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Abstract

The management of rheumatoid arthritis and related inflammatory arthropathies is evolving
from late structural assessment toward early molecular phenotyping of synovitis. Target-
specific radiopharmaceuticals for positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) now permit non-invasive detection of activated
fibroblast-like synoviocytes, inflammatory macrophages, chemokine-driven immune-cell
trafficking, angiogenesis, and mitochondrial stromal activation. This review analyzes the
radiochemical basis of synovitis imaging, beginning with the radionuclide-dependent be-
havior of 1C, ®¥Ga, 4Cu, [AI'®F]?*, and #™Tc, and then linking these properties to chelator
selection, covalent radiolabeling, labeling conditions, and pharmacokinetics. The review
further examines the development of radioligands targeting fibroblast activation protein
(FAP), integrin «, s, folate receptor beta (p-FR), CXCR4, and the 18 kDa translocator
protein (TSPO). It covers FAP-inhibitor scaffolds, RGD-based integrin probes, pteroyl-
glutamate folate conjugates, CXCR4 antagonists, and TSPO heteroaromatic ligands. Clinical
and translational datasets are discussed in relation to disease-activity evolution, treatment-
response monitoring, and differentiation of stromal activation, macrophage infiltration,
angiogenesis, and immune-cell recruitment. Finally, the review integrates kinetic modeling
and dosimetric translation, emphasizing absorbed-dose estimation as a perspective on thera-
peutic optimization and safety constraints for emerging B-emitting and a-emitting synovial
theranostics, 7/Lu and **Ac. Collectively, these developments define a bench-to-bedside
framework for rheumatology precision medicine, in which radiopharmaceutical chemistry,
molecular imaging, clinical trial evidence, and patient-specific dosimetry converge to guide
diagnosis, therapeutic selection, and future targeted synovial micro-radioresection.

Keywords: rheumatoid arthritis; synovitis; radiopharmaceuticals; PET/SPECT imaging;
targeted synovial theranostics

1. Introduction

Rheumatoid arthritis (RA) and related chronic inflammatory arthropathies represent
a massive global socioeconomic burden, characterized by persistent synovial inflammation,
progressive articular destruction, and severe systemic comorbidities [1]. For decades, the
clinical management of these autoimmune diseases has relied on therapeutic interven-
tions initiated after macrostructural bone erosions or joint narrowing became visible on
conventional radiography [2]. While the clinical introduction of biological and targeted
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synthetic disease-modifying antirheumatic drugs (DMARDs), such as anti-TNF agents and
JAK inhibitors, has revolutionized patient outcomes, a major clinical problem remains: a
significant cohort of patients fails to achieve sustained clinical remission due to delayed
diagnosis or non-responsive therapeutic stratification [3]. Consequently, modern rheuma-
tology is undergoing a critical shift toward precision medicine, aiming to detect subclinical
synovial alterations and predict individual therapeutic responses at the molecular level
before anatomical damage becomes irreversible [4-6].

Conventional diagnostic modalities, including contrast-enhanced magnetic resonance
imaging (MRI) and musculoskeletal ultrasound (MSUS), offer high soft-tissue contrast but
inherently lack the biochemical specificity required to differentiate active cellular prolifera-
tion from passive tissue remodeling or resolving inflammation [7]. Similarly, the traditional
nuclear medicine standard, F-FDG PET, is severely limited in rheumatology due to its
nonspecific uptake in any high-glucose-metabolizing tissue, frequently leading to false-
positive signals from physiological muscular exertion or osteoarthritis [8]. To overcome
these diagnostic ambiguities, target-specific radiopharmaceuticals are being developed to
map the hyperactive cellular phenotypes that drive synovial inflammation. Within the
inflamed synovial microenvironment, the key pathological driver is the transformation
of quiescent cells into aggressive phenotypes. The most relevant of these are activated
fibroblast-like synoviocytes (FLSs) and pro-inflammatory M1-like synovial macrophages,
which collectively secrete the proteolytic enzymes and cytokines responsible for cartilage
degradation [4,5,9,10]. Nuclear medicine now offers target-specific tools for molecular
phenotyping of synovitis by exploiting the distinct molecular signatures of activated syn-
ovial fibroblasts, inflammatory macrophages, chemokine-driven immune-cell populations,
and angiogenic endothelium. The scope of this review is to provide an integrated review
of positron emission tomography (PET) and single-photon emission computed tomog-
raphy (SPECT) radiopharmaceuticals for rheumatoid arthritis and related inflammatory
arthropathies, beginning with the chemical and coordination features of the involved ra-
dionuclides and radionuclide possible strategies (1'C, ®Ga, #*Cu, [Al'®F]?*, and ™Tc) and
then relating these properties to chelator selection, covalent radiolabeling, radiolabeling
conditions, pharmacokinetics, and image contrast. Although ''C is not a coordination ra-
dionuclide, its 20.4 min half-life and ability to label small organic 18 kDa translocator protein
(TSPO) ligands without substantially altering pharmacophore structure make it central
to macrophage/stromal activation imaging, especially for [1'C]PK11195, [''C]PBR28, and
['C]DPA-713 [11-13]. Particular emphasis is placed on radioligands directed against fibrob-
last activation protein (FAP), integrin «, B3, folate receptor beta (B-FR), C-X-C chemokine
receptor type 4 (CXCR4), and TSPO, all of them molecular targets and biomarkers of the in-
flamed synovium because each identifies a distinct pathogenic niche within the rheumatoid
pannus (Figure 1). FAP marks activated fibroblast-like synoviocytes and fibroblast-driven
matrix remodeling; integrin «, B, reflects angiogenic endothelium and matrix-adhesive
vascular expansion; B-FR identifies activated macrophage-rich inflammatory infiltrates;
CXCR4 reports chemokine-mediated recruitment and retention of inflammatory immune
cells; and TSPO captures mitochondrial activation in macrophages, fibroblast-like synovio-
cytes, and other metabolically active inflammatory cells (Figure 1) [4,5,9,10]. Therefore,
fibroblast activation protein inhibitors (FAPIs), arginine-glycine-aspartate (RGD)-based
integrin probes, folate conjugates, CXCR4 ligands, and TSPO heteroaromatic tracers were in-
cluded. The review further evaluates clinical and translational evidence for disease-activity
evolution, treatment-response monitoring, and molecular pathotyping, before integrating
prospective kinetic modeling and dosimetry, and possible safety constraints for emerging
B-emitting (1“Lu) and a-emitting (*°Ac) synovial theranostic strategies. In this way, the
review connects radiopharmaceutical chemistry, molecular imaging performance, clinical
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Figure 1. Molecular biomarker environment of the inflamed rheumatoid synovium. The schematic
summarizes the targets discussed in this review: FAP-positive activated fibroblast-like synoviocytes
involved in matrix remodeling and pannus invasion; integrin «, p;-expressing angiogenic endothelium
supporting neovascular expansion; p-FR-positive activated macrophages reflecting macrophage-
rich inflammatory burden; CXCR4-positive immune-cell populations mediating chemokine-driven
recruitment and retention; and TSPO-expressing metabolically activated macrophages, fibroblast-
like synoviocytes, and stromal inflammatory cells. Together, these targets provide complementary
PET/SPECT imaging readouts for molecular phenotyping, disease activity assessment, therapeutic
response monitoring, and future synovial theranostic stratification in rheumatoid arthritis and related
inflammatory arthropathies [4,5,9,10]. (Created in BioRender. Ocampo, B. (2026) https://BioRender.

com/gprajoy).

2. Chemical and Coordination Aspects of Radionuclides
2.1. Radiometal Coordination and Radiofluorination Principles

The first important topic is the radionuclide or labeling strategy itself, because half-
life, emission properties, oxidation state, coordination geometry, and radiochemical route
determine whether a tracer is best suited for PET, SPECT, delayed imaging, or therapeutic
translation. 11C, ¥Ga, #*Cu, [AI'8F]?*, and *™Tc therefore define the chemical boundary
conditions for synovial radioligand design. For radiometals and [ AI'8F]*, performance is
governed mainly by donor-atom preference and coordination stability; for 1C, the defining
constraints are covalent incorporation, rapid radiosynthesis, on-site cyclotron production,
and short imaging windows [11-19].

In synovitis-targeted radiopharmaceuticals, chelator, linker, and prosthetic-group en-
gineering must match both the biological target and the recognition element. Radiolabeling
of ligands targeting FAP, CXCR4, B-FR, integrin «, 3, or TSPO must preserve receptor or
enzyme recognition while minimizing nonspecific retention in blood, liver, muscle, kidney,
and periarticular soft tissue. The chelator is therefore not an inert terminal label: its charge,
hydrophilicity, steric bulk, and coordination stability can modify affinity, serum stability,
clearance pathway, and image contrast [14-23]. PET agents must keep the binding motif
accessible after conjugation to DOTA, NOTA, NODAGA, RESCA, SarAr, TETA, CB-TE2A, or
[AI'8F]?*-compatible chelators. In contrast, SPECT agents based on HYNIC or tricarbonyl
9mTe chemistry depend on the coordination co-ligands, linker, and targeting motif to deter-
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mine radiochemical purity, in vivo stability, elimination pathway, and target-to-background
ratio [14-26]. Thus, ®Ga, *Cu, and reduced *™Tc cores undergo direct coordination within
a ligand cavity, whereas [ AI'8F]?* acts as a pre-assembled pseudo-radiometal cation that
requires a specialized macrocyclic or restrained framework to preserve the Al-F bond,
in which 8F is retained through a polarized Al-F bond while AI** occupies the chelator
cavity [14-19]. The structure-performance framework is the key for translating synovitis
ligands across PET, SPECT, and future theranostic applications.

2.2.%Ga and **Cu Coordination Characteristics

Gallium-68 (t; , = 1.13 h; B*: E,,, 1899 keV, 87.7%), generally obtained from a ®*Ge/%¥Ga
generator, is a hard, high-charge-density d'¥ trivalent cation that lacks crystal-field stabiliza-
tion energy; therefore, its preferred geometry is mainly influenced by ionic radius, steric fit,
and electrostatic interactions. It favors an octahedral coordination sphere with hard donors
such as oxygen and nitrogen. NOTA and NODAGA are particularly well matched to Ga®*
because its smaller nine-membered ring efficiently satisfies the hexacoordinate environment
at mild conditions. In contrast, DOTA generally requires higher temperatures to overcome
conformational barriers before forming a kinetically inert Ga-DOTA complex [14,15,27,28].
Nevertheless, [*¥Ga]Ga-DOTA-ligand complexes can shift biodistribution toward rapid renal
excretion, reduce nonspecific periarticular retention, and improve the target-to-background
ratios required to detect upregulated proteins during early rheumatoid arthritis; as relevant,
they can be used as theranostic pairs with 7Lu or even * Ac.

Copper-64 (t,, = 12.7 h; p*: 17.5%; B~: 38.5%) has a decay profile that enables
64Cu-based radiopharmaceuticals to be used for PET imaging and radionuclide therapy.
The combination of B* emissions (maximum energy 652.6 keV; 17.5%) and p~ emissions
(maximum energy 579 keV; 38.5%) delivers a high local radiation dose at the cellular level.
Furthermore, electron capture decay (43.5%) is accompanied by the emission of Auger
electrons, which also contributes to its cytotoxic potency. The longer half-life of ®Cu
compared to ®®Ga potentially enables delayed pannus synovium imaging, allowing the
radiopharmaceutical to clear from healthy tissues and improve the target-to-background
ratios required to detect upregulated proteins involved in the early synovitis process, where
the radiopharmaceutical is designed to be retained by a specific molecular recognition
mechanism. Additionally, ®*Cu has a lower positron energy (E, ., = 652.6 keV, 17.5%) than
8Ga (Epayx = 1899 keV, 87.7%), resulting in a shorter mean positron range (0.56 mm versus
3.5 mm). This shorter range is only one contributor to image resolution; practical small-joint
accuracy also depends on scanner resolution, reconstruction, count statistics, motion, and
partial-volume effects [14,16,17].

Cu(II) has a d° electronic configuration and commonly exhibits Jahn-Teller distortion,
which produces elongated axial bonds and flexible coordination numbers of four, five, or six.
Because Cu?* has borderline hard-soft behavior, it interacts favorably with nitrogen-rich macro-
cycles and selected sulfur donors. These properties make copper chemically stable for delayed
PET imaging but also increase the risk of in vivo transchelation when the coordination cage is
not sufficiently rigid [14,16,17]. To reduce dissociation and biological capture by endogenous
proteins such as superoxide dismutase, ®*Cu radiopharmaceuticals frequently employ SarAr,
TETA, NOTA, NODAGA, and cross-bridged CB-TE2A-type frameworks, which provide en-
hanced cage-like confinement for the radionuclide. These chelators bind Cu?* within a more
rigid or better-matched coordination cavity, enhancing kinetic inertness, reducing nonspecific
hepatic background, and prolonging blood-pool clearance intervals, which are useful for
delayed imaging strategies in small joints [16,17,29]. However, DOTA is also frequently used
as a copper chelator because, as in the case of ®Ga, [**Cu]Cu-DOTA complexes can act as
theranostic pairs with the therapeutic radionuclides ”/Lu and 2 Ac [29].
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2.3. 9mTe Coordination Features

Technetium-99m (t;,, = 6 h; -y 140.5 keV, 88.5%) differs from gallium and copper
because it is obtained from Mo/*™Tc generators as pertechnetate ([TcO,]~, Te(VIL))
and must be reduced, commonly with SnCl,, to generate lower-valent coordination cores
suitable for radiopharmaceutical labeling. Depending on precursor chemistry, ™ Tc is
most frequently incorporated via the oxo, diazenido, HYNIC, tricarbonyl, or mercap-
toacetyltriglycine (MAG) strategies. The tricarbonyl approach uses the organometallic
fac-[#™Tc(CO);]* core, which is well suited for ligands bearing histidine, imidazole, imin-
odiacetic acid, or other tridentate N/O/S donor sets, whereas MAG3 labeling exploits
an NS tetradentate chelation motif to stabilize Tc(V) oxo complexes and enable peptide
or small-molecule conjugation [18]. In HYNIC-based systems, co-ligands such as tricine
and EDDA complete the coordination sphere and modulate hydrophilicity, charge, and
biological clearance [24]. Recent publications of *™Tc-labeled targeting vectors in RA
further support SPECT/CT as a practical molecular-imaging route when PET access is
limited [18,24,30]. Ali et al. emphasize that ™ Tc-labeled targeting vectors can be adapted
to macrophage-, folate-, peptide-, or receptor-directed designs and translated through gen-
erator availability, kit-like preparation, and SPECT/CT infrastructure already present in
many nuclear medicine departments [30].

2.4. [AI'SF Pt Coordination Characteristics

Aluminum fluoride labeling occupies a distinct position between conventional radio-
halogenation and radiometal coordination. In this strategy, cyclotron-produced ¥F~ is
first combined with AI** to form the cationic [ AI'8F]** species, which is then captured
by a suitable chelator attached to the biological vector. The resulting construct behaves
as a pseudo-radiometal complex: fluorine-18 provides the favorable PET properties of
high positron yield, low positron energy, and a 109.8 min half-life, whereas aluminum
enables the label to be introduced via aqueous chelation chemistry rather than multi-step
covalent radiofluorination [19,27,31,32]. Aluminum is a hard trivalent center with a strong
preference for oxygen and nitrogen donor atoms, and the Al-F bond must remain protected
inside a compact chelator cavity. NOTA and NODA-derived systems stabilize the complex
efficiently but often require heating, which may limit use with thermolabile peptides, pro-
teins, or fragile multivalent constructs. Restrained complexing agents such as RESCA were
developed to reduce this thermal burden and enable AI'8F labeling under milder conditions,
including room-temperature protocols in appropriate biomolecular platforms [19,31].

For synovitis-targeted radiopharmaceuticals, this chemistry is especially relevant be-
cause it combines the logistical scalability of fluorine-18 (t;, = 1.8 h; p*: Emax 633.5 keV,
96.7%) with the modularity of chelator-bearing FAP, CXCR4, folate, and peptide ligands.
As with *Cu, the use of '8F ligands can improve small-joint visualization by leveraging
the shorter positron range of fluorine-18 compared with ®Ga, while preserving a kit-like
or semi-kit radiochemical workflow compatible with centralized production and distribu-
tion [16,19,23,27,31-33]. As 8F is produced from cyclotrons, ®*Cu offers logistical advan-
tages over '8F due to its longer half-life, allowing PET scans to be performed at hospitals
without a cyclotron.

2.5. 11C Covalent Labeling Features

Carbon-11 (t;,, = 20.4 min; B*: Emax 960 keV, 99.8%) is chemically distinct from
the radiometal and [Al'®F]?* systems because it is incorporated covalently into small
organic molecules rather than coordinated by a chelator. Its short half-life enables same-
day serial PET studies. It minimizes the residual radiation burden but also requires an
on-site cyclotron, rapid synthesis, fast purification, and immediate quality control. These
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features make ''C especially suitable for lipophilic heteroaromatic TSPO ligands such as
[1'C]PK11195, [1!C]PBR28, and [!!C]DPA-713, where preserving the native pharmacophore
is essential for receptor binding and kinetic interpretation [11-13].

2.6. Summarizing: Radionuclide Selection

The choice among !'C, ®¥Ga, 1F, and ®*Cu-labeled PET radiopharmaceuticals represents
a critical axis in chemical synthesis, directly impacting spatial resolution, imaging logistics,
and clinical scalability. Although %®Ga remains a historical standard for FAPI imaging
due to generator-based availability, its higher positron energy produces a longer mean
range in tissue, which can blur small hand and foot joints where precise quantification of
synovial inflammation is crucial: 8F and ®*Cu offer lower positron energy, shorter range,
and sharper spatial resolution. In contrast, !'C is best suited to short-window receptor
probes, especially TSPO tracers, because covalent labeling can preserve the parent ligand
structure but requires tightly integrated cyclotron-radiochemistry—PET workflows [11-13].

Furthermore, #*Cu has a longer half-life of 12.7 h, which supports delayed imaging.
Unlike ®Ga and '8F, which are commonly imaged within the first hours after injection,
64Cu-radiotracers can support delayed PET acquisition at later time points when the biolog-
ical vector and chelator remain stable [14,16,17,27-29,33].In RA, this capability should be
interpreted as a radiochemical and logistical advantage.

To engineer the optimal targeted diagnostic radiopharmaceutical for synovitis, medic-
inal chemists must balance different thermodynamic, kinetic, and coordination behav-
iors across both PET and SPECT modalities. The electronic and structural differences in
radionuclide-ligand complexes directly affect the tracer’s core stability, lipophilicity, and
diagnostic imaging window, as shown in Table 1.

Table 1. Thermodynamic, Kinetic, and Physicochemical Comparison of PET and SPECT Isotopic

Cores in Targeted Radiopharmaceuticals.

Radiochemical

Gallium-68 (°®*Ga®+)

Copper-64 (4Cu?t)

Aluminum Fluoride

Technetium-99m Core

Parameter [Ref. PET PET AI'8F]2+) [PET Tc=013+/[Tc(CO);]*) [SPECT
3
Coordination Octahedral Tetragonally distorted Pentadentate or . Pseudo—ocftahedral
Geometry (Hexacoordinate) octahedral/Square Hexadentate envelope (Tricarbonyl) /Distorted square
[14-19,27-29,33] pyramidal P pyramidal (HYNIC)
Preferred Donor Tricarbonyl: Facial tridentate N/O/S
Atoms Hard oxygen and Borderline nitrogen Mixed hard oxygen, donors
nitrogen (N303) and sulfur (Ny, N,5S,) nitrogen, and halides HYNIC: Mixed N-donors with
[14-19,27-29,33] tricine/EDDA

Optimal Chelators
[14-19,27-29,33]

NOTA, NODAGA,
DOTA

NOTA, NODAGA,
SarAr, TETA,
Cross-bridged
CB-TE2A

NOTA, NODA derivatives,
RESCA (Restrained
complexing agent)

Tricarbonyl: Histidines/Iminodiacetic
acid, HYNIC:
6-Hydrazinonicotinamide

Thermodynamic
Stability (log Ky

High (~21.0-31.0 with

Very high (~22.0-25.0
with specialized

High conditional stability

High; controlled by the kinetic
inertness of the [*™Tc(CO);]* core or

[14-19,27-29,33] NOTA/DOTA) cages) in aqueous systems co-ligand ratios

Kinetic Inertness High at physiological ng;}: ?glyovl\’};iz;zing Extremely high; prevents Higflolrfg;lr\i&acﬂzz?}}ilglggglﬁ;iezn}:gh
[14-19,27-29,33] pH S1c poly: in vivo defluorination -

macrocyclic cages co-ligands
Physical Half-Life
(t12) 68 min 12.7h 110 min 6.0h
[11-19,27-29,33]
Primary Emission & Positron Positron Positron Gamma () photon: 140 keV (No

Energy [11-19,30]

(Epmax = 1.89 MeV)

(E p4max = 0.65 MeV)

(Epmax = 0.63 MeV)

tissue-range blurring; limits
determined by collimator geometry)

Labeling Conditions
[11-19,23-29,31-33]

25-95 °C, pH 3.5-4.5

25-95 °C, pH 5.5-6.5

100-120 °C, pH 4.0-5.0

95 °C (Kit-based reduction), pH 5-7
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3. Design of Synovial-Targeted Radioligands

After establishing the radionuclide coordination framework, the next step is to design
radioligands that target disease-driving molecular targets in synovitis. Each target requires
a different recognition element: quinoline-based inhibitors for FAP, RGD-based peptides for
integrin «, P3, pteroyl-glutamate conjugates for p-FR, heteroaromatic ligands for TSPO, and
CXCR4-binding cyclic peptides or antagonists. These recognition elements are then coupled
to bifunctional chelators or prosthetic groups according to the coordination requirements
described above, linking chemical architecture directly to biological performance.

3.1. Fibroblast Activation Protein Inhibitors

Fibroblast activation protein (FAP) is an integral membrane enzyme with dipeptidyl
peptidase and endopeptidase activity. The most successful radiotracers, such as FAPI deriva-
tives, are competitive enzymatic inhibitors with picomolar or low-nanomolar affinity [34]. The
catalytic pocket of FAP traps the inhibitor through coordination bonds and van der Waals and
hydrophobic interactions, so tight and rigid that the dissociation constant (k) is negligible in
the short and medium term. Although the bond is not always formally covalent and therefore
chemically reversible, it behaves biokinetically as quasi-reversible trapping because the tracer
retention time in the target greatly exceeds the blood clearance rate, preventing the tracer from
re-equilibrating with blood plasma during data acquisition [34,35].

FAP is highly expressed by activated fibroblast-like synoviocytes (FLS) in the rheuma-
toid pannus, where it plays a critical role in fibroblast proliferation, migration, extracellular-
matrix remodeling, inflammatory cross-talk, angiogenesis, and cartilage invasion [20-26].
Current reports on FAP-targeted (FAPI) radiopharmaceuticals encompass a comprehensive
range of evidence, including direct rheumatoid arthritis (RA) imaging studies, pharma-
cokinetic optimization, SPECT/PET probe development, fibroinflammatory pathology
reviews, and extensive oncology-derived theranostic data [20-26,36—41]. To ensure clini-
cal accuracy, specific knowledge about RA, including diagnostic performance, treatment
monitoring, and disease staging, should ideally be based on data from RA patient cohorts.
Meanwhile, scientific reports focused on clinical chemistry provide the necessary foun-
dation for design principles, radiolabeling strategies, pharmacokinetics, and translational
feasibility [20-26,36—41].

From a medicinal chemistry perspective, the canonical PET FAPI platform features
a FAP-binding pharmacophore composed of a quinoline or quinolinoyl recognition unit
linked to a glycyl-2-cyanopyrrolidine; the cyanopyrrolidine moiety directly engages the
catalytic pocket, while the quinoline scaffold and its adjacent linker modulate selectivity,
internalization kinetics, plasma clearance, and background retention. Well-established
diagnostic PET derivatives, such as FAPI-04 and FAPI-46, are routinely conjugated to
chelating systems, including DOTA, NOTA, NODAGA, RESCA, SarAr, and TETA, which
allows this versatile receptor-binding scaffold to accommodate various radionuclides like
68Ga, 18F-AlF, ®*Cu, or therapeutic radiometals, while maintaining structural hydrophilicity
and favoring renal excretion. A central focus in designing these agents is optimizing the
spatial separation between the FAP-binding warhead and the bulky coordination core, as
managing linker length, charge, and lipophilicity is essential to maximize target accessibility,
minimize hepatobiliary retention, and reduce nonspecific periarticular signal [20-26,38—41].

To expand imaging accessibility via *™Tc SPECT, alternative configurations, such as
HYNIC-FAP, have been developed. This platform integrates a boronic-acid FAP-inhibitory
motif with a HYNIC-based coordination strategy, using co-ligands such as EDDA or tricine
to complete the *™Tc coordination sphere and facilitate efficient, kit-like radiolabeling with
high radiochemical purity and rapid renal elimination [24]. In this context, HYNIC-FAPIs
have also been developed [25,26]. Consequently, FAP-targeted radioligands represent a
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robust molecular bridge connecting synovial fibroblast biology, coordination chemistry,
and quantitative nuclear imaging. At the same time, FAP-directed radionuclide therapy in
RA continues to evolve as a promising investigational concept.

3.2. Integrin a, B3

Integrin «, B3, also known as the vitronectin receptor, is a cell-surface receptor protein
that links cells to the extracellular matrix and supports cell communication, adhesion, mi-
gration, survival, and angiogenesis, including new blood vessel formation during wound
healing. At the molecular level, binding of the RGD motif (arginine-glycine-aspartate) to the
hydrophilic pocket located between the «, and B3 subunits, coordinated by a magnesium
or manganese ion at the metal ion-dependent adhesion site, is high-affinity but thermo-
dynamically reversible [42]. Therefore, the radiotracer continuously binds and unbinds
with moderate dissociation kinetics (k.g). Although integrin «, p3 may undergo clathrin-
dependent or clathrin-independent endocytosis during cell migration and angiogenesis, the
receptor is not massively degraded in lysosomes but instead follows fast or slow recycling
pathways back to the plasma membrane, allowing the dissociated or exocytosed radiotracer
to return to the interstitial space and plasma while maintaining a dynamic equilibrium
quantifiable through the distribution volume (Vr) [43,44].

Integrin «, p3 is highly expressed in specific synovial cell populations involved in cell
migration, extracellular matrix adhesion, and pannus vascularization. Within the pathophysi-
ology of rheumatoid arthritis (RA), neovascular expansion represents a structural requirement
for persistent leukocyte influx, synovial hyperplasia, oxygen and nutrient delivery, and pro-
gressive cartilage invasion. Consequently, a, B;-targeted imaging provides complementary
information to other biomarkers, such as FAP, B-FR, TSPO, and CXCR4, by directly charac-
terizing the angiogenic and matrix-adhesive components of the inflammatory lesion [45-48].
The radiopharmaceutical design of integrin-targeted tracers centers on the canonical RGD
recognition sequence, which mimics extracellular matrix-binding motifs to interact with the
ligand-binding cleft of «, B;. Cyclization of the RGD peptide is commonly utilized to stabilize
its bioactive conformation, enhance proteolytic resistance, and increase receptor selectivity.

In contrast, multimerization or dimeric RGD constructs are employed to amplify ap-
parent affinity through avidity effects [34-38]. From a coordination chemistry perspec-
tive, these peptide platforms are highly compatible with bifunctional chelators, such as
DOTA, NOTA, and NODAGA, for labeling with %Ga or **Cu radionuclides, as well as
with prosthetic radiofluorination strategies including [*F]Galacto-RGD, ['®F]Fluciclatide,
and Al'®F/NODAGA-RGD complexes [45,49-51]. To optimize pharmacokinetics for small-
joint imaging, modifications such as glycosylation, PEGylation, or the introduction of
carbohydrate-functionalized linkers are routinely integrated to reduce lipophilicity, shift
clearance toward renal elimination, and lower background signal in muscular and hepatic
tissues [45,49-52]. In clinical research, [*®Ga]Ga-PRGD, PET/CT has demonstrated specific
accumulation in actively inflamed RA synovium characterized by dense neovasculature and
elevated «, B3 expression; notably, longitudinal changes in tracer uptake following treatment
correlate closely with clinical disease activity, offering a distinct advantage over conven-
tional [8F]FDG in scenarios where FDG signals are confounded by muscular activity or
nonspecific metabolic inflammation [47,48]. These studies established «, B3 radioligands as
functional biomarkers of angiogenesis rather than general probes of inflammation. Within
the broader framework of molecular imaging in RA, integrin-targeted imaging serves as an
orthogonal axis of vascular remodeling; it complements rather than replaces FAP imaging of
activated fibroblast-like synoviocytes or B-FR/TSPO imaging of inflammatory macrophages,
providing a specialized metric of synovial angiogenesis, endothelial activation, and matrix-
dependent pannus expansion.
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3.3. Folate Receptor-Beta (5-FR)

B-FR is a glycosylphosphatidylinositol (GPI)-anchored protein located on the plasma
membrane and is mainly expressed in activated myeloid-lineage macrophages (M2) in
tumors and inflammatory settings. Although folates and their conjugates are internalized
through receptor-mediated endocytosis, the biological pathway of the folate receptor is
structurally designed for rapid recycling. Once the endosome acidifies, the pH change
markedly reduces the affinity of B-FR for its ligand, leading to ligand release within the
endosome. However, unlike trapping models, the empty B-FR receptor and a substantial
fraction of the unmodified ligand recycle back to the cell surface in very short cycles,
approximately every 10 to 20 min. This continuous bidirectional flow of internalization,
externalization, and dissociation prevents definitive tracer sequestration and generates a
continuous dynamic equilibrium with the extracellular free compartment, requiring the
system to be modeled according to principles of reversible biokinetics [21,53,54].

B-FR is selectively enriched on activated macrophages within rheumatoid synovium,
making it a valuable imaging target for macrophage-dominant synovitis. Folate-based
radiopharmaceuticals exploit the high-affinity interaction between the pteroyl-glutamate
pharmacophore and folate receptors. At the same time, structural modification of the
v-carboxylate region, spacer length, PEGylation, and chelator attachment enables radiola-
beling without disrupting receptor recognition [55-60].

From a molecular-design perspective, the pteroyl core must remain available for recep-
tor binding, whereas the glutamate tail provides a chemically permissive site for linker and
chelator conjugation. Hydrophilic PEG or amino-acid linkers are commonly introduced to
reduce nonspecific plasma-protein binding, improve renal clearance, and lower periarticular
background. This design logic is exemplified by [8F]fluoro-PEG-folate, which demon-
strated rapid blood clearance, low background uptake, and favorable target-to-background
ratios in RA patients, and by [*Ga]Ga-NOTA-folate, which showed nanomolar B-FR affinity
and macrophage-associated inflammatory uptake in preclinical models [56,57].

For SPECT translation, [*™Tc]Tc-EC20/FolateScan, a peptide derived from folic acid
consisting of the linear sequence folic acid-pteroic acid (Pte)-D-Glu-p-L-diaminopropionic
acid (BDpr)-Asp-Cys, established the clinical feasibility of folate-targeted imaging in RA,
detecting active joint involvement and supporting p-FR uptake as a surrogate of activated
macrophage burden [60]. However, folate receptor expression in kidneys and physiological
handling of folate analogs impose an important pharmacokinetic constraint: renal uptake
can be substantial, requiring careful optimization of linker hydrophilicity, injected mass,
clearance kinetics, and imaging timing. Therefore, B-FR radioligands are best interpreted as
macrophage-targeted inflammation probes whose clinical value depends on achieving high
synovium-to-background contrast while limiting renal and systemic retention [55-60].

3.4. 18 kDa Translocating Protein (TSPO)

TSPO is a hydrophobic protein located in the outer mitochondrial membrane and is
highly expressed during inflammatory processes. It is composed of five transmembrane
helices that form a ligand-binding channel for compounds such as PK11195 or advanced-
generation ligands [61-63]. Because TSPO is located in the mitochondria, lipophilic ligands
must cross the cell membrane by passive diffusion and bind transiently to the allosteric
site or binding pocket of TSPO. There is no endosomal internalization mechanism, nor are
covalent bonds formed. The exchange kinetics (k,, and k) are very rapid and balanced.
The radioligand continuously binds to and dissociates from the mitochondria, returning to
the cytosol and then to the extracellular space [61-65].

Therefore, TSPO is highly upregulated on the outer mitochondrial membrane of both
activated macrophages and fibroblast-like synoviocytes (FLSs) within rheumatoid tissues.
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Chemically, TSPO ligands exhibit notable structural diversity, encompassing classic ben-
zodiazepines, isoquinoline carboxamides, phenoxyarylacetamides, pyrazolopyrimidines,
and various other heteroaromatic scaffolds [11-13,63,65-68]. Early imaging efforts utilized
first-generation radioligands such as [ C]PK11195; however, these initial platforms often
faced pharmacokinetic challenges, including high lipophilicity, modest signal-to-noise ra-
tios, and substantial nonspecific binding to plasma proteins and healthy tissues, which
limited the target-to-background ratio in small peripheral joints [12,13]. To address these
limitations, second-generation tracers, including [''C]PBR28, [!'C]DPA-713, [8F]GE-180,
['8F]FEBMP, and ['8F]DPA-714, were developed, successfully enhancing binding affinity,
reducing background activity, and improving quantification reliability in inflammatory
PET imaging [63,65-69]. In the context of rheumatoid arthritis (RA), TSPO PET signals are
best understood as a composite marker rather than a single-cell lineage indicator. Synovial
autoradiography and immunostaining demonstrate that TSPO expression is shared among
macrophages, FLSs, and selected lymphocyte populations, meaning that TSPO imaging
reflects a collective mitochondrial activation signature of the inflammatory pannus. Clinical
proof-of-concept studies have validated the ability of second-generation TSPO tracers to visu-
alize active hand-joint arthritis. Specifically, [{!C]DPA-713 and ['®F]DPA-714 exhibit lower
background uptake than [1!C]PK11195, thereby optimizing target-to-background ratios
for synovitis detection [63,65,66]. Furthermore, recent RA clinical data indicate that early
quantitative [!C]DPA-713 PET/CT measurements, taken at baseline and four weeks after
initiating anti-TNF therapy, are associated with clinical disease activity at 26 weeks, high-
lighting the utility of TSPO-targeted PET as an early therapeutic response biomarker [70]. A
key chemical-biological consideration for second-generation scaffolds is their sensitivity to
the rs6971 single-nucleotide polymorphism in the human TSPO gene. This genetic variant
alters the conformation of the ligand-binding pocket, classifying patients into high-, mixed-,
and low-affinity binder groups [67]. Consequently, current radiopharmaceutical research is
actively directed toward developing genotype-independent TSPO ligands [63,67-69,71,72].
By strategically modulating aromatic core size, hydrogen-bond acceptor positioning, and
steric bulk, modern designs aim to preserve sub-nanomolar affinity while optimizing log
D, 4, enhancing metabolic stability, and limiting hepatobiliary background [71,73,74].

3.5. Chemokine Receptor CXCR4

CXCR4 is a G protein-coupled receptor. When targeted ligands are used, including
high-affinity peptide antagonists, binding occurs through extensive electrostatic interactions
deep within a highly negatively charged binding pocket involving residues such as Asp171,
Asp262, and Glu288. This interaction induces extremely slow dissociation, corresponding
to prolonged receptor residence time. However, the determining factor for the trap model
is ligand-induced endocytosis: after ligand binding, the ligand-receptor complex is rapidly
internalized through GRK-mediated phosphorylation and B-arrestin recruitment, then
translocated to deep endosomes or lysosomes for degradation [75-79].

CXCR4 is a favorable molecular target for PET/CT imaging of synovial inflammation. The
most direct support for rheumatoid arthritis (RA) applications comes from the evaluation of
['8F]AIF-NOTA-QHA-04 in preclinical arthritis models and human RA synovial tissues, where
tracer uptake closely reflects CXCR4-positive inflammatory-cell recruitment and dynamically
modulates in response to anti-inflammatory therapy [80]. In parallel, extensive literature on
[%8Ga]Ga-Pentixafor, [**Cu]Cu-NOTA-pentixather, and therapeutic Pentixather formulations
provides a robust foundation regarding CXCR4 radioligand biology, imaging feasibility, and
oncology-focused or preclinical theranostic translation [81-86]. Within the context of this
review, CXCR4 imaging is emerging as a biomarker for characterizing immune-cell trafficking,
disease activity, and treatment response in RA. At the same time, CXCR4-directed radionuclide
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therapy remains under evaluation as an investigational concept for benign inflammatory dis-
eases. Compared with conventional imaging modalities, CXCR4-targeted tracers offer a highly
specific readout of active immune-cell recruitment when validated within relevant inflam-
matory models or clinical cohorts [80]. In the management of RA, CXCR4 imaging serves a
complementary role alongside other molecular targets: it operates in tandem with FAPI-based
assessments of matrix remodeling, TSPO-targeted imaging of macrophage and stromal activa-
tion, B-FR imaging of myeloid-lineage inflammation, and integrin «, p; imaging of synovial
angiogenesis. Evidence for 17”Lu-Pentixather therapy comes from hematologic malignancies
and includes physiologic CXCR4 expression with moderate marrow and splenic exposure;
therefore, it needs careful validation regarding the benefit-risk context before therapeutic
application in benign RA [85-90].

3.6. Comparative Radiopharmaceutical Profiles

Table 2 shows the chemical characteristics of the designed radioligands, including receptor-
targeting motif, radioligand examples, chelator or prosthetic group, binding-affinity class,
elimination route, and imaging implications. The citation ranges in this section are used primar-
ily for molecular design and radiochemistry. Direct RA clinical performance is supported only
when disease-specific imaging studies are cited; chemistry-only, pharmacokinetic, oncology,
or general dosimetry references are treated as background or translational rationale.

Table 2. Comprehensive Molecular Profiles of Synovial-Targeted PET and SPECT Radiopharmaceuticals.

Bifunctional
Target Receptor Lo Chelator/Prosthetic Binding Affinity Primary Elimination
[Ref.] Radioligand Group & (K4 or ICy) Pathway
Coordination Core

[8Ga]Ga -FAPI-04 PET: DOTA, NOTA, Renal. FAPI platforms generally
FAPI-46 RESCA, SarAr, TETA provide favorable image contrast;
FAP o4 R : 4 J Sub-nanomolar b s . N
[20,26,40,41] [gggu]Cu FAPI-04 SPE(;T. (IC5,~0.3-0.9 nM) delayeq Cu imaging remains a

[*™Tc] Tc-FAPI-46 HYNIC/Tricarbonyl chemistry/logistics rationale

[®mTc]Tc -HYNIC-FAP [#mTc(CO), unless validated in RA.

[#8Ga]Ga-Pentixafor
[8F] AIF-NOTA-QHA-
04

CXCR4 [81-86]

PET: DOTA, NOTA,
NODAGA, AIF-NOTA
Theranostic:
DOTAGA/DOTA
analogs

Renal. Supports immune-cell and
synoviocyte activity mapping;
CXCR4-directed therapy in RA

remains investigational and
requires dedicated dosimetry and
safety validation.

Nanomolar
(IC5,~5.0-25.0 nM)

PET: DOTA, NOTA,

Renal/hepatobiliary. RGD
cyclization, glycosylation, or

, ['8F]Galacto-RGD NODAGA, BNOTA, 5y
Integrin o, B; 68 Nanomolar PEGylation improves
[45,49-52] [*Ga]Ga-RGD2 carbohydrate- (K4~1.0-10.0 nM) angiogenesis-targeted imagin
’ [%¥Ga]Ga-PRGD2 functionalized or e ’ 8108 8¢ &g
PEGvlated linkers and periarticular
y target-to-background ratios.
[#8Ga]Ga-Folate PET: NOTA, NODAGA, Renal (with high kidney
E g [8F]fluoro-PEG-folate TETA Nanomolar retention). Requires hydrophilic
P-FR [55-60] [#4Cu]Cu-Folate SPECT: Tc(V)-ox0-N,;S (K4~1.0-5.0 nM) linkers (PEG) to optimize TBR in
[#mTc]Te-EC20 core periarticular tissue.
[M'C]PK11195 Hepatobiliary /Renal. 1st
11 ; ;
TSPO 1[1 C]PBR28 PET: Covalent 11C .generé’Flc?n suffers from high
[''C]DPA-713 . Nanomolar lipophilicity (log D;, > 3) and
[11-13,41,63,65- 18 methylation/carbonyla- . > ’
69,71,72,74] ['F]DPA-714 tion or 1°F substitution (K4~2.0-10.0nM)  high non-specific background. 2nd
o ['*F]GE-180 and 3rd generation improved
['*F]FEMP target-background ratios
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4. Translational and Clinical Progress

The clinical translation of target-specific radiopharmaceuticals in rheumatology has
rapidly advanced beyond animal validation, establishing a path toward personalized patient
management. Elzayat et al. recently highlighted prospective datasets, first-in-human
experiences, phase-validation studies, and molecular imaging in RA [72], which reinforce
the clinical value of molecular imaging when conventional assessment is discordant with
symptoms, serology, or structural imaging. Across RA applications, PET/CT can identify
metabolically or target-positive synovitis, quantify multi-joint inflammatory burden, detect
extra-articular inflammatory involvement, and monitor treatment response over time. This
information supports the transition from single-lesion qualitative interpretation to whole-
body or whole-limb quantitative phenotyping, in which tracer selection is guided by the
dominant biological process: fibroblast activation, macrophage infiltration, angiogenesis,
mitochondprial activation, or chemokine-driven immune-cell recruitment [87].

The clinical translation data compiled in Table 3 underscore progress toward target-
specific synovial phenotyping, but the evidence levels differ across targets and tracer classes.
For FAP, the most direct RA clinical evidence is provided by [*™Tc]Te-HYNIC-iFAP (Mexi-
can Health Ministry authorization No. 0564R2025 SSA) (Figure 2) and ['8F]FAPI PET/CT
studies that enrolled RA patients and evaluated disease activity or treatment response [23].
Other FAP /FAPI studies support ligand hydrophilicity, ligand specificity, fibroinflammatory
imaging, or oncology-derived theranostic translation, all of which are relevant to prospective
RA clinical performance [20-26,36-38,40,41,88]. Therefore, the transition to FAP-directed ra-
dionuclide therapy using 7’Lu (e.g., ['”/Lu]Lu-FAP-2286 [89] and ['”/Lu]Lu-LNC1004 [90])
remains a potential application until it is directly demonstrated in the RA population.

Q.
- ANPVE
% % PN

(a)

Figure 2. Illustrative (a) posterior whole-body SPECT view, and planar images of the hands in
(b) anterior and (c) posterior positions of a patient with rheumatoid arthritis following an intravenous
injection of 740 MBq of [*™Tc]Te-HYNIC-iFAP administered 30 min earlier. Note the uptake of the
radiopharmaceutical in the shoulder, hip, knee, wrist and finger joints (Mexican Health Ministry
authorization no. 0564R2025 SSA ). Written informed consent has been obtained from the patient to
publish this paper.

CXCR4 and integrin o, B; entries extend this interpretation from stromal activation to
immune-cell trafficking and angiogenic remodeling. For CXCR4, RA-specific conclusions
should rely principally on the study reported by Han et al. [80], which examined CXCR4-
targeted PET in arthritis models, human RA synovial tissue, correlations with disease sever-
ity, and responses to methotrexate or etanercept. Broader [*®Ga]Ga-Pentixafor/['”’Lu]Lu-
Pentixather radiopharmaceuticals support the CXCR4 radioligand theranostic concept but
predominantly outside RA [81-86].
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Table 3. Evidence maps for target-specific synovial radiopharmaceuticals, separating direct human
RA evidence from translational, preclinical, and chemistry-based evidence.

Target . . Clinical Study Design and Key Quantitative Metrics T rans lational
Receptor Radiopharmaceutical Significance and
Cohort and Performance .
[Ref.] Clinical Impact
Translational RA study using High CXCR4 specificity; joint Su.ppor.t s CXCRd
" ; imaging as a
arthritic mouse models and uptake correlated with disease-activity and
['®F]AIF-NOTA-QHA- human RA synovial tissue; arthritis severity and Y
CXCR4 [80] . treatment-response
04 therapeutic-response assessment decreased after .
) biomarker for
after methotrexate and treatment-induced )
L immune-cell-
etanercept treatment. remission. . .
driven synovitis.
Open-label RA PET/CT clinical " , .
. . Specific synovial uptake in .
trial and prospective neovascular active Establishes o, p;
. [#8Ga]Ga-BNOTA- proof-of-concept cohort; 20 . . RGD PET as an
Integrin 68 . . inflammation; post-treatment . .
o, Bs [47,48] PRGD2/[%*Ga]Ga- untreated active RA patients and uptake chanees correlated angiogenesis-
Vi3 ! PRGD2 2 osteoarthritis controls, with 12 p & specific clinical

RA patients rescanned after 3
months of therapy.

with changes in clinical
disease activity index.

imaging tool.

[#8Ga]Ga-FAPI-
04/[%Ga]Ga-FAPI-

RA-focused clinical and
translational evidence supports
FAPI PET/CT and HYNIC-iFAP

FAP inhibitor uptake
localizes fibroblast-rich

Strengthens FAP as
a precision-imaging

FAP 46/[1SF]FAPI PET/CT SPECT/CT visualization of active synovitis and hfas been blomgrker for
[2,23,36] 9% X . e . reported to reflect disease activated
[*™Tc]Tc-HYNIC-iFAP  active synovitis, disease-activity - ' )
. activity and treatment fibroblast-like
SPECT/CT evaluation, and . . .
. response in RA. synoviocytes in RA.
treatment-response monitoring.
FolateScan detected more
Single-center, open-label, mvolvled joints fchan Chmcal Direct human RA
cross-sectional study: 40 patients sxﬂﬁg%fmin/sgiﬁgg evidence for lesion
B-FR [#mTc]Te-EC20 with RA, 6 with osteoarthritis, 12 . mnmanyp ’ visualization and
. . imaging joint counts . .
[55-60] (FolateScan) with other inflammatory . association with
g correlated with ESR and .
conditions, and 5 healthy . . inflammatory
articipants C-reactive protein. Uptake burden
P pants. was also observed in '
osteoarthritis.
FAP/AI'F Chemistry/logistics rationale for ~ Fluorine-18 can improve PET  Potentially useful
chemistry 181571 A T E fluorine-18 AlF-labeled FAPI image sharpness relative to for small-joint
[16,19,27,28, [*F]E-AIF-NOTA-FAPI derivatives; not yet supported by gallium-68 because its fibroblast-activation
31,32,46] a direct clinical RA study. positron energy is lower. imaging
In the 20-patient study, joint
Direct human RA evidence SUV measures at baseline For rs6971-sensitive
includes proof-of-concept TSPO and week 4 were associated TSPO tracers
- . . . with tender and swollen joint L
TSPO "'CIDPA 1mag1nng)tud1es and a siparate htend d llenj genotyping 1s,
[65,66,70] 713/[F]DPA- 20-patient [!C]DPA-713 cohort counts at week 26; this recommended or
T 714/[1C]PK11195 , supports early response
scanned at baseline and 4 weeks L L protocol-
. . association/ predlctlon, not
after starting anti-TNF therapy. . dependent.
proven treatment-selection
benefit.
May support
residence-time
Proposed L
diagnostic-to-dosimetry concept estimation before
FAP/%Cu [64Cu]Cu-NOTA-FAPI based on #Cu half-life and Delayed PET at 12-48 h is therapeutic analogs,
concept [16, [4Cu]Cu-NOTA-FAP chelator stabilitv: not vet chemically plausible for but conversion to
17,29,87] g Yy stable ®*Cu constructs. 771 or 25 Ac

supported by a direct clinical RA
study.

therapy remains
investigational in
RA.
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In parallel, integrin o, 35 imaging represents the most mature clinical example of PET
targeting angiogenesis in RA. In the prospective proof-of-concept ®Ga-PRGD2 PET/CT
cohort, untreated active RA patients showed specific uptake in synovium rich in neovas-
culature and high «, B3 expression [47,48]. In contrast, uptake changes after treatment
correlated more clearly with changes in clinical disease activity than FDG did in settings
with muscular uptake [47,48]. The registered ®*Ga-BNOTA-PRGD2 clinical trial further re-
inforces this translational pathway by evaluating the diagnostic performance and treatment
response assessment of RGD PET/CT in RA [47,48]. More recent prospective work using
angiogenesis-specific ®®Ga-RGD2 PET/CT has also compared PET-derived joint metrics
with DAS28-ESR, supporting RGD imaging as a quantifiable sensor of vascular remodeling
for disease activity and response evaluation [48].

Macrophage-directed clinical translation via [*™Tc]Tc-EC20 shows that SPECT can
provide accessible cell-specific information in routine rheumatology; in the FolateScan
experience, uptake identified active joints and supported B-FR imaging as a surrogate of
activated macrophage burden [55-60]. TSPO PET adds a complementary macrophage/stro-
mal activation axis because RA imaging studies using TSPO tracers have visualized ac-
tive arthritis of the hand and compared it with other imaging measures [65,66]. Newer
[1'C]DPA-713 PET/CT data suggest that macrophage-targeted TSPO uptake measured
early during anti-TNF therapy may predict later clinical joint activity, supporting TSPO PET
as a response-monitoring tool rather than only a diagnostic synovitis marker [70]. TSPO
ligand development, neuroinflammation, and rs6971 genotype effects remain scientifically
important, although they are not direct evidence from the RA cohort [63,67-69]. Together,
FAP, CXCR4, integrin «,p3, B-FR, and TSPO define complementary axes: fibroblast acti-
vation, leukocyte trafficking, angiogenesis, macrophage infiltration, and mitochondrial
inflammatory activation, which should be selected according to the clinical question and
linked to standardized quantitative endpoints for future biologic and targeted synthetic
DMARD trials.

The [1'C]DPA-713 anti-TNF response study is relevant because it moves TSPO PET
from lesion detection toward therapeutic decision support. By evaluating macrophage-
targeted uptake at baseline and early during treatment, the study frames TSPO signal as a
dynamic biomarker that may anticipate clinical evolution rather than mirror contempora-
neous swelling or pain [70]. This study is especially important in RA precision medicine
because early separation of likely responders from non-responders could reduce unneces-
sary biologic exposure and shorten the time to therapeutic adjustment [70].

5. Synovial Theranostics

The management of persistent, localized joint inflammation is undergoing a conceptual
shift from passive intra-articular radiocolloids toward molecularly guided synovial theranos-
tics. Conventional radiosynovectomy remains a clinically relevant intervention, delivering
p-emitting particulate agents directly into the joint cavity, where the inflamed synovial
lining phagocytoses them, inducing local fibrosis, reducing pain, and controlling effusion.
However, its mechanism of action is fundamentally a normal physiologic process (e.g., col-
loid phagocytosis) rather than a molecularly targeted one. Radiocolloids such as Y, 18Re,
169Er, or 32P are selected primarily based on joint size, particle retention characteristics, and
p-particle range, instead of receptor expression or pathogenic cell phenotypes [21,91-96].
Recent prospective, multicenter evidence confirms that radiosynoviorthesis is both safe
and clinically effective for refractory synovitis across various inflammatory arthropathies,
including RA.

Targeted RA theranostic radiopharmaceuticals seek to leverage disease-associated
molecular structures to link diagnostic phenotyping with targeted radiation delivery or
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image-guided interventions. Table 4 summarizes the mechanistic and translational contrast
between conventional radiosynovectomy and targeted synovial theranostics. At present,
this molecular approach remains investigational in RA, as the current foundation for thera-
peutic radionuclides is primarily derived from conventional radiosynovectomy, oncological
radioligand therapy, dosimetry modeling, and radiochemistry literature rather than com-
pleted RA molecular synovial therapy trials [20-29,31-33,36,37,40,41,45,46,49-52,72,88,97].
For instance, Hao et al. describe RA nanoprobes as multifunctional systems that integrate
targeting ligands, imaging reporters, anti-inflammatory payloads, and stimulus-responsive
components, effectively linking inflammation visualization with guided precision ther-
apy [97]. This concept supports hybrid radiopharmaceutical strategies in which diagnostic
signal, target validation, and therapeutic delivery are co-designed. Nevertheless, these
advanced platforms are best presented as emerging translational frameworks rather than
established clinical nuclear medicine therapies, given that RA-specific radiation dosimetry,
biodistribution, long-term articular retention, immunogenicity, and regulatory pathways
require further validation and clinical translation.

Table 4. Comparative therapeutic strategies in nuclear medicine: from conventional radiosynovectomy
to targeted synovial theranostics.

Feature [Ref.]

Traditional Radiosynovectomy Targeted Synovial Theranostics

Mechanism

[20-29,31-33,36—41,45,46,49—

52,89,92-96,98-101]

Intra-articular injection of radioactive
colloids or macroaggregates that are
retained locally and phagocytosed by
synoviocytes or macrophage-rich
synovial lining.

Systemic or localized injection of radioligands
that actively bind disease-defining targets
such as FAP, B-FR, CXCR4, integrin «, B3, or
TSPO on pathogenic synovial compartments.

Specificity
[20-29,31-33,36—41,45,46,49—
52,89,92-94,98-101]

Nonspecific synovial ablation;
radiation affects diseased and
adjacent synovial lining according to
local particle retention and B-particle
range.

High molecular specificity; treatment
selection can be guided by target expression
on activated FLSs, macrophages, immune-cell
trafficking pathways, or angiogenic
endothelium.

Delivery Route
[38-43,91-96 ]

Strictly local delivery requires direct
needle placement into each affected
joint.

Potential local or systemic administration,
enabling molecular treatment planning for
polyarticular disease when organ dosimetry
and target retention are acceptable.

Radionuclides
[21,89,91-94,96,98-104]

Primarily p-emitting radiocolloids or
particulate systems such as *°Y, 18¢Re,
169Er, 32p, 153Sm-hydroxyapatite /
hydroxide macroaggregates, 1Dy,
and 1%Dy/1®Ho in vivo generator

p-emitting and «-emitting molecular
radioligands, such as 77Lu- or 2° Ac-labeled
target-specific synovial ligands, paired with
diagnostic PET/SPECT analogs.

systems.

Additionally, synovial theranostics faces stricter requirements than oncologic radi-
oligand therapy because rheumatoid arthritis is a chronic, non-malignant disease. Any
therapeutic strategy must demonstrate durable joint benefit while delivering minimal ab-
sorbed dose to the bone marrow, kidneys, liver, gonads, and whole body, with negligible
leakage of the radioligand retained in the synovium. In this context, individualized dosime-
try, standardized quantitative imaging, and careful monitoring of organs at risk are essential
safety requirements before the use of B- or x-emitting radioligands can be justified in benign
inflammatory diseases [21,89,91-94,96,98-104]. Systemic retention outside of the joints is
a particular concern, since, for example, low levels of FAP are present in healthy tissues
undergoing physiological remodeling, such as in healing wounds and reproductive tis-
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sues; this raises the potential for systemic toxicity when FAP-targeted agents move from
diagnostic imaging to therapeutic applications [20-26,89,90].

The accumulated experience with radiosynoviorthesis supports a favorable safety profile
when established intra-articular protocols are followed; however, a systemic targeted synovial
theranostic approach would require specific dosimetric validation [21,89,91-94,96,98-104].

Similarly, the radiochemical transition to'””Lu imposes strict coordination when moving
from diagnostic isotopes to B~ therapy. Unlike the smaller radiometals used in diagnostic PET,
Lu3* is a larger trivalent lanthanide that requires robust multidentate coordination, usually
through DOTA-type macrocycles. In FAP-, CXCR4-, or folate-based vectors, DOTA-based
therapeutic design must preserve receptor affinity while preventing the release of free lutetium,
because dissociated lanthanides may increase off-synovial exposure in the skeleton, kidneys,
or bone marrow [14,89,94,101]. The short-to-intermediate tissue range of 7/Lu p-emissions is
advantageous for advanced pannus, as it enables cross-fire irradiation across the hyperplastic
synovium, extracellular matrix, activated fibroblasts, macrophages, and other infiltrating
immune cells, even when receptor expression is heterogeneous [21,89,91-94,96,98-104].

Targeted alpha therapy (TAT) with 22°Ac offers a distinct therapeutic rationale, based
on very high linear energy transfer over short path lengths of 40 to 100 ym, capable of
producing dense ionization and double-strand DNA break within a radius of only a few
cell diameters [98-100,103,105]. In early or focal synovitis, this physical profile could, in
theory, eliminate pathogenic synovial fibroblasts or macrophage-rich cellular niches while
preserving adjacent cartilage and bone. However, 22° Ac administration is more complex than
77Lu therapy. As a large trivalent ion, actinium requires chelators capable of forming stable
complexes under biologically compatible labeling conditions. Although DOTA remains
widely used, it often requires heating and is not always optimal for sensitive biological
vectors; therefore, chelators such as MACROPA (N,N'-bis[ (6-carboxypyridin-2-yl)methyl]-
4,13-diaza-18-crown-6) derivatives have been developed to improve room-temperature
complexation, actinium stability, and compatibility with proteins or peptides [98,99,106,107].
The main unresolved safety concern is the redistribution of daughter radionuclides. After
« emission, recoil energy may disrupt the bond between the parent radionuclide and the
chelator, releasing products such as >'Fr, 213Bi, or 2Pb, which may be redistributed to the
kidneys, liver, or bone marrow. In theumatoid disease, where tolerance for toxicity must
be very low, any synovial application of 2> Ac would need to demonstrate that the carrier,
chelator, formulation, and route of administration retain daughter activity within the joint
or intended target tissue [98,99,103,106-111].

Target selection, route of administration, and safety rationale remain decisive in be-
nign disease. The clinical question is not whether therapeutic radionuclides can deliver a
cytotoxic dose to the synovial membrane, but whether molecular selection makes that dose
biologically justified and spatially safe.

In summary, FAP and CXCR4 seem to be the most favorable p-emitting theranos-
tic targets because they exhibit prolonged tissue retention and have direct diagnostic-
therapeutic analogs. B-FR may be useful in diseases with a high macrophage burden,
although its utility is limited by physiological folate receptor expression in the kidney
and by substantial renal retention. Integrin «, p; appears better suited for imaging angio-
genesis and monitoring treatment response than as an initial therapeutic target, because
endothelial expression may overlap with physiological vascular repair. TSPO offers an even
narrower therapeutic window, given its broad mitochondrial expression and the genotype-
dependent nature of ligand binding, which makes reproducible patient selection more
challenging [20-29,31-33,36-41,45,46,49-52,89,92-94,98-101].
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6. Mathematical Kinetic Modeling of Synovial Radioligands

To extract quantitative biological parameters, such as receptor density, tracer influx
rates, or total distribution volumes, from nuclear imaging of inflamed joints, mathematical
kinetic modeling is critical for a potential RA theranostic procedure.

The classification of biomarkers into Class I or Class II biokinetic models in molecular
imaging and pharmacokinetic studies, such as PET/SPECT, depends strictly on the ligand
dissociation rate (k.g) and on the mechanisms of internalization, metabolic trapping, or
conformational changes at the molecular level. This section integrates the quantitative
modeling framework of the reviewed RA biomarkers (Table 5), delineating compartmental
approaches, graphical methods, operational equations, and constraints governing the ex-
traction of the net influx rate (K;) and total volume of distribution (V) for CXCR4, TSPO,
FAP, and B-FR radioligands [64,70,88,102,104,108,110,112-118].

For synthesis across targets, target-wide kinetic classification is shown as a mecha-
nistic hypothesis framework rather than as a substitute for tracer-specific model selection.
Class I denotes systems expected to show substantial cellular internalization, prolonged
receptor residence, or slowly reversible retention (for example selected FAP inhibitors and
CXCR4 antagonists); Class II denotes systems dominated by reversible receptor binding and
exchange (for example B-FR, and TSPO ligands). This distinction is supported by recep-
tor trafficking and binding biology [34,42-44,54-56,63-67,77-82], but the operational PET
model must still be selected for each named compound, tissue, and acquisition window by
goodness-of-fit, identifiability, and biological plausibility. Thus, the classification predicts a
kinetic tendency; it does not require that every Class I tracer be fitted irreversibly or every
Class II tracer identically.

Integrin x, B; was not included in this section because ., 3 is mainly modeled as a Class
II reversible system, since monomeric RGD radiotracers bind and dissociate dynamically,
with cellular recycling and without irreversible trapping [44]; however, multivalent designs
such as RGD dimers or tetramers can increase avidity, markedly reduce the apparent k¢, and
induce greater internalization, generating a transitional behavior toward quasi-irreversible
Class I models [44,119-121].

Table 5. Molecular differences of synovial biomarkers and their biokinetic classification.

B1([)Ir;1eafr5<er Biokinetic Class Critical Molecular Factor Radiotracer Fate
CXCR4 Ligand-induced GPCR Lysosomal sequestration and cellular

Class I: Irreversible

[75-79,122] endocytosis via arrestins degradation.
FAP [34,35] Class I: Extreme-affinity enzymatic Prolonged retention in the stromal
g Quasi-irreversible inhibition (ultra-slow k) catalytic pocket.

Free bidirectional passive diffusion

T5PO Class II: Reversible Tran51er}t . blndmg across intra-/extracellular
[61-64] without endocytosis
compartments.
B-FR . . Rapid endosomal trafficking and Dynamic equilibrium through
[21,53,54] Class IT: Reversible continuous membrane recycling cellular efflux and re-exposure.

6.1. Compartmental Frameworks with Vascular Contributions

Synovial hypervascularity (V}) increases the volume of blood circulating within the
joint region of interest (ROI). To isolate true tissue binding from circulating blood-pool
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background, the total PET-measured tissue radioactivity concentration, Cpgr (t), is modeled
as a vascular-fraction-corrected tissue signal (Equation (1)) [118]:

Crer(t) = (1 = V) Cissue (1) + VCoup (1) (1)

where Cyg.e (t) represents the combined extravascular tissue compartments (C; (t) + C,(t))
and C,,;, (f) is the total whole-blood radioactivity concentration over time.

The mathematical distinction between these compartmental frameworks is funda-
mentally driven by the tracer dissociation rate constant, k,, which governs the escape of
the radioligand from the specifically bound tissue compartment (C,) back into the free
tissue compartment (C;). For Class I tracers, such as FAP- and CXCR4-targeted inhibitors,
high-affinity enzymatic engagement or rapid receptor-mediated internalization results in
negligible tracer release during the imaging window. This biological trapping suppresses
the dissociation pathway, allowing the approximation k, ~ 0 and justifying an irreversible
or quasi-irreversible model. Conversely, Class II tracers, including TSPO and B-FR ligands,
undergo dynamic, bidirectional exchange across the cellular membrane. In these systems, a
measurable and significant dissociation rate constant (ks > 0) ensures that the radioligand
maintains a reversible equilibrium with the vascular and interstitial spaces, requiring a fully
reversible model configuration to quantify synovial binding accurately.

6.1.1. Class I: Irreversible/Quasi-Irreversible Trap Models (CXCR4 and FAP)

For CXCR4- and FAP-targeted ligands, Patlak-type or quasi-irreversible modeling may
be appropriate only when experimental data support tracer retention, scan timing, and
biological trapping assumptions. In this review, these models are presented as proposed
analytical frameworks for synovial imaging rather than fully validated RA kinetic standards
(Equations (2) and (3)) [117]

dC,(t
—%l:&Qﬁ%%b+@Qa) (2)
where k,; = 0:
dC,(t)
;t =ksCy () (3)

where C, () is the metabolite-corrected arterial plasma input function, K; is the plasma-
to-tissue influx rate, k, is the tissue-to-plasma efflux rate, k; represents specific receptor
association, and k, represents receptor dissociation.

6.1.2. Class II: Reversible Equilibrium Models (TSPO and -FR)

TSPO ligands and folate-targeted tracers exhibit rapid, fully reversible tissue kinetics
with measurable dissociation fractions (k, > 0) (Equations (4) and (5)) [66,72,104,105]:

dC, (¢
dC,(t
% — ksCy (8) — kyCy () (5)

6.2. Derivation of V,-Corrected Net Influx Rate (K;) for CXCR4 and FAP

For tracers exhibiting irreversible trapping on the imaging timescale, the net influx
rate macroparameter K; represents the absolute clearance of the tracer from plasma into the
specifically bound/trapped synovial compartment (C,).
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6.2.1. The Operational Equation

Solving the differential equations under steady-state conditions (t > t") transforms the
total PET equation into (Equation (6)):

t
Coer(H) = (1= Vy)K; [ Cp(0dT + (1= V,)VinGy (1) + ViCop () (6)

where the macroparameter is defined as (Equation (7)):

_ Kiks
o ky ks

i

6.2.2. V,-Corrected Patlak Linearization

To extract K; while isolating the joint’s local hypervascular contribution, the vascu-
lar component is subtracted from the total PET signal prior to dividing by the plasma
concentration, C,(t) (Equation (8)):

To extract K; while isolating the joint’s local hypervascular contribution, the equation
is divided by C,(t) (Equation (8)):

t
J, Cp(mdt
C, (1)

[CPET(t) - Vbcwb(t)]
C,()

= (1-VyK; + (1 =V4) Vo (8)

(Cppr(H) =V Cop (1)) fot C,(Tydt
Cp<t> C,,(t)
dependent blood contribution is removed. Consequently, the vascular-corrected net influx

When plotting against the stretch time axis , the time-

slope permits direct calculation of K; (Equation (9)):
Slope = (1—V,)K,

Slope
— (9)

CXCR4 vs. FAP application should be interpreted qualitatively unless full dynamic

Ki=

data are available. Differences in apparent influx or retention may reflect receptor density,
vascular delivery, ligand affinity, internalization, enzymatic engagement, or clearance. They
should not be assigned to a single kinetic parameter without tracer-specific validation in RA.

6.3. Derivation of Vb-Corrected Volume of Distribution (V1) for TSPO and B-FR

For fully reversible ligands, the primary target macroparameter is the total volume
of distribution (Vr), which reflects the equilibrium ratio of tracer concentration in tissue
relative to metabolite-corrected plasma input and can be estimated using compartmental
modeling or Logan graphical analysis after tissue-plasma equilibration [64,70,88,102,104,
108,110,112-118].

6.3.1. Definitional Equation (Equation (10))
K ks
VT_k_2<1+E> (10)
where V7 is calculated directly as the slope of the linear plot.

6.3.2. V,-Corrected Logan Linearization

To ensure kinetic consistency when applying the Logan graphical method to reversible
tracers (e.g., FAP-targeted ligands), the vascular contribution is rigorously accounted for in
both the instantaneous and cumulative tissue activity terms. The total PET signal is defined
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as Cppr(t) = (1 — V}) Cygsue (1) +V3,Cyp (£). Isolating the true tissue response yields the
vascular-corrected linearization (Equation (11)):

(1-V,)Jf, C,()dt
T Cper(h) = ViyCop (D)

fot[(r)dr — Vwab(T)]dT _

int 11
Cppr(t) — V,Cop (1) mn (1)

TSPO vs. B-FR Application: Folate-targeted tracers (p-FR) possess highly rapid associ-
ation rates (k3 ), but clear through a measurable dissociation parameter (k,). Logan lineariza-
tion balances this washout, isolating specific synovial macrophage densities while factoring
out the prominent background blood-pool component (V,C,,;,) seen in early frames.

Table 6 summarizes the principal modeling differences among the selected synovial
radioligand classes. It contrasts trapped or quasi-irreversible systems, represented by
CXCR4 and FAP-targeted agents, with reversible equilibrium systems, represented by TSPO
and B-FR tracers. The comparison highlights which macroparameter is most informative for
each target, how vascular fraction and local blood flow can bias PET quantification, and why

genotype-dependent TSPO binding requires special consideration during study design.

Table 6. Modeling classes of synovial radioligand kinetics.

Parameter/
Modeling Challenge
[64,70,88,102,104,108,

110,112—118]

CXCR4 Model

FAP Model

TSPO Model

B-FR Model

Primary Target . K; (Net trapping Vi (Total volume of Vi (Total volume
Metric K; (Net influx rate) influx) distribution) of distribution)
N e . Quasi- . .
Kinetic Classification Irreversible/Trapped Irreversible/ Trapped Fully Reversible Reversible
. High. Blood flow Moderate. Renal
Low. High o )
Sensitivity to Flow Low-to-moderate. single-pass variations distort clearance
Driven heavily by . baseline SUV (standard  pathways affect
(Ky) receptor capture (k3) extraction rate masks take value) 1 1
P p 3 flow variations. uptake vatue plasma stipply
measurements. curves.
High background
Vascular Fraction High intercept bias; =~ Minimal late-phase = Extreme. Requires strict blood signal;
Tmpact (V) easily corrected via ~ impact due to rapid ~ vascular scaling due to requires
P b Patlak line. tissue clearing. blood-pool noise. early-frame
fixing.
None. Standard ' High for rs6971-se'ns1t.1ve None.
Genotype structural None. Consistent tracers; genotyping is Homogeneous
Dependency . enzymatic binding. recommended or receptor
expression. X
protocol-dependent. architecture.

7. Synovial Therapeutic Dosimetry (’Lu and **Ac)

To translate the diagnostic kinetic parameters (K;, V¢, V},) into therapeutic radiation

absorbed doses, the system kinetics are integrated over the unique physical decay constants
of Lutetium-177 (A, = 0.00434 h=!) and Actinium-225 (A 5. = 0.00291 h~!). This compre-
hensive model applies the Medical Internal Radiation Dose (MIRD) framework across both
therapeutic classes, incorporating a Relative Biological Effectiveness (RBE) factor of 5.0 for
all alpha emissions.

The equations below are not presented as patient-specific RA predictions; they define a
transparent calculation pathway that can combine measured dynamic imaging, physical de-
cay, biological clearance, tissue mass, and published energy-deposition data. This distinction
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permits model-derived comparisons without representing extrapolated values as clinical
RA doses. The quantitative translation links the compartmental and graphical modeling
framework described above with patient-specific MIRD-based absorbed-dose estimation for
candidate synovial theranostic vectors [64,70,88,102,104,108,110,112-118]. The model can
apply the MIRD framework across B- and «-emitting therapeutic classes, using biologically
weighted estimates for a-particle therapy because high-linear-energy-transfer emissions
produce a greater biological effect per unit absorbed dose than p-particle irradiation.

7.1. Generalized MIRD Dosimetry Framework with Kinetic Scaling

The absolute radiation absorbed dose (Dggg ,, ) delivered to a target tissue or organ

(1) from a self-irradiating radioactive source (r, = r;,) is mathematically structured as
(Equation (12)):

Dggg,, = RBEx'grk'Sself(x) (12)

where RBEx equals 1.0 for [77Lu]B-particles and 5.0 for [?2° Ac] a-particles. Sy (x) (self-
irradiation S factor) is the mean absorbed dose deposited in the synovium per unit cu-
mulated activity localized within the same tissue. The Time-Integrated Activity (A) is
derived directly by applying Laplace transforms to the dynamic tissue retention curves
established by the diagnostic parameters as follows:

7.1.1. For Trapped/Quasi-Irreversible Vectors (CXCR4 and FAP-2286)

Because dissociation from the target tissue is negligible (k, — 0), the continu-
ous accumulation component scales directly as a function of the blood-volume cor-
rected net influx rate (K;) integrated against the decaying plasma concentration curve
(Equations (13) and (14)):

~

) t
ygnae®) = Ao | (1= Vi)-K [ €, (00T + (L= Vi) VanCyt) + ViCoa(t) et (13)

K- L{C, (1)}
Ay

=A,
Aissue (X) = Ay (1 = V) -

(14)
where the time-integrated activity Ay, has units MBg - ; the administered activity
Ay at t =0 (MBq); C, denotes the metabolite-corrected plasma activity concentration
(MBg-mL™1); V, is the fractional blood volume within the tissue region of interest (dimen-
sionless); C,; is the time-dependent whole-blood radioactivity concentration (MBg-mL~!);
Vb is the nondisplaceable distribution volume and represents freely distributed tracer
plus nonspecific binding in tissue (mL-cm?, equivalent to mL of plasma per mL of tissue);
and K; has units h=1.

L is the Laplace transform evaluated at the specific radionuclide decay constant s = A,.

7.1.2. For Reversible Dynamic Vectors (TSPO and B-FR)

Because dissociation is active (k, > 0), the long-term tissue retention tracks a state of dy-
namic equilibrium governed by the total volume of distribution (V1) and the overall biolog-
ical clearance rate of the parent compound from the systemic blood (A;,) (Equation (15)):

gtissue(x) ~ AO'[(l - Vb)VT + Vb'“]'gc{cp(t)} (15)

s=A+ Ay,
where « is defined as the dimensionless tissue-retention or scaling fraction specified for
each model; it must not be confused with w-particle radiation. For S..¢(x) calculation, the
model of the inflamed synovium is considered as a hollow or flattened ellipsoid with a
pathological thickness of 1.5-3.5 mm. For 7/Lu, a B~ emitter with a tissue range comparable
to synovial thickness, a partial absorbed fraction, ¢g ~ 0.82-0.90, is applied to account for
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local energy escape into the synovial fluid or adjacent cartilage. For ?Ac, an « emitter with
a range of 40-90 pm, complete local absorption within the synovium (¢, = 1.0) is assumed.
It is considered a retention of the full progeny contribution for vectors with high cellular
internalization, and a reduction in the retention factor for reversible or extracellular tracers
to correct for radioactive daughter escape (f.., =~ 0.30-0.45) is applied [21,89,93-96,98-102,
104,113,115,123,124].

Table 7 compares model-derived, hypothesis-generating absorbed-dose estimates for in-
flamed synovium and major organs at risk, contrasting p-emitting and x-emitting strategies.
The therapeutic index (TI = Dose synovium/Dose critical OAR) suggests that FAP-2286-
based vectors may offer the widest operating window because high target retention is paired
with comparatively low background tissue exposure. However, this ranking must be inter-
preted conservatively in benign inflammatory disease and confirmed by patient-specific
dosimetry before any activity escalation.

Table 7. Comparative therapeutic dosimetry of candidate synovial theranostic radiopharmaceuticals
for p- and w-emitter strategies *.

Radiopharmaceutical Inflamed . . Red Bone
[Ref.] Synovium Kidneys Liver Spleen Marrow
(Extrapolated Considerations) (Target Tissue) (OAR) (OAR) (OAR) (OAR)

[Y7Lu]Lu-Pentixather
[3,4,80-86,94,108,110,125] 3.50-12.50 0.45-0.91 0.63-0.71 0.58 0.47
(CXCR4; model-derived Gy/GBq)

[#® Ac]Ac-Pentixafor

[14,80-86,98-100,105-107,109]. (CXCR4;
theoretical/model-derived Gyggg/MBq). 0.220-0.650 0.075 0.012 0.038 0.008
Calculations require experimental

microdosimetry

[177Lu]Lu-FAP-2286
[89,94,101,108,110,112,124]

(FAP; oncology-informed /model-derived 4.10-14.80 100 0.12 0.06 0.05
Gy/GBq)
[225 Ac] Ac-FAP-2286 [ 14,98-100,106-110]
(FAP; theoretical/model-derived 0.310-0.820 0.115 0.009 0.004 0.002

Gyrpe/MBq)

TSPO therapeutic construct
[63,65-67,69,72,102,104,108,110,115] 0.85-2.10 0.45 1.55 0.30 0.12
(conceptual/model-derived Gy/GBq)

TSPO alpha-emitter concept
[63,65-69,71,72,74,98-100,103,105] 0.045-0.095 0.088 0.110 0.015 0.004
(theoretical/model-derived Gygpr/MBq)

Folate therapeutic concept
[55-58,60,94,101,108,110] 1.20-3.80 3.50 0.22 0.08 0.15
(B-FR; model-derived Gy/GBq)

Folate alpha-emitter concept

[14,55-60,98-100,103,105-110]
(B-FR; theoretical/model-derived

Gyrpe/MBq)

0.075-0.180 0.420 0.018 0.006 0.011

* Values are model-derived estimates. They integrate diagnostic uptake assumptions, oncology
radioligand-therapy experience, radiosynovectomy safety logic, and MIRD-based scaling; they require
RA-specific residence-time measurements, organ-at-risk dosimetry, and safety validation before
clinical translation [64,70,88,102,104,108,110,112-118].

Although this review generally focuses on radiotracers for PET and SPECT, it is worth
mentioning the development of radiolabeled nanoparticles for molecular imaging. Matrix
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metalloproteinases (MMPs) (particularly MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13)
are overexpressed in joint tissue and inflamed synovium in RA and osteoarthritis, where
they degrade collagen, aggrecan, and the extracellular matrix. Therefore, some systems
based on nanoparticles decorated with specific-recognition peptides labeled with **Cu have
recently been reported as efficient radio-systems for molecular imaging [126,127].

8. Conclusions and Future Perspectives

The development of target-specific PET and SPECT radiopharmaceuticals has trans-
formed rheumatoid arthritis research, particularly in imaging. This progress has advanced
the field from a stage of descriptive inflammation assessment to a new era of mechanism-
based precision medicine. The evidence presented here demonstrates that radiochemistry,
molecular target selection, clinical imaging, kinetic modeling, and dosimetry have already
converged into a coherent framework for identifying the cellular drivers of active synovial
disease before irreversible structural damage becomes dominant. A critical accomplishment
in this field is the ability to compartmentalize synovitis into a series of imageable molecular
subdivisions. FAP identifies activated fibroblast-like synoviocytes and matrix remodeling;
p-FR reveals the presence of macrophages and the extent of their inflammatory burden;
TSPO reports mitochondrial activation in stromal and myeloid cells; CXCR4 monitors the
recruitment of immune cells driven by chemokines; and integrin &, B; captures angiogenic
pannus expansion.

A significant advance has been the evolution of radiopharmaceutical chemistry into
a practical design discipline for rheumatology, based on prior oncology experience. It is
evident that the selection of chelators, the architecture of linkers, the half-life of radionu-
clides, the stability of coordination, hydrophilicity, and clearance routes are determining
factors in biological performance, rather than being secondary technical details. This knowl-
edge has enabled the development of PET and SPECT radiopharmaceuticals based on
8Ga, 18F/[ AI'8F]?*, #4Cu, #™Tc, and !!'C that can be matched rationally to FAP, CXCR4,
B-FR, TSPO, and integrin-targeted ligands. Consequently, the field has acquired a versa-
tile chemical toolbox that supports both high-resolution PET phenotyping and accessible
SPECT/CT implementation.

The translation of these radiopharmaceuticals has also resulted in operational ben-
efits. Fluorine-18 AIF strategies have expanded the scalability of FAPI probes for RA
imaging. At the same time, [*™Tc]Tc-HYNIC and folate-based agents have demonstrated
that target-specific molecular imaging for synovitis can be adapted to widely available
SPECT infrastructure. Concurrently, **Cu constructs enable longer imaging windows for
estimating residence time. Furthermore, the use of 'C or 8F TSPO tracers has notably
enhanced imaging of macrophage and stromal activation. Collectively, these advances
support a realistic clinical scenario in which PET and SPECT are not competing approaches
but complementary technologies selected according to target biology, joint size, logistical
access, and the clinical question under investigation.

The review of relevant studies demonstrated that molecular imaging is beginning to
deliver actionable biological phenotyping in rheumatoid arthritis. FAPIPET and SPECT have
demonstrated the capacity to visualize fibroblast-rich active synovitis and monitor disease
activity or treatment response. CXCR4-targeted imaging has linked immune-cell trafficking
with disease severity and therapeutic modulation. RGD-based integrin PET has provided a
functional measure of synovial angiogenesis. Folate-targeted SPECT and PET have validated
macrophage-directed imaging. TSPO PET has advanced from lesion visualization toward
early response assessment during biologic therapy. The aforementioned achievements
establish molecular imaging as a mechanistic layer that complements MRI, musculoskeletal
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ultrasound, serology, and clinical scores by revealing pathogenic processes that conventional
tools cannot resolve directly.

A particularly pertinent perspective concerns the emerging use of target selection as
a decision-support strategy. Instead of anticipating a single radiotracer to encompass the
comprehensive array of dimensions inherent to RA, the extant evidence supports a targeted,
question-driven approach. FAPI tracers have been demonstrated to be most effective in the
context of fibroblast-driven pannus remodeling; CXCR4 probes are effective in terms of
immune-cell recruitment and treatment-response monitoring; B-FR and TSPO tracers have
been demonstrated to be effective in terms of macrophage or mitochondrial inflammatory
activation; and RGD-based ligands are effective in terms of angiogenic remodeling. This
logic establishes a basis for future synovial theranostic interventions, enabling patient
selection based on the predominant molecular pathotype rather than solely on clinical
activity scores.

The field’s quantitative dimension has also advanced substantially. Static SUV-based
measurements already provide clinically useful information, while dynamic acquisitions,
vascular-fraction correction, Patlak-type analysis, Logan modeling, and MIRD-based dosi-
metric translation create a pathway from diagnostic imaging to individualized therapeutic
planning. In this review, the integration of these methods was undertaken to demonstrate
the interpretation of quasi-trapped FAP and CXCR4 vectors, reversible TSPO and B-FR
tracers, and angiogenesis-targeted integrin probes within target-specific kinetic frameworks.
This quantitative foundation is essential for converting molecular images into reproducible
biomarkers, response endpoints, residence-time estimates, and eventually patient-specific
synovial dose planning.

The theranostic perspective represents a significant conceptual advancement. Con-
ventional radiosynoviorthesis has already demonstrated the clinical value of local nuclear
medicine approaches for refractory synovitis, and the emergence of target-specific radioli-
gands now extends this principle toward molecularly guided synovial micro-radioresection.
The utilization of B-emitting vectors based on 17/Lu, in conjunction with a-emitting strategies
based on ??°Ac, offers a robust therapeutic framework when complemented by diagnostic
confirmation of target expression, residence-time evaluation, and organ-at-risk dosimetry.
Advancements in chelators, including DOTA-type scaffolds, cross-bridged polyamines, and
MACROPA, reinforce the chemical underpinnings of stable therapeutic radiometal delivery.
This progression signifies a future in which treatment intensity can be guided by the same
molecular probes used for diagnostics.

The incorporation of reviews and clinical studies further substantiates this optimistic
translational trajectory. The *™Tc literature highlights accessibility and the implementation
of kit-based SPECT/CT. Recent PET/CT reviews emphasize whole-body assessment of
disease activity and treatment monitoring. The ['!C]DPA-713 anti-TNF study strengthens
the role of early macrophage-targeted response biomarkers. Theranostic nanoprobes expand
the horizon towards integrated visualization and image-guided intervention. Collectively,
these developments demonstrate that molecular imaging in RA is evolving beyond its
traditional role as a mere exploratory visualization tool. Instead, it is progressing towards a
comprehensive framework that integrates diagnosis, phenotyping, response prediction and
therapy planning.

The subsequent phase should build on these accomplishments by implementing harmo-
nized multicenter protocols, standardized injection activities and uptake times, consistent
joint-segmentation methods, validated target-to-background and kinetic endpoints, and
clinically meaningful outcome measures. It is asserted that these steps will not merely
address technical variability; they will enable comparison across sites, strengthen regulatory
acceptance, and accelerate incorporation of target-specific radiopharmaceuticals into preci-
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sion rheumatology trials. In this implementation pathway, molecular imaging should serve
as a biological decision layer that complements structural imaging and clinical assessment,
enabling earlier recognition of residual pannus activity, more rational treatment escalation
or de-escalation, and more efficient evaluation of new targeted therapies.

In conclusion, this review demonstrated that synovial-targeted radiopharmaceuticals
have attained a level of chemical, biological, and translational maturity that has the poten-
tial to significantly impact the evaluation of RA and related inflammatory arthropathies.
The field has already achieved several major achievements, including the target-specific
visualization of fibroblast activation, macrophage burden, mitochondrial inflammatory
activation, immune cell trafficking, and angiogenesis. Furthermore, practical PET and
SPECT radiopharmaceuticals have been developed, and there is evidence of clinical dis-
ease activity and of monitoring treatment response. Finally, a quantitative framework for
kinetic interpretation and dosimetric translation has been established. These accomplish-
ments establish a robust foundation for the next generation of precision rheumatology, in
which molecular imaging enables mechanism-based patient selection, early therapeutic-
response prediction, and meticulously controlled synovial theranostic strategies. Instead of
representing an unmet promise, targeted radiopharmaceuticals now constitute an advanc-
ing bench-to-bedside platform capable of transforming inflammatory joint disease from
a clinically scored syndrome into a molecularly defined, image-guided, and individually
managed condition.
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Abbreviations

The following abbreviations are used in this manuscript:

ACPA Anti-citrullinated protein antibody

Al18F Aluminum fluoride-18 labeling system

BNOTA Bifunctional NOTA-based chelator

CB-TE2A 4,11-Bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2 Jhexadecane
CXCR4 C-X-C chemokine receptor type 4

DAS28 Disease Activity Score in 28 joints

DCE-MRI Dynamic contrast-enhanced magnetic resonance imaging
DMARD Disease-modifying antirheumatic drug

DOTA 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
EDDA Ethylenediamine-N,N'-diacetic acid

EANM European Association of Nuclear Medicine

FAP Fibroblast activation protein

FAPI Fibroblast activation protein inhibitor

FDG Fluorodeoxyglucose

FLV FAPI lesion volume

FLS Fibroblast-like synoviocyte

B-FR Folate receptor beta

Gy Gray

HYNIC 6-Hydrazinonicotinamide

1C50 Half-maximal inhibitory concentration

LET Linear energy transfer

MAG3 Mercaptoacetyltriglycine

MACROPA  N,N'-bis[ (6-carboxypyridin-2-yl)methyl]-4,13-diaza-18-crown-6
MIRD Medical Internal Radiation Dose

MRI Magnetic resonance imaging

MSUS Musculoskeletal ultrasound

NODAGA 1,4,7-Triazacyclononane-1-glutaric acid-4,7-acetic acid
NOTA 1,4,7-Triazacyclononane-1,4,7-triacetic acid

OAR Organ at risk

PET Positron emission tomography

RA Rheumatoid arthritis

RESCA Restrained complexing agent

RGD Arginine-glycine-aspartate

ROI Region of interest

SarAr Sarcophagine chelator

SDAI Simplified Disease Activity Index

SPECT Single-photon emission computed tomography

Suv Standardized uptake value

TAT Targeted alpha therapy

TBR Target-to-background ratio

TETA 1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
TI Therapeutic index

TLF Total lesion FAPI uptake

TNF Tumor necrosis factor

TSPO 18 kDa translocator protein

VT Total volume of distribution
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