenografts lacked
(6-integrin expression, in contrast to H2009 tumors, further validating the selectivity of
[¢8Ga]Ga-Trivehexin [20].

To further support translational research, an improved protocol for the radiosynthesis
of [®®Ga]Ga-Trivehexin was developed based on an updated version of the previously
described method [20]. This optimization was essential to ensure high yield and high
radiochemical purity (RCP) in a clinical setting [36]. Several key modifications were
introduced to achieve this goal. First, a variable amount of Trivehexin (30-50 ug) was
used to determine the optimal concentration for maximizing efficiency. It was prepared
in a sodium acetate buffer (60 mg in 1.5 mL sterile H,O, pH = 3.5-4), which provides a
stable pH environment crucial for the reaction. Additionally, the ®®Ge/%®Ga generator was
manually eluted with 5 mL of 0.05 M HCl, ensuring controlled and reproducible gallium-68
extraction. Manual elution allows for precise radionuclide handling, reducing variability
and ensuring consistent quality across multiple syntheses.

3. [®®*GalGa-Trivehexin: Normal Biodistribution and Dosimetry

Whole-body [®®Ga]Ga-Trivehexin PET images showed a biodistribution generally
characterized by low soft tissue uptake. Apart from renal excretion and partial reten-
tion, significant uptake was observed only in the gastric mucosa and the small intestine.
Incidental uptake in uterine fibroids with integrin PET imaging was also noted [37,38].

A few feasibility studies investigated the in vivo biodistribution of [*®*Ga]Ga-Trivehexin
PET. Thakral et al. [36] performed whole-body PET/CT scans at variable time points (10,
60 and 90 min) post-intravenous (i.v.) injection of 84-185 MBq of 68Ga-Trivehexin to assess
its biodistribution and maximum uptake time. They imaged 20 patients with head and
neck cancer (HNC) and PDAC and found that [*®Ga]Ga-Trivehexin PET should ideally be
performed at time points >60 min post-injection. Similarly, Rehm et al. [39] investigated the
optimal timing for [*®®Ga]Ga-Trivehexin PET/CT. The authors conducted an early dynamic
scan in list mode for 45 min post-injection. Notably, the highest target-to-background ratio
was observed at 45 min, thus justifying the late scan at 1 h post-injection performed by
most authors in the published literature.
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A couple of papers explored the dosimetry of [*®Ga]Ga-Trivehexin PET/CT. With a
biological half-life of 10 h (renal excretion) and an assumed urinary bladder residence of
0.07 h, dosimetry calculations using OLINDA V1.1 yielded a moderate effective dose (ICRP
60) of 3.36 x 1072 mSv/MBq, or 4.7 mSv for an injection of 148 MBq (4 mCi) [%8Ga]Ga-
Trivehexin [20]. Further dosimetry analysis by Wang et al. [40] revealed a total body
effective dose of 1.67 x 1072 mSv/MBgq, with the highest effective dose in the kidneys
(2.26 x 107! mSv/ MBq), followed by the urinary bladder wall (8.24 x 1072 mSv/ MBq)
and adrenals (3.22 x 10-2 mSv/MBq).

4. [®8GalGa-Trivehexin: Preliminary Clinical Experiences

To date, [*®®Ga]Ga-Trivehexin PET has been performed only in a very limited number
of clinical experiences. We performed a literature search in PubMed, Scopus and Web of
Science. The last research was run on 31 March 2025, in which the following keywords
were combined: “trivehexin and PET”. Overall, 16 articles have been published, involving
a total of 124 patients imaged with [*¥Ga]Ga-Trivehexin PET. Among those, most were case
reports (n. 11; 68.7%). Most of the studies (n. 15; 93.7%) involved oncologic patients (n.
of patients: 111; 89.5%), but three studies (18.7%) also reported on [®8Ga]Ga-Trivehexin
PET in non-oncological conditions (n. of patients: 15; 12.1%). Of note, two case reports
have described [*Ga]Ga-Trivehexin PET in patients affected by both oncological and non-
oncological diseases overexpressing av[36-integrin. Among oncologic patients, the main
clinical indications for the scan were (a) pancreatic ductal adenocarcinoma—PDAC (n. of
patients: 56); and (b) head and neck squamous cell carcinoma—HNSCC (n. of patients:
23). Clinical experiences with [**Ga]Ga-Trivehexin PET in oncological and non-oncological
patients are listed in Table 1.

4.1. Oncological Diseases

The first clinical experience with [*3Ga]Ga-Trivehexin PET/Computed Tomography
(CT) has been reported by Quigley et al. [41] in a patient affected by PDAC. Intense
focal uptake could be seen at the primary tumor at the pancreatic head. The same au-
thors [20] imaged four patients—one healthy volunteer for the assessment of the radio-
tracer’s biodistribution and dosimetry calculations and three oncological patients—with
[®3Ga]Ga-Trivehexin PET/CT. In the healthy volunteer, the scan was performed at three
different time points (13, 44 and 97 min post injection). The biodistribution of [®*Ga]Ga-
Trivehexin PET/CT demonstrated high radiotracer concentration in the kidneys—referable
to the known renal excretion of the radiotracer—but low uptake in other soft tissues. Of
note, the low diffuse uptake detectable in the gastric mucosa and in the small intestine at the
early scan decreased progressively in images acquired after 44 min and was nearly absent
in images acquired 97 min post injection. Thus, the optimal time point for a scan with
[Ga]Ga-Trivehexin PET/CT should be at least 60 min post injection. Among oncological
patients (one HNSCC, one salivary duct carcinoma and one PDAC), [®®Ga]Ga-Trivehexin
PET/CT detected the same sites of oncological disease identified at ['8F]FDG PET/CT in
the patients affected by HNSCC and salivary duct carcinoma. Of note, [*®*Ga]Ga-Trivehexin
PET/CT showed lower inflammatory uptake surrounding the tracheostomy of the HNSCC
patient and did not show mediastinal reactive lymph nodes in the patient with salivary
duct carcinoma. In the PDAC patient, [®8Ga]Ga-Trivehexin PET/CT detected more liver
metastases than CT. An analogous experience has been reported by Das et al. [42]. The
authors imaged 5 patients without a history of cancer and 32 oncological patients (20
HNSCC, 9 PDAC, 2 other histotypes of pancreatic cancers and 1 colon cancer infiltrat-
ing the pancreatic head) with [*¥Ga]Ga-Trivehexin PET/CT. In the oncologic group, the
authors compared the scan results with those of standard of care ['8F]FDG PET/CT and
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investigated a correlation between tumor uptake at [*®Ga]Ga-Trivehexin PET/CT and
avB6-integrin expression at immunohistochemistry (IHC). Of note, biopsies were per-
formed in the primary tumor and/or metastases, thus representing an ideal standard of
reference. Among nine PDAC imaged, eight showed focal [®®Ga]Ga-Trivehexin uptake, and
two of those were negative at ['8F]FDG PET/CT. Conversely, one case of PDAC resulted in
a negative [®®Ga]Ga-Trivehexin PET/CT, and another case with higher uptake at ['**F][FDG
than at [®®Ga]Ga-Trivehexin PET/CT was found. In both cases, histology demonstrated
a poorly differentiated PDAC. Among HNSCC, [*8Ga]Ga-Trivehexin PET/CT showed
intense uptake in all cases except one (tracheal carcinoma). Conversely, in two patients
with HNSCC, a suspected recurrence detected at ['8FJFDG PET/CT was ruled out by
[°8Ga]Ga-Trivehexin PET/CT and later confirmed as inflammatory changes at biopsy. Over-
all, [*¥Ga]Ga-Trivehexin PET/CT demonstrated a higher target-to-background ratio than
['8F]FDG PET/CT in both types of cancer, with a sensitivity and specificity of 92.5% and
100%, respectively. Among biopsy-confirmed cancer lesions, a positive correlation between
SUVmax at [®®Ga]Ga-Trivehexin PET/CT and av6-integrin expression at IHC was found
(p < 0.0001). Noteworthy, the [*3Ga]Ga-Trivehexin uptake was often more intense at the
periphery of the cancer lesion, in analogy with av[6-integrin expression.

In the study with the larger cohort currently published in the literature, Rehm et al. [39]
investigated 44 PDAC patients with [®®Ga]Ga-Trivehexin PET/CT. The authors had a dou-
ble aim. The first was to identify the best timing for [®®Ga]Ga-Trivehexin PET/CT, as
discussed in the previous section of this article. The second aim was to evaluate the accu-
racy of [®®Ga]Ga-Trivehexin PET/CT to stage PDAC patients, both locally and at a distance.
[®Ga]Ga-Trivehexin PET/CT identified the primary tumor in 40 out of 44 cases. Further-
more, 21 lymph node metastases, 39 liver metastases, 17 peritoneal metastases and 14
metastases in other sites were identified. The highest uptake intensity—expressed in terms
of maximum standardized uptake value (SUVmax)—was identified in correspondence
with the primary pancreatic tumor with an average SUVmax = 12.6 (5.1-30.8).

Furthermore, several case reports have been published. In the work by Rehm and
colleagues [43], a patient affected by both HNSCC and PDAC was imaged with [*®®*Ga]Ga-
Trivehexin PET/CT. Along with both primary tumors, the scan detected a brain metastasis
in the cerebellopontine angle with high [*¥Ga]Ga-Trivehexin uptake. Indeed, the identi-
fication of that finding would have been very difficult at ['®FJFDG PET/CT due to the
high physiological tracer uptake in the gray matter. Conversely, the very low background
at [®8Ga]Ga-Trivehexin PET/CT enabled an easy detection of the brain metastasis. Other
case reports highlighting the potential of [®®Ga]Ga-Trivehexin PET/CT in patients with
non-small cell lung cancer, ovarian carcinoma, breast cancer, bronchial mucoepidermoid
carcinoma, solid pseudopapillary neoplasm of the pancreas and papillary thyroid car-
cinoma have been published [44-51]. Many of these case reports emphasize the ability
of [®8Ga]Ga-Trivehexin PET/CT to exclude cancer persistence in inflammatory findings
positive at ['®F]JFDG PET/CT.

4.2. Non-Oncological Diseases

Although most clinical experiences with [#8Ga]Ga-Trivehexin PET/CT have been
performed in oncological patients, a few preliminary scans have been performed in non-
oncological conditions too. Wu and colleagues [51] showed that idiopathic pulmonary
fibrosis (IPF)—a progressive disease with poor prognosis, sustained by the development
of fibrosis due to an excessive uncontrolled deposition of ECM in the lungs—is associ-
ated with diffuse, intense [*®Ga]Ga-Trivehexin uptake [52]. Similar results have been
recently reported by Kuyumcu et al. [53]. This finding paves the way for further experi-
ences aiming to define the possible role of [*®*Ga]Ga-Trivehexin PET/CT to diagnose IPF.
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Moreover, [®8Ga]Ga-Trivehexin PET/CT could potentially enable the assessment of the
dynamic process of fibrosis, allowing visualization of the response to new treatments like
Nintedanib [54].

Finally, in analogy to what has already happened with most radiotracers available,
the progressive clinical use determines the identification of incidental findings that may
increase the initial applications of the imaging method [55]. Following the incidental detec-
tion of a parathyroid adenoma with focal uptake at [*¥Ga]Ga-Trivehexin PET/CT, Kuyumcu
and colleagues [56] scanned 13 patients with primary hyperthyroidism (PHP). [®®Ga]Ga-
Trivehexin PET/CT was performed within 3-7 days from [**™Tc]Te-MIBI SPECT/CT. More-
over, three patients were also scanned with [18F]F-choline PET/CT, which has been demon-
strated to identify parathyroid adenomas in a large proportion of patients with negative
[?9MTc] Te-MIBI SPECT/CT scans [57] (Figure 4). [¢8Ga]Ga-Trivehexin PET/CT was positive
in 11 out of 13 PHP patients, detecting a total of 16 parathyroid adenomas, 7 more than
[#°MTc]Te-MIBI SPECT/CT. Overall, the detection rate of [*®Ga]Ga-Trivehexin PET/CT was
94.1%. Furthermore, [**Ga]Ga-Trivehexin PET/CT yielded positive scans in 2 patients with
negative ['8F]E-choline PET/CT.

Figure 4. Normal biodistribution of [®®Ga]Ga-Trivehexin PET/CT in a patient with primary hyper-
parathyroidism performed at the Department of Nuclear Medicine, Hacettepe University, Ankara,
Turkey. PET/CT was acquired 60 min p.i. of 160 MBq of [*3Ga]Ga-Trivehexin and characterized
by low soft tissue uptake ((A,E): emissive trans-axial PET images; (B,F): trans-axial fused PET/CT
images; (C,G): trans-axial CT images; (D): maximum intensity projection—MIP). Radiotracer uptake
was seen in the kidneys and bladder due to renal excretion. Incidental uptake in a uterine fibroid was
also noted (A—C). A focal radiotracer uptake in a parathyroid adenoma was detected.

Table 1. Clinical experiences with [®8Ga]Ga-Trivehexin PET in oncological and non-oncological

patients.
. Injected Time of
Author Country Year (éh:;.lcal Disease Pl\:: Oft Activity Scan Main Findings
eting atients (MBq) (mins p.i.)
. ) . Focal radiotracer uptake at the PDAC
Quigley et al. [41] Germany 2021 Oncological PDAC 1 87 70 of the pancreatic head.
[#8Ga]Ga-Trivehexin PET/CT detected
HINSCC the same oncological lesions visible at
, 18 ;
) ) salivary duct 172-140— . [**FIFDG PET/ CT bqt with lower
Quigley et al. [20] Germany 2022 Oncological carcinoma 4 135-105 61-120 inflammatory findings in HNSCC and
PDAC ’ salivary duct carcinoma. In PDAC,

[#8Ga]Ga-Trivehexin PET/CT revealed
more liver metastases than CT.
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Table 1. Cont.

Author

Country

N. of Injected Time of
Patients Activity Scan Main Findings
(MBq) (mins p.i.)

Clinical

Setting Disease

Year

Thakral et al. [36]

India

110 The scan performed 60 min post
2023 Oncological ~HNC, PDAC 20 (84-185) 10, 60, 90 injection demonstrated the higher
radiotracer uptake.

Rehm et al. [43]

Germany

HNSCC [#8Ga]Ga-Trivehexin PET/CT detected
2024 Oncological PDAC 1 146 60 a brain metastasis
from HNSCC.

Das et al. [42]

India—
Germany

[®8Ga]Ga-Trivehexin PET/CT showed
a sensitivity and specificity of 92.5%
60 and 100%, respectively. Uptake
intensity showed a positive correlation
with v 36-integrin expression at IHC.

1.85-2.22

2023 Oncological HNC, PDAC 32 per kg

Marafi et al. [44]

Kuwait

[#3Ga]Ga-Trivehexin PET/CT detected
2024 Oncological NSCLC 1 - - brain metastases
from NSCLC.

Singh et al. [45]

India

[Ga]Ga-Trivehexin PET/CT may be
- - useful to define disease extension in
metastatic ovarian carcinoma.

Ovarian 1

2024 Oncological carcinoma

Wu et al. [47]

China

[®®Ga]Ga-Trivehexin PET
Bronchial mu- demonstrated higher TBR than
2024 Oncological  coepidermoid 1 - - ['FJFDG PET/CT in a patient with
carcinoma bronchial mucoepidermoid carcinoma
(10.1 vs. 2.5, respectively).

Novruzov et al. [49]

Azerbaijan

[*8Ga]Ga-Trivehexin PET/CT was
negative in a patient with SPPNP with

high uptake at ['*FJFDG and
[8Ga]Ga-FAPI PET/CT.

2024 Oncological SPPNP 1 - -

Rehm et al. [39]

Germany

[®®Ga]Ga-Trivehexin PET/CT
demonstrated high accuracy for the
Early detection of
dynamic: ov B6-integrin expression in
45 min i
139 acauisition pancreatic cancer and
(84-160) . lq t mode: metastases (lymph node, liver,
lrialtse Islégn_e’ peritoneal and other sites). The
62 (55—85). dynamic acquisition showed that the
latest images (acquired 45 min p.i) had
the higher TBR.

2024 Oncological PDAC 44

Kuyumcu et al. [56]

Turkey

In comparison to [**™Tc]Tce-MIBI
scintigraphy-SPECT/CT,
Early scan: [®®Ga]Ga-Trivehexin PET/CT
30 identified 7 additional parathyroid
Late scan: lesions. [*®Ga]Ga-Trivehexin PET/CT
50-90 identified hyperfunctioning

parathyroids in 2 out of 3 PHP patients
negative at ['*F]fluorocholine PET/CT.

Non-

2024 oncological

PHP 13 185

Singhal et al. [46]

India

[®8Ga]Ga-Trivehexin PET/CT was
2025 Oncological DTC 1 - - more accurate than [*FIFDG PET/CT
to define disease extension in a patient

with papillary thyroid carcinoma.

Komek et al. [48]

Turkey

[®8Ga]Ga-Trivehexin PET/CT detected

the primary BC, left internal mammary
and axillary lymph node metastases

2025 Oncological BC 1 _ _ with a higher tracer uptake than
['8F]FDG PET/CT. Moreover, ruled
out disease involvement in
mediastinal ['*F]FDG-avid lymph
nodes, confirmed reactive at cytology.

Emerson et al. [50]

India

. B _ [8Ga]Ga-Trivehexin PET/CT detected
2025 Oncological HNSCC 1 HNSCC of the oral cavity.

Wu et al. [51]

China

[#8Ga]Ga-Trivehexin PET/CT showed
Oncological/ intense uptake in correspondence to a
2025 Non- NSCLC, IPF 1 - - mucinous lung adenocarcinoma (with
oncological only faint uptake at [*FJFDG PET/CT)
and IPE.

Kuyumcu et al. [53]

Turkey

A mucinous lung cancer demonstrated
Oncological/ higher uptake at [**Ga]Ga-Trivehexin
2025 Non- NSCLC, IPF 1 - - than at ['8FJFDG PET/CT.

oncological [#3Ga]Ga-Trivehexin demonstrated
diffuse intense uptake in IPF.

BC = breast cancer; CT = Computed Tomography; DTC = differentiated thyroid carcinoma; FAPI = fibroblast
activating protein inhibitor; HNC = head and neck cancer; HNSCC = head and neck squamous cell carcinoma;
IHC = immunohistochemistry; IPF = idiopathic pulmonary fibrosis; NSCLC = non-small cell lung cancer; PDAC
= pancreatic ductal adenocarcinoma; PET = positron emission tomography; p.i. = post injection; PHP = primary
hyperparathyroidism; SPECT/CT = Single Photon Emission Tomography/Computed Tomography; SPPNP = solid
pseudopapillary neoplasm of the pancreas; TBR = target-to-background ratio.
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5. Discussion

[8Ga]Ga-Trivehexin represents a significant advancement in the field of radiochem-
istry applied to molecular diagnostics for PET imaging of tumors expressing av[36 inte-
grin. This radiopharmaceutical is based on an optimized multimeric system, [*Ga]Ga-
TRAP(AvB6)3, [20], designed to enhance pharmacokinetic properties, biodistribution, and
binding specificity compared to previous monomeric tracers [34,35]. To enhance the hy-
drophilicity of the conjugates, both phenylalanine residues in c[FRGDLAFp(NMe)K] were
substituted with tyrosine. This substitution effectively enhances the hydrophilicity of the
conjugates while maintaining the overall structural integrity, with only minor atomic-level
modifications due to the additional oxygen atoms in the tyrosine residues.

The synthesis protocol for [*¥Ga]Ga-Trivehexin was developed and optimized from
previously described methods, with targeted modifications to improve yield and radio-
chemical purity. Crucial parameters for achieving good labeling yield are the pH of the
reaction, the amount of peptide, and the reaction time. Once again, the optimal pH and
labeling temperature proved to be the same as those used for the preparation of [®*Ga]Ga-
PSMA and [%Ga]Ga-DOTANOC (pH 3.5-4 and T = 90 °C) [36]. The final purification based
on a C8 cartridge ensures high radiochemical purity (>95%), essential for safe and effective
clinical use.

The incorporation of multimeric Trivehexin has significantly improved binding prop-
erties compared to the monomeric [®3Ga]Ga-Avebehexin, as increased affinity for av36
integrin, with up to an 18-fold enhancement compared to monomers, greater selectivity
due to the avidity effect generated by the trimeric structure, and improved pharmacoki-
netics, characterized by faster accumulation in target tissues and efficient clearance from
non-specific compartments [20,41].

Overall, these findings highlight [*¥Ga]Ga-Trivehexin as a highly selective and stable
PET tracer with rapid clearance, low non-specific organ uptake, and improved imaging
contrast, making it a promising tool for av[36-integrin imaging in tumors.

Considering clinical applications of [®®Ga]Ga-Trivehexin PET/CT, the best timing for
the scan appears to be at 60 min p.i. Too early acquisition may be impaired by non-specific
tracer distribution (i.e., in the gastric mucosa and in the small intestine) [20]. Conversely,
late acquisitions may show poor image quality due to the short half-life of the radionuclide
[48Ga]Ga (68 min).

Currently, among oncological patients, [*®Ga]Ga-Trivehexin PET/CT has been mostly
investigated in HNC and PDAC [36,39,42]. In both conditions, [©8Ga]Ga-Trivehexin
PET/CT has demonstrated high detection rates in the preliminary data available in the
literature. In HNC, the main advantage of [*8Ga]Ga-Trivehexin PET/CT over ['*F]JFDG
PET/CT might be the differential diagnosis between oncological and inflammatory find-
ings [36,42]. ['®F]FDG uptake is sustained by increased glucose metabolism and thus
is unspecific. Conversely, [*®®Ga]Ga-Trivehexin directly targets avp6-integrin, which is
overexpressed in epithelial cancers but negative in inflammatory lymph nodes or reactive
tissues, which are frequently associated with HNC [58]. Therefore, [®8Ga]Ga-Trivehexin
PET/CT could become a useful tool for the differential diagnosis between inflammatory
and oncological findings that are undetermined at ['8F]FDG PET/CT. In PDAC patients,
[¢8Ga]Ga-Trivehexin PET/CT might become even more relevant. ['8F]FDG PET/CT is often
negative or shows only faint uptake in PDAC and is not routinely used [59-62]. In PDAC
patients, [*®*Ga]Ga-Trivehexin PET/CT might play a complementary role to conventional
radiologic imaging (i.e., CT or magnetic resonance imaging), in particular for the detection
of distant metastases [39].

Furthermore, [®®Ga]Ga-Trivehexin PET/CT may carve out a role in non-oncological
conditions as well. IPF is associated with increased deposition of ECM in the lungs
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and showed diffuse high uptake at [*®*Ga]Ga-Trivehexin PET/CT in a couple of case
reports [51,53]. Indeed, further experiences are needed to confirm that IPF is associ-
ated with high [8Ga]Ga-Trivehexin uptake. However, [#8Ga]Ga-Trivehexin PET/CT may
become a pivotal imaging in this severe progressive disease, enabling the definition of
the real extent of the condition and the deposition rate of ECM in the lungs during
therapies, which are very difficult tasks to address with currently available imaging
modalities [63,64]. Furthermore, the incidental identification of increased [*®*Ga]Ga-
Trivehexin uptake in a parathyroid adenoma led to a preliminary research article by
Kuyumcu et al. [56]. [#8Ga]Ga-Trivehexin PET/CT detected more parathyroid adeno-
mas than [*™Tc]Tc-MIBI SPECT/CT and [*®F]F-choline PET/CT (Figure 4). However,
['8F]F-choline PET/CT was performed only in a few patients. Therefore, a head-to-head
trial comparing the detection rates of ['8F]F-choline and [®3Ga]Ga-Trivehexin PET/CT
is desirable to define if [®®Ga]Ga-Trivehexin PET/CT might have a role among imaging
procedures of patients with PHP.

6. Conclusions

[°®Ga]Ga-Trivehexin is an emerging PET probe for in vivo visualization of avB6-
integrin, which is highly overexpressed in several epithelial cancers correlated with the
TGF-B pathway. In both HNC and PDAC, [®®Ga]Ga-Trivehexin PET/CT is promising and
deserves to be further investigated to define its real potentialities and indications. Moreover,
non-oncological diseases like IPF and PHP showed increased uptake at [#8Ga]Ga-Trivehexin
PET/CT in preliminary clinical reports. Further literature evidence is needed to investigate
the accuracy of [#8Ga]Ga-Trivehexin PET/CT in these diseases.
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