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ABSTRACT
It is known that metabolic shifts and tissue remodelling 
precede the development of visible inflammation and 
structural organ damage in inflammatory rheumatic 
diseases such as the inflammatory arthritides. As such, 
visualising and measuring metabolic tissue activity could 
be useful to identify biomarkers of disease activity already 
in a very early phase. Recent advances in imaging have 
led to the development of so- called ‘metabolic imaging’ 
tools that can detect these changes in metabolism in an 
increasingly accurate manner and non- invasively.
Nuclear imaging techniques such as 18F- D- glucose and 
fibroblast activation protein inhibitor- labelled positron 
emission tomography are increasingly used and have 
yielded impressing results in the visualisation (including 
whole- body staging) of inflammatory changes in both 
early and established arthritis. Furthermore, optical 
imaging- based bedside techniques such as multispectral 
optoacoustic tomography and fluorescence optical imaging 
are advancing our understanding of arthritis by identifying 
intra- articular metabolic changes that correlate with the 
onset of inflammation with high precision and without the 
need of ionising radiation.
Metabolic imaging holds great potential for improving the 
management of patients with inflammatory arthritis by 
contributing to early disease interception and improving 
diagnostic accuracy, thereby paving the way for a more 
personalised approach to therapy strategies including 
preventive strategies. In this narrative review, we discuss 
state- of- the- art metabolic imaging methods used in the 
assessment of arthritis and inflammation, and we advocate 
for more extensive research endeavours to elucidate their 
full field of application in rheumatology.

INTRODUCTION
Inflammatory arthritis (IA) represents a 
diverse group of chronic immune- mediated 
inflammatory disorders characterised by recur-
ring joint inflammation and by the progres-
sive destruction of articular structures. Rheu-
matoid arthritis (RA) and spondyloarthritis 
(SpA) including psoriatic arthritis (PsA) and 
crystal- related arthritides (eg, gout, calcium 
pyrophosphate deposition disease) are the 
most common conditions of this group, with 

an estimated cumulative worldwide incidence 
ranging from 115 to 149 per 100 000 adults.1 
The management of IA poses significant 
challenges, as early diagnosis and treatment 
initiation are crucial for preventing irrevers-
ible joint damage and the development of 
disability. Alongside the clinical assessment, 
musculoskeletal imaging has become an inte-
gral part of the assessment of arthritis and has 
led to major improvements in diagnostics and 
disease outcomes. Imaging techniques such 
as X- ray, musculoskeletal ultrasound (MSUS), 
CT and MRI have become indispensable tools 
for rheumatologists and are recognised as the 
standard of care for the diagnostic work- up 
and follow- up of patients with IA in interna-
tional guidelines and classification criteria.2 3 
However, accurately depicting inflammation 
of the musculoskeletal system on imaging, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Metabolic and molecular imaging techniques have 
the potential of improving our understanding and the 
management of arthritis by offering a multimodal 
assessment of the molecular, functional and struc-
tural aspects of inflammation.

WHAT THIS STUDY ADDS
 ⇒ Fibroblast- targeted and macrophage- targeted pos-
itron emission tomography/CT offers a whole- body 
assessment of inflammation by targeting patho-
logically activated cell compartments that sustain 
arthritis.

 ⇒ Fluorescence optical imaging and multispectral 
optoacoustic tomography are emerging techniques 
that have shown potential in detecting vascular and 
metabolic tissue changes that may precede the on-
set of clinical inflammation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Further research is needed to validate these novel 
imaging techniques in arthritis and to explore their 
exact field of application in clinical practice.
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especially in the early phases or when overlapping degen-
erative conditions are present, still poses a very signifi-
cant challenge for which improvements to our diagnostic 
armamentarium might be needed.

Limitations and new developments in arthritis imaging
Conventional imaging methods have inherent limitations, 
primarily due to their focus on anatomic and functional 
aspects, which can result in a reduced ability to identify 
inflammation before it becomes macroscopically visible. 
Techniques like X- ray and CT may not effectively capture 
early signs of inflammation and soft tissue abnormalities, 
leading to delayed diagnosis and intervention.4 MSUS 
and MRI, on the other hand, offer a more comprehen-
sive assessment of soft tissues and a more accurate iden-
tification of subtle inflammatory changes associated with 
early as well as established disease phases.5 MSUS changes 
have been associated with an increased risk of erosion 
and osteoproliferation,6 as well as with the development 
of arthritis in at- risk populations. However, operator- 
dependence and limited penetration for deep structures 
such as the axial skeleton are major drawbacks affecting 
reproducibility and that frequently lead to requiring addi-
tional imaging. Similar to MSUS, MRI alterations such 
as synovitis, tenosynovitis and osteitis have been strongly 
associated with an increased risk of developing radiolog-
ical structural damage7 and of progression to arthritis8 9 
while also offering better reproducibility. In the field of 
MRI, novel sequences are emerging to overcome the 
limitations of conventional imaging by providing a more 
in- depth assessment of joint tissues. The novel ultra- short 
echo- time (UTE) MRI sequences, for instance, allow the 
assessment of tendon and entheses in high resolution 
even in the absence of T2 signal prolongation related 
to inflammatory processes, which would otherwise not 
always be feasible using conventional T1- weighted and 
T2- weighted MRIs.10 This allows an in- depth assessment 
of the structural characteristics of tendons and entheses 
and enables quantitative measurements that could be 
used as biomarkers of biomechanical degradation.10 
These advancements, however, still do not provide any 
additional multimodal information about cellular metab-
olism and molecular changes at the tissue level. Unlike 
UTE sequences, a recent example of molecular imaging 
applied to this technique is the use of chemical exchange 
saturation transfer MRI (CEST MRI) in osteoarthritis. 
CEST MRI provides an in vivo, non- invasive assessment of 
various metabolites involved in cartilage damage through 
the chemical exchange between bulk water protons and 
protons bound to exogenous or endogenous solutes.10 
Glycosaminoglycans (GAGs) such as hyaluronic acid 
and chondroitin sulfate constitute a crucial component 
of the extracellular matrix in joint tissues and have a 
pivotal role in maintaining the structural integrity and 
lubrication of cartilage.11 As such, their depletion serves 
as one of the earliest indicators of cartilage degener-
ation. By exploiting the chemical exchange between 
protons in GAGs and water, GAG- CEST MRI allows for 

high- resolution mapping of molecular concentrations 
in tissues, even preceding morphological alterations.10 12 
GAG- based imaging with GAG- CEST MRI holds signifi-
cant potential for improving the diagnosis and manage-
ment of osteoarthritis. However, little to no data is avail-
able on its use on inflammatory joint diseases, and the 
use of MRI in general is still limited by relatively low 
accessibility, long scanning times, the limitation to a 
single scanning region and the necessity of using contrast 
agent. As such, accurate and time- effective imaging tech-
niques that allow retrieval of multimodal molecular and 
metabolic information from the joints of patients with 
arthritis are still missing.

To address these needs, recent advancements in 
medical imaging techniques have focused on developing 
novel non- invasive and sensitive methods to assess joint 
inflammation by measuring cellular- level and tissue- 
level changes in metabolism and function rather than 
on the mere structural assessment of the joint.10 13 These 
include whole- body nuclear imaging methods such as 
positron emission tomography (PET)/CT as well as 
optical- imaging based bedside techniques such as the 
multispectral optoacoustic tomography (MSOT) and 
the fluorescence optical imaging (FOI). These so- called 
‘metabolic imaging’ methods aim to offer advanced 
capabilities in detecting cellular activity and vascularity, 
enabling the identification of subclinical inflammation 
at an earlier stage compared with conventional imaging 
instruments. So far, these metabolic imaging techniques 
have shown promising results in evaluating treatment effi-
cacy, disease remission and prognosis within and outside 
of the field of rheumatology, such as in the non- invasive 
assessment of intestinal inflammation in inflammatory 
bowel disease and in the early detection of metastatic 
disease in patients with cancer, enabling clinicians to 
tailor therapy and improve patient outcomes.10 13 An 
overview of the functioning principles of PET/CT, MSOT 
and FOI can be found in figure 1, while figure 2 shows a 
schematic representation of the molecules and structures 
that can be targeted in the metabolic imaging of arthritis.

With the advances in precision medicine, metabolic 
imaging represents a paradigm shift towards early disease 
interception, the development of preventive strategies 
for arthritis and ultimately personalised and targeted 
therapies.10 13

Therefore, in this review we cover current applications 
of the established metabolic imaging techniques in the 
diagnosis and management of patients with IA. More-
over, we review the major challenges and opportunities 
of novel and upcoming diagnostic modalities in this field.

Metabolism in the pathophysiology of synovitis and enthesitis
The pathophysiology of synovitis and enthesitis involves 
a complex interplay of immunological, genetic and envi-
ronmental factors that widely differ between them. At the 
immunological level, while adaptive immune system acti-
vation and autoimmunity play a major role in the devel-
opment and chronification of synovitis,14 15 enthesitis 
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seems to be triggered predominantly by an innate 
immune response sustained and triggered by biome-
chanical stressors.16 At a tissue level, synovitis appears 
as a highly energy demanding process manifesting with 

hypertrophy, massive infiltration of activated lipid- laden 
macrophages in the inflamed joint, collagen fibre degra-
dation through matrix metalloproteinases and osteoclast 
activation leading to bone reabsorption.17 Enthesitis is a 

Figure 1 Overview of the functioning principles of the metabolic and molecular imaging of arthritis with PET/CT, MSOT 
and FOI. In PET/CT (left panel), fibroblast- targeted and macrophage- targeted radionuclide are administered intravenously 
to trace the activity of the mesenchymal and monocyte cell compartments in the joints throughout the whole body. In FOI 
(middle panel), joints are exposed to light at specific wavelengths after the intravenous administration of indocyanine green 
contrast agent, allowing the visualisation of microvascular changes with high resolution through the use of a near- infrared 
thermal camera and a computer system. In MSOT (right panel), target tissues are exposed to near- infrared laser light, which 
exploits the photoacoustic effect by inducing chromophore substances inside the joint to emit low- energy sound waves. 
These optoacoustic profiles are specific for each molecule and can be captured and quantified by a specific receiver. FOI, 
fluorescence optical imaging; MSOT, multispectral optoacoustic tomography; PET, positron emission tomography.

Figure 2 Schematic representation of the molecules and structures that can be assessed by molecular and molecular 
imaging. The cellular metabolism of synovial fibroblast and macrophages can be detected by FAPI- targeted and macrophage- 
targeted PET/CT, respectively; fluorescent optical imaging (FOI) visualises neovascularisation and microcirculation; 
multispectral optoacoustic tomography can be used to measure the relative concentration of metabolites related to 
inflammation such as haemoglobin, collagen fibres and lipids. FAPI, fibroblast activation protein inhibitor; ; MSOT, multispectral 
optoacoustic tomography; PET, positron emission tomography.
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more bradytrophic phenomenon, with less cellular infil-
tration and hypertrophy.16 However, local prostaglandin 
E2 and production in response to mechanical forces trig-
gers vasodilation, neovascularisation and mesenchymal 
cells activation in the neighbouring bone marrow that 
stimulates new collagen and bone deposition by osteo-
blasts.16 Moreover, altered lipid metabolism has been 
implicated in the pathogenesis of synovitis and enthesitis, 
with changes in the levels of lipids and lipid- derived medi-
ators influencing inflammation and immune responses.18

As such, cellular metabolism undergoes alterations in 
both synovitis and enthesitis, leading to increased energy 
demands and altered nutrient utilisation within the 
affected tissues and these changes have been shown to 
take place already in the early phases of inflammation. 
Indeed, one of the most prominent metabolic changes 
at this stage is the increased metabolic demand with 
higher glucose and oxygen consumption as well as the 
upregulation of glycolysis in inflammatory cells.16 As 
these metabolic shifts precede the development of visible 
inflammation, they could have a utility as very early 
biomarkers of disease activity. As such, the development 
of tools that can detect these subtle metabolic changes 
could prove of high relevance in improving the manage-
ment of patients with IA.

Understanding arthritis- related metabolic changes 
sheds light on the disease’s pathophysiology and opens 
new possibilities for targeted interventions. So far, meta-
bolic assessments had to rely on invasive biopsies and 
were thus limited by the acquisition of tissue samples 
from patients. The development of innovative non- 
invasive imaging techniques such as PET/CT, FOI and 
MSOT can overcome this obstacle and have the poten-
tial of addressing some unmet clinical needs such as 
distinguishing primary articular inflammation from 
degenerative conditions like osteoarthritis or identifying 
subclinical inflammation before the onset of damage. 
This comprehensive multimodal imaging approach has 
broad implications for our understanding of the complex 
biological phenomena underlying arthritis and offers a 
chance of improving arthritis care and advancing person-
alised medicine in rheumatology.

Understanding arthritis- related metabolic changes 
sheds light on the disease’s pathophysiology and pres-
ents targeted intervention possibilities. So far, metabolic 
assessment had to rely on invasive biopsies and were thus 
limited by the acquisition of tissue samples from patients. 
The development of innovative non- invasive imaging 
techniques, such as PET/CT, FOI and MSOT can over-
come this obstacle and has the potential of addressing 
some unmet clinical needs such as distinguishing primary 
articular inflammation from degenerative conditions like 
osteoarthritis or identifying subclinical inflammation 
before the onset of damage. This comprehensive imaging 
approach has broad implications for our understanding 
of the complex biological phenomena underlying 
arthritis and offers a chance of improving arthritis care 
and advancing personalised medicine in rheumatology.

PET-CT IMAGING
PET- CT molecular imaging is a valuable tool for evalu-
ating oncologic and inflammatory conditions that allows 
the visualisation of tissue metabolic activity by using radi-
olabelled tracers. It offers precise detection and distri-
bution of metabolically active lesions throughout the 
body in a single examination, surpassing conventional 
imaging, usually limited to a single region of interest. PET 
scans are highly sensitive for identifying active inflam-
mation, which makes them highly valuable for diseases 
such as polymyalgia rheumatica and large vessel vascu-
litis,19 for which it represents a mainstay for diagnosis. 
By pinpointing areas of increased metabolic activity, 
PET- CT provides insights into disease activity, treatment 
response and differentiation between inflammation and 
structural changes without inflammatory activity. While 
its use in IA is more common in research settings and 
when conventional methods yield inconclusive results, 
it is gaining importance due to new tracers targeting 
specific cell compartments, such as activated fibroblasts 
and macrophages which have increased the clinical and 
scientific relevance of this technique.

FLUORO-D-GLUCOSE-PET/CT
PET/CT with 2- deoxy- 2-[fluorine- 18]fluoro- D- glucose 
(18F- FDG PET/CT) is a functional imaging modality that 
allows a quantification of glucose uptake in soft tissues 
throughout the body, therefore measuring their overall 
metabolic activity. Whole- body joint evaluation in IA 
has been proved feasible with a PET/CT system using 
an ultra- low- dose protocol and has been studied exten-
sively in the context of RA, PsA and immune check-
point inhibitor- related arthritis.20 Several studies so far 
have demonstrated that 18F- FDG- PET can be a sensitive 
imaging technique for detecting and assessing synovitis 
specifically. Palmer et al were the first to describe that 
18F- FDG- PET demonstrates high sensitivity and speci-
ficity in detecting synovitis in patients with RA.21 Later 
on, these findings were reproduced in both RA and PsA, 
where substantial 18F- FDG uptake was shown along the 
inflamed tendons, at the entheses, in synovial joints and 
in the nail bed.22 Accumulating evidence has shown that 
18F- FDG uptake in affected joints correlates strongly with 
the presence of clinical arthritis, and that 18F- FDG- PET 
can be useful in monitoring disease activity and response 
to treatment.22 23 Raynor et al have been developed an 
overall quantitative score of 18F- FDG- PET measurements 
that correlates strongly with both clinical (swollen joint 
count, modified Disease Activity Score) as well as labora-
tory (C reactive protein, erythrocyte sedimentation rate, 
interleukin (IL)‐6, IL‐1) parameters of inflammation.24 
Interestingly, there is also evidence that 18F- FDG- PET 
detects subclinical synovitis in patients with early RA25 
and psoriasis (without known PsA),26 potentially enabling 
an early diagnosis and intervention in these at- risk popu-
lations.
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Overall, the available evidence suggests that 18F- F-
DG- PET holds promise as a valuable imaging technique 
for assessing synovitis, monitoring disease activity and eval-
uating treatment response in various forms of arthritis. 
However, on a trial with the aim to assess reliability and 
predictive value of 18F- FDG- PET to successfully tapering 
Tumor Necrosis Factor α (TNF)- inhibitors on RA, 18F- F-
DG- PET scores were not found predictive suggesting 
caution and the need of further studies to investigate 
the role of 18F- FDG- PET as a risk stratification tool.27 At 
last, a recent study has brought to attention the potential 
lack of specificity of 18F- FDG- PET, as a substantial number 
of incidental falsely positive or not joint- specific signal 
alterations28 were detected that may lead to unnecessary 
further investigations. As such, using whole- body FDG- 
PET scanning for musculoskeletal purposes, whether in 
a research or clinical context, implies a comprehensive 
explanation of the potential risks and benefits of this 
imaging modality.

Fibroblast activation protein inhibitor PET/CT
There has been growing interest in the application of 
68Ga- fibroblast activation protein inhibitor- 04- PET/CT 
(FAPI- PET/CT) in the context of immune- mediated 
inflammatory diseases.29 68Ga- FAPI- PET/CT is a novel 
molecular imaging technique that targets fibroblast acti-
vation protein (FAP), which is expressed by mesenchymal 
stromal cells and fibroblast during tissue remodelling 
in the context of malignancy or in response to chronic 
inflammatory stimuli.30 Indeed, several highly preva-
lent cancers have displayed robust signals on this novel 
imaging technique, offering potential for improved diag-
nosis and treatment planning.31 Preclinical studies using 
PET with a radiolabelled anti- FAP antibody on murine 
experimental models of RA could demonstrate a high 
tracer accumulation in arthritic joints.32 Also, another 
recent murine study found that the depletion of FAP- 
expressing fibroblasts could suppress inflammation and 
stop the development of bone erosions.33

The first successful applications of 68Ga- FAPI- PET/
CT in rheumatology spawn from studies on systemic 
sclerosis- associated interstitial lung disease (SSc- ILD) 
and IgG4- related disease. Bergmann et al could demon-
strate that the magnitude of pulmonary 68Ga- FAPI uptake 
in SSc- ILD correlates with progression of disease, inde-
pendently of the extent of involvement on CT scans and 
lung function at baseline and FAPI uptake was related 
to higher clinical activity scores and, therefore, disease 
severity.34 In a further study, a cohort of 27 patients with 
IgG4- related disease underwent consecutive FAPI and 
18F- FDG- PET/CT, MRI and histopathological assessment 
to assess inflammatory and fibrotic activity. The study 
found that 68Ga- FAPI- PET/CT could effectively discrim-
inate fibrosis from inflammation, as 18F- FDG highlighted 
inflammatory areas with IgG4- positive plasma cell infiltra-
tion, while FAPI identified regions with activated fibro-
blasts. Interestingly, 68Ga- FAPI uptake did not correlate 

with 18F- FDG uptake and FAPI- positive fibrotic lesions 
responded less to immunotherapy.30

Synovial fibroblasts are also known to be key mediators 
of synovitis in RA and the expression of FAP is strongly 
upregulated in the inflammatory activated fibroblasts.35 
Interestingly, FAP expression in the synovial tissues of 
patients with RA has been found to be significantly higher 
than that in patients with osteoarthritis, suggesting a 
certain specificity for inflammatory tissue remodelling.33 
Supporting this, in a preclinical study on murine models 
of collagen- induced arthritis and on fibroblast- like synov-
iocytes isolated from patients with RA, 68Ga- FAPI- PET 
imaging revealed a non- physiologically high 68Ga- FAPI 
uptake in the synovium of arthritic joints.36 Notably, 
Rauber et al could demonstrate that 68Ga- FAPI tracer 
uptake in inflamed joints strongly correlates with erosive 
joint damage and clinical disease activity (measured by 
Tender and Swollen Joint Count (TJC, SJC), Disease 
Activity in PsA score (DAPSA), and by Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI)), and 
responds to targeted biological treatment.29 Further-
more, a recent longitudinal study on 20 patients with 
RA who underwent dual- tracer 68Ga- FAPI/18F- FDG- PET/
CT, 68Ga- FAPI uptake correlated with most clinical and 
laboratory disease activity variables as well as with radio-
graphic disease progression. Furthermore, a higher posi-
tivity rate (68Ga- FAPI: 77.7% vs 18F- FDG: 72.9%; p<0.001) 
and uptake intensity (68Ga- FAPI: 9.54±4.92 vs 18F- FDG 
5.85±2.81; p<0.001) was found in the clinically affected 
joints compared with FDG.37 Lastly, in a preliminary study 
which is currently available as an abstract, an increased 
68Ga- FAPI uptake at synovial and entheseal sites in a 
cohort of 10 patients with psoriasis was associated with a 
higher risk of developing PsA, as all patients with synovio- 
entheseal 68Ga- FAPI uptake eventually progressed to 
PsA as opposed to only one patient without any signs 
of 68Ga- FAPI- PET/CT activity.38 As such, if these results 
are confirmed, 68Ga- FAPI- PET/CT activity could repre-
sent a potential imaging biomarker for defining patients 
with psoriasis at high risk of transition to PsA. Panel A 
of figure 3 shows examples of 68Ga- FAPI/PET- CT images 
from patients with IA.

It is essential to note that research efforts on the use 
of 68Ga- FAPI- PET/CT in IA are still limited, and the clin-
ical utility and broader applications of 68Ga- FAPI- PET in 
this area have yet to be fully explored. As early studies 
have yielded very encouraging results, further analysis is 
needed on the role of 68Ga- FAPI- PET/CT in diagnosing 
and monitoring arthritis. These should be aimed at (1) 
assessing the specificity and eventually defining cut- offs 
of 68Ga- FAPI uptake that enables to differentiate arthritis 
from other non- inflammatory conditions; (2) validating 
68Ga- FAPI- PET/CT on larger cohorts of patients with 
various forms of arthritis and on at- risk populations 
to determine its value as a risk stratification tool; (3) 
assessing the reliability of 68Ga- FAPI- PET/CT for moni-
toring disease activity and therapeutic response over time 
compared with other established forms of conventional 
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imaging. Indeed, it is pivotal to address the potential issue 
of oversensitivity, as performing whole- body imaging with 
a tracer such as F68Ga- FAPI that has shown to be more 
sensitive—but not necessarily more specific—than 18F- 
FDG38 might detect transient inflammatory processes 
that do not represent pathology.

Macrophage-targeted PET/CT
Macrophage- targeted PET/CT imaging in IA repre-
sent a further new frontier in the field for which some 
promising preliminary studies have been conducted. 
Macrophages are central players in the immune system’s 
response to inflammation and especially in joints, where 
resident macrophages of the synovial lining constitute 
a protective barrier and, when activated by inflamma-
tory stimuli such as damage or autoimmunity, they 
release pro- inflammatory cytokines such as TNF- alpha 
and IL- 1 leading to sustained inflammation.14 15 There-
fore, they represent ideal targets for imaging in arthritis. 
Macrophage- targeted PET/CT imaging has seen the 
emergence of three prominent radiotracers: 124I- DPA- 713, 
Ga- DOTA and 11C- R- PK11195, each exploiting a distinct 
binding mechanism to target activated macrophages 
and thus providing researchers with a range of options 
for tailoring radiotracers to specific conditions. 124I- DPA- 
713 employs a small molecule ligand that binds to the 
translocator protein (TSPO), which is upregulated in 
activated macrophage cell membranes during inflamma-
tion.39 Ga- DOTA, on the other hand, uses the chelator 
tetraxetan complexed with gallium- 68, which selectively 
binds to macrophage receptors such as integrins.40 11C- 
R- PK11195 uses an antagonist of the peripheral- type 

benzodiazepine receptor that is expressed by activated 
glial cells and by macrophages.41

Recently, preliminary studies from Binsbergen et al 
have shown a remarkable correlation between clinical 
response and 11C- DPA713 PET/CT joint assessment not 
only at baseline, but also at 4 weeks during anti- TNF 
treatment.42 However, the short half- life of 11C- labelled 
and 18F- labelled radioligands has been limiting the use 
of TSPO- specific DPA- 713, which recently led Foss et al 
to conduct the first human study on the bioavailability 
of a radioiodinated tracer with a longer half- life and 
increased affinity for macrophages, 124I- DPA- 713 using 
PET/CT,39 which had previously been studied on murine 
models for tuberculosis and SARS- CoV2 infection.

68Ga- DOTA PET/CT has been used to trace the activity 
of tumour- associated macrophages in colorectal cancer 
and neuroendocrine tumours,43 44 but its potential role 
as an important marker of inflammation is emerging. An 
emblematic case was shared by Xu et al, where a patient 
with prostate cancer undertook a 68Ga- DOTA- FAPI- 04 
PET/CT imaging that also highlighted intense uptake on 
the shoulder, corresponding to known arthritis.45 While 
this might indicate a reduced sensitivity for oncological 
uses, this has brought attention to this specific marker 
for imaging inflammation. 68Ga- DOTA conjugated with 
containing tyrosine- octreotate (68Ga- DOTA- TATE) and 
extracellular- loop- 1- inverso (68Ga- DOTA- ECL1), has 
recently been used successfully in preclinical studies to 
visualise lung inflammation46 and heart muscle inflam-
mation after myocardial injury.47

11C- R- PK11195 PET/CT had previously found applica-
tion in visualising activated glial cells and macrophages 

Figure 3 Examples of applied metabolic imaging to joints and entheses. Panel (A)67Ga- FAPI- 04- positron emission 
tomography/CT scans showing avid intra- articular67Ga- FAPI uptake in the wrist, metacarpophalangeal and ankle joints (left 
and upper quadrant) and in the shoulder joints of patients with rheumatoid arthritis. Panel (B) fluorescence optical imaging 
acquisitions showing changes in micro vascularisation and increased blood flow in the finger joints of a patient with rheumatoid 
arthritis (left) and early psoriatic arthritis (right). Panel (C) multispectral optoacoustic tomography scans of the Achilles tendon 
enthesis (left) and of the lateral humeral epicondyle enthesis of a patient with psoriatic arthritis showing the distribution of lipid 
and collagen (left) and haemoglobin (right) superimposed to ultrasound. Ga- FAPI, 68Ga- fibroblast activation protein inhibitor.
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in patients with ischaemic stroke, neuro- AIDS and 
large vessel vasculitis.48–50 More recently, 11C- R- PK11195 
PET/CT has also been studied on a series of patients 
with established RA,51 52 with promising evidence on its 
potential for monitoring disease activity and therapy 
response. Significant 11C- R- PK11195 accumulation could 
be demonstrated in clinical as well as subclinical rheu-
matoid synovitis even before changes became visible in 
MRI, and was related to the occurrence of flares and 
increased disease activity in the short- term.51 52 Further-
more, Verweij et al were able to develop a multivariable 
predictive model of treatment response based on clin-
ical data (DAS44) and whole- body 11C- R- PK11195 PET/
CT scans which correlated with clinical response after 
3 months of treatment.53 To mitigate the issue of back-
ground uptake observed with 11C- R- PK11195, a small 
number of exploratory studies on individuals with RA 
have introduced a further macrophage tracer binding to 
the β-folate receptor, 18F- fluoro- PEG- folate (polyethylene 
glycol folate) which exploits the increased expression of 
folate receptors by activated macrophages.41 54 Compared 
with 11C- R- PK11195, it possesses substantial pharmacoki-
netic advantages, including rapid clearance and minimal 
background uptake, enabling a more accurate detection 
of inflammatory activity in all districts.54

Macrophage- targeted PET/CT imaging offers a unique 
opportunity to experimentally visualise macrophage- 
driven inflammation. By binding selectively to activated 
macrophages, these tracers could enable the selec-
tive visualisation of synovitis by distinguishing it from 
other kinds of articular inflammatory processes such as 
enthesitis or osteoarthritis. As such, though in its nascent 
stages, this approach might allow a more comprehen-
sive understanding of immune responses in arthritis and 
holds the potential to identify specific targets for ther-
apeutic interventions like corticoid tapering55 or TNF 
therapy.42

Fluorescence optical imaging
FOI relies on the principle that inflamed tissues exhibit 
increased vascular permeability and accumulate fluores-
cent contrast agents more readily than healthy tissues. 
These contrast agents, such as indocyanine green (ICG) 
or newer molecular probes, are administered intrave-
nously and distributed throughout the body, accumu-
lating in regions of altered circulation. On exposure to 
specific light wavelengths, these contrast agents emit fluo-
rescent signals, which are then captured by a specialised 
camera and quantified. The resulting images highlight 
areas of increased fluorescence, pinpointing regions of 
inflammation, including those situated within the joints.

FOI has emerged as a valuable technique in the study 
and management of IA by leveraging the properties of 
fluorescent agents to visualise joint inflammation, vascu-
lopathic changes and skin involvement.56 In the first 
proof- of- concept study, ICG- enhanced FOI demonstrated 
greater sensitivity in detecting arthritis when compared 
with clinical examination.57 Notably, it displayed a robust 

agreement with both MSUS-Power- Doppler (PD) (88%) 
and MRI (83%) and there was a significant correlation 
with the DAS28 (r=0.41). An important finding was that 
in 97.8% of joints in control subjects, FOI produced 
normal results,57 underlining its specificity and reliability 
in distinguishing healthy joints from those affected by 
arthritis. Indeed, FOI changes of the finger joints have 
been found to coincide with MRI findings on RA also 
in other studies, and a comparative analysis between 
FOI and MRI on early and very early arthritis found that 
FOI has good sensitivity (86%) and specificity (63%) 
in detecting both clinical and subclinical inflammatory 
synovial changes.58 In a study by Glimm et al, patients 
with early RA who were either initiating or escalating 
antirheumatic therapy were monitored for 1 year using 
FOI and showed a noteworthy reduction in signal inten-
sity during FOI.59 Similarly, Meier et al conducted a study 
involving patients with different IA who were followed for 
6 months after initiating or escalating treatment,60 and 
found that that quantitative analysis of FOI enhancement 
exhibited a significant correlation with MRI (ρ=0.80; 
p<0.001) and disease activity (ρ=0.61; p<0.001). In partic-
ular, responders showed a notable reduction in signals 
(−21.5%, p<0.001), while non- responders exhibited an 
increase (+10.8%, p=0.075),60 underscoring the feasi-
bility of using FOI for monitoring therapy response.56

In another study on patients with SSc, FOI revealed 
a decrease in microcirculation within the hands and 
fingers of patients with SSc compared with healthy 
controls (limited SSc −15.1%, diffuse SSc −50.6%). This 
reduction was found to be significantly associated with 
capillaroscopic changes, the presence of disseminated 
SSc features, a diffuse SSc subtype and the occurrence of 
digital ulcers or pitting scars.61 The same research team, 
in their subsequent 12- month follow- up report, noted 
that fingers with pathological staining by FOI at baseline 
had a higher risk for new ulcer development in the same 
finger (p=0.0153).62

Schmidt et al retrospectively compared inflammatory 
skin enhancements in patients with psoriasis vulgaris 
and PsA versus RA versus healthy controls and found 
that subclinical hand skin enhancement was notably 
more prevalent in patients with Psoriasis (PsO) and 
PsA (72.5%) than in RA (20.5%) or healthy individuals 
(28.0%) (p<0.001). FOI patterns accurately classified a 
significant percentage of PsO/PsA (72.5%), RA (76.9%) 
and healthy control (68.0%) cases, underscoring FOI’s 
potential for the assessment of rheumatic diseases 
with skin involvement.63 Still regarding PsA, in a study 
focusing on patients with suspected or confirmed diag-
nosis, FOI exhibited higher sensitivity compared with 
MSUS in detecting inflammation within Proximal and 
distal interphalangeal joints (p=0.035) and revealed 
distinct patterns of pathological enhancement for 
confirmed and suspected PsA.64 Recently, a multicentre 
study was conducted in Germany to assess the value of 
FOI in identifying preclinical musculoskeletal inflam-
mation, as an early indicator of PsA in individuals with 
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psoriasis who are at risk of developing PsA.65 In this study 
involving 389 patients, 20% (n=77) were determined to 
have psoriasis only, based on comprehensive clinical, 
MSUS and FOI evaluations. PsA was diagnosed in half of 
the patient cohort, with 36% identified through clinical 
examination and an additional 14% through supplemen-
tary MSUS assessment. Among the 116 patients without 
clinical or MSUS evidence of PsA but found to be FOI- 
positive, 37% also tested positive with MRI. During the 
2- year follow- up of FOI- positive patients lacking clinical/
MSUS/MRI evidence of PsA, clinical PsA was confirmed 
in an additional eight patients, representing 42% of 
assessed patients (or 12% when considering the 72% 
drop- out rate).65 These findings underscore the promise 
of FOI as a method for early detection of musculoskeletal 
inflammation in the hands, potentially serving as a valu-
able imaging biomarker for the transition from psoriasis 
to PsA,65 and expediting its diagnosis in at- risk patients 
and ultimately enhancing outcomes. Panel B of figure 3 
shows some examples of FOI acquisition in patients with 
RA and early PsA.

Standardising FOI protocols and interpretation criteria 
is crucial for widespread clinical adoption. Its non- invasive, 
real- time imaging and potential for detecting subclinical 
inflammation without radiation exposure make it a valu-
able tool in IA diagnosis and management. However, 
FOI has limitations due to its limited penetration depth 
(less than 2 cm) and susceptibility to confounders, such 
as minor skin issues, or background noise due to auto- 
fluorescence of the nearby tissues, which potentially 
lead to overestimating arthritic involvement. Also, using 
an exogenous agent for FOI scans carries inherent risks 
such as hypersensitivity reactions, but documented cases 
generally report good patient tolerance and safety.56

Optoacoustic imaging
Optoacoustic imaging (OAI) is a non- invasive imaging 
modality that combines optical illumination and ultra-
sound detection by using the photoacoustic effect 
to derive information on tissue composition. The 
photoacoustic effect is elicited when tissues are exposed 
to and absorb energy from laser light pulses, leading to 
brief thermoelastic expansion and contraction and thus 
generating ultrasound waves depending on the molec-
ular properties of their components.66–68 These ultra-
sound waves are then detected and used to reconstruct 
high- resolution images of the internal structures.67 An 
OAI system comprises three primary elements: (1) a 
light source (usually a pulsed laser) with illumination 
optics, delivering light energy to the tissue; (2) one or 
more ultrasound detectors measuring the generated 
acoustic signals; and (3) a signal processing and recon-
struction unit for image creation.69 In medical appli-
cations, OAI69 70may be particularly useful in oncology, 
where it can aid in cancer detection, monitoring treat-
ment response and guiding targeted therapies.71–73 
So far, various OAI techniques have been explored in 

dermatological,74 75 metabolic,76 gastrointestinal77–79 and 
musculoskeletal diseases.80–83

MSOT is a technique that combines ultrasound and 
multi- wavelength OAI. (NO_PRINTED_FORM) There-
fore, MSOT offers a non- invasive in vivo approach for 
imaging clinically relevant structures and deriving infor-
mation for individual light- absorbing target molecules 
(ie, chromophores).84–87 Through MSOT various endog-
enous tissue chromophores such as oxygenated and non- 
oxygenated haemoglobin, melanin, lipids and collagens 
can be visualised, as well as exogenous contrast agents 
targeted to specific molecules or cells. Target tissues are 
illuminated with a near- infrared laser at multiple wave-
lengths and the corresponding optoacoustic signals at 
each wavelength are detected and reconstructed into 
single- wavelength MSOT images that are superimposed 
to a coregistered ultrasound image. To distinguish the 
estimated concentration of the single chromophores, 
spectral identification (ie, ‘unmixing’) is applied based 
on the single absorbance spectra of the chromophores.69 
Thus, MSOT’s ability to visualise both anatomical struc-
tures and molecular processes makes it a versatile tool 
that is able to enrich conventional ultrasound images 
with a spatial representation of metabolic activity.88 
Notably, MSOT is handled similarly to a standard ultra-
sound device and the examination time does not exceed 
that of a typical ultrasound examination, making it suit-
able for bedside use.89

The potential clinical impact of this imaging modality 
has been shown in various studies outside rheumatology, 
including the visualisation of disease activity in inflam-
matory bowel diseases, malignant features in several 
oncological pathologies, vascular damage in systemic 
sclerosis, severe anaemia in vivo and muscle degener-
ation degenerative muscular diseases.70 90 91 Of note, 
in patients with Crohn’s disease examination of the 
intestinal wall by MSOT found significant optoacoustic 
differences and particularly in the total haemoglobin 
content between active and non- active disease, and was 
thus able to distinguish remission from inflammation.92 
Also relevant for its implications on the use MSOT on 
the musculoskeletal system, Regensburger et al explored 
the role of endogenous collagens detected by MSOT as 
imaging biomarkers of Duchenne muscular dystrophy, 
and found that MSOT- measured collagen content in skel-
etal muscle was strongly correlated to the patients ‘func-
tional status and to MRI findings’.81 Furthermore, the 
authors described excellent longitudinal reproducibility 
and repeatability of the MSOT findings, suggesting it is 
suitable for the prospective examination of musculoskel-
etal structures.93 Lastly Masthoff et al conducted a proof 
of concept assessment of microvascular dysfunction, a 
key physiopathological element of systemic sclerosis, 
examining endogenous oxyhaemoglobin and haemo-
globin levels in subcutaneous finger tissue by MSOT and 
revealed that individuals with SSc exhibited reduced 
optoacoustic signals compared with healthy controls.89 
Altogether, these studies highlight MSOT’s capabilities to 
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provide unique insights into tissue characteristics that are 
otherwise unobservable through conventional imaging 
techniques, and which are highly likely to be exploitable 
for the rheumatological imaging of arthritis as well. Panel 
C of figure 3 shows examples of MSOT images of the 
entheses of patients with PsA.

MSOT in inflammatory arthritis
So far, only a limited amount of studies has investigated 
MSOT in patients with IA. An early study showed a 
strong correlation between power- doppler ultrasound 
anomalies and optoacoustic parameters measured by a 
handheld OAI system in the inflamed joints of patients 
with RA.94 Hallasch et al were the first to demonstrate 
the feasibility of using OAI via MSOT for the assess-
ment and monitoring of arthritis in a cohort of patients 
with PsA compared with healthy controls.95 Without 
using external contrast agents, the study found higher 
oxyhaemoglobin and deoxyhaemoglobin signals at the 
finger joints of patients with PsA, which are consistent 
with signs of an increased vascularisation. Interestingly, 
higher optoacoustic signal intensities for haemoglobin 
were also found in a subset of patients with no morpho-
logical changes consistent with PsA detected on X- rays. 
Additionally, a case of finger joint arthritis examined 
by MSOT before and 3 months after starting treatment 
with a biological agent is presented, in which a decrease 
of haemoglobin signals was observed, aligning with the 
patient’s subjective reduction in pain.95 Altogether, these 
observations imply that OAI of arthritis in general and 
PsA in particular is feasible by MSOT and that there 
are some measurable metabolic changes that might be 
present before the onset of structural joint damage that 
allow to distinguish healthy controls from patients with 
arthritis. A recent cross- sectional study on a large cohort of 
patients with RA and PsA and healthy controls, MSOT was 
used to investigate the metabolic profile of synovitis and 
enthesitis and its relation to clinical disease activity and 
ultrasound changes. The analysis revealed the presence 
of specific changes in haemoglobin, lipids and collagen 
that allowed to distinguish arthritis from enthesitis. 
Specifically, entheseal tenderness was not associated 
with significant metabolic changes, whereas ultrasound 
signs of enthesitis were associated with increased total 
haemoglobin, oxygen saturation and collagen content.96 
In contrast, the presence of synovitis- related clinical 
and sonographic findings showed increased haemo-
globin levels, reduced oxygen saturation and collagen 
content, while synovial hypertrophy was associated with 
increased lipid content in the joints.96 These findings are 
most likely to be interpreted as signs of increased meta-
bolic demand and cellularity in synovial tissues of active 
arthritis accompanied by increased collagen breakdown. 
Conversely, enthesitis had a more bradytrophic profile, 
with signs of increased collagen apposition and vasculari-
sation, possibly reflecting local remodelling.96 Therefore, 
these observations imply that synovitis and enthesitis do 
not only differ at the clinical and anatomical- functional 

level but also exhibit divergent measurable metabolic 
patterns.

Taken together, evidence accumulated so far suggests 
that OAI is a promising imaging technique for the assess-
ment and diagnosis of IA even in its earlier stages. Despite 
its promising potential, however, the use of MSOT in the 
field of rheumatology is still in the early stages of vali-
dation and is still burdened by some technical limita-
tions. For instance, the penetration depth of the laser 
is currently limited to 3–4 cm, which hampers its use on 
larger joints and in overweight patients in whom target 
structures are located deeper.97 Furthermore, since 
melanin constitutes one of the endogenous contrast 
agents, different skin tones may condition some measure-
ment results98; however, specific studies addressing these 
topics are missing. Lastly, MSOT quantifies chromo-
phores in arbitrary units that reflecting relative quantities 
within a specified region of interest. Still, the associations 
between these relative quantities and actual analytical 
concentrations in tissues, as well as the establishment 
of normal ranges for these measurements, are yet to be 
established. All these issues relate to the requirement for 
further standardisation, which is currently addressed by 
the International Photoacoustic Standardisation Consor-
tium.99 100

Further research and validation studies are needed 
to establish MSOT’s clinical utility, optimise imaging 
protocols and validate its role in routine rheumatological 
practice. Key areas for future investigation include estab-
lishing age- adjusted and sex- adjusted cut- offs for normal 
MSOT measurements; evaluating its effectiveness in early 
arthritis detection, and diagnosis of arthritis in at- risk 
patients before the onset of overt inflammation; differen-
tiating inflammatory from non- inflammatory joint condi-
tions; and monitoring disease activity and treatment 
response. These efforts aim to enhance understanding 
of disease mechanisms and therapy effects, potentially 
offering a non- invasive diagnostic and risk- stratification 
tool for arthritis assessment at all activity stages.

CONCLUSIONS
In conclusion, metabolic imaging techniques are 
emerging as promising new approaches for the assess-
ment of IA. By providing insights into the metabolic 
activity of articular structures, this form of imaging 
complements conventional methods by offering a more 
comprehensive assessment of the molecular, functional 
and structural aspects of inflammation. Such metabolic 
changes can be found at all stages of arthritis and abide 
with the resolution of inflammation. However, they 
are particularly relevant in the early stages of arthritis 
before the onset of visible inflammation on conventional 
imaging and clinical symptoms.

18F- FDG- targeted, FAPI- targeted and macrophage- 
targeted PET/CT imaging stand out as whole- body 
imaging tool that allow a comprehensive staging of, 
respectively, the metabolic and tissue remodelling activity 
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in all synovio- entheseal structures at once with an overall 
low exposure to ionising radiation. Thus, integrating this 
in the clinical routine alongside the established disease 
activity measures would enable a more accurate quanti-
fication of patients’ inflammatory burden and improve 
the evaluation of treatment response. Furthermore, the 
ability of FAPI- PET/CT to differentiate between active 
inflammation and chronic changes and the specificity 
of macrophage- targeted tracers for synovitis detection 
might also prove useful for the differential diagnosis of 
non- inflammatory conditions such as osteoarthritis. FOI 
and OAI with MSOT on the other hand have shown 
remarkable potential in the assessment of subclinical and 
early arthritis and might be a helpful tool for detecting 
subclinical tissue- level metabolic changes before the 
onset of inflammation, aiding in the implementation of 
preventive treatment strategies. Finally, GAG- CEST MRI 
allows for high- resolution mapping of molecular concen-
trations of GAGs in the cartilage and is being investigated 
for osteoarthritis, but holds great potential for the iden-
tification of early non- bony structural changes in inflam-
matory joint conditions as well.

Whether these cutting- edge techniques will be up to 
the task of addressing these unmet clinical needs and 
effectively change the future management of arthritis 
remains to be determined, as most of these find them-
selves in the earliest stages of validation and still need 
to overcome certain limitations. A systematic overview 
of the advantages and disadvantages as well as on the 
current uses and future perspectives of the metabolic 
and molecular imaging techniques cited in this review is 
provided in table 1.

For now, research continues to explore the applica-
tions of metabolic imaging, as their future integration 
into routine clinical practice might offer unprecedented 
opportunities to transform the management of IA at all 
levels from disease detection, monitoring and treatment 
planning by shifting the paradigm from the treatment of 
established disease to the primary and secondary preven-
tion of inflammation and disability.
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