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Introduction

Osteoarthritis (OA) is one of the leading causes of pain, 
physical inactivity, disability and decreased quality of life 
[1–3] and is frequently encountered in the acromioclavic-

4, 5]. It is a polyetio-

including its surrounding tissue such as muscles, subchon-
-

ration [3, 6–8
-

blasts (SFs) and macrophages [9]. SFs are the most frequent 
cell-type in synovia. In various diseases, SFs are plastic 
with subsets of various functions, including phenotypes 
that are tissue-destructive, recruit and activate immune cells 
[ –13]. SF-mediated synovitis contributes to structural 
deterioration of the cartilage, pain and swelling caused by 

and thus to the onset and progression of OA [9, 14, 15]. OA 
-

-
phologically by the criteria of Kellgren and Lawrence (KL) 
[16]. Although the detection of early changes on a cellular 
level might improve the treatment of OA by early interven-
tions, current imaging modalities neither allow a sensitive 
detection of early OA changes nor a prediction on disease 
progression [17].

active tissue remodeling which is present in chronically 
18–

22
-

edly advantageous over standard modalities like MRI or 

23–27]. As bone 

(RA), synovitis, osteitis and OA [21, 28–31

synovium [31, 32
33, 

34 68Gallium-
labelled- (68

imaging in musculoskeletal diseases is still in its early 
stages [35].

-

-

Materials and methods

Patient characteristics

68

uptake, we included patients who were referred to 
68 -
ing physicians at the University Hospital of Heidelberg 

-
ondary diagnosis, oncological treatment and medication at 

-

information system.

68 Ga-FAPI-PET/CT Imaging

Synthesis and labeling of 68 68

was conducted as previously described [36–38
imaging, a Siemens Biograph mCT Flow scanner was used, 
according to previously published protocols [24]. Shortly, 
after a low-dose CT with or without contrast, 3-dimensional 

-
tions performed, and emission data corrected for attenua-

68 68 Ga-

acquisition was performed.

Analysis of FAPI-positive joints

68 -

associated 68 -
ground were contoured using a volume of interest (VOI) 
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to the individual patient anatomy. VOIs of bloodpool were 
-

were included.

CT-based OA assessment

associated 68 -

associated with sclerosis of subchondral bone, formation of 

pseudocysts with sclerotic wall in the subchondral bone, 
altered shape of bone ends, particularly in the femur head 

16], 

Laterality analysis of 68 Ga-FAPI-uptake and 
radiological OA-scores

OA.

Correspondence of joint associated 68 Ga-FAPI-
uptake and radiological OA scores

-
lyzed in view of their consistency.

Statistical analysis

Statistical analysis was performed descriptively for patients’ 
characteristics and with chi2-test for categorical parameters 

-

multiple testing using Tukey’s method. Therefore software 

R version 4.2 with add-on packages lme4 and lmerTest was 

Single cell mass cytometry (cytometry by time of 
flight, cyTOF)

Mass cytometry data were generated in a multi-center 

-
ously described [12, 13]. In brief, single-cell suspensions 
of synovial tissues from biopsies and arthroplasty surger-
ies from 15 OA- and 26 RA-patients were incubated with 
metal ion-linked monoclonal antibodies (n = 35). Data was 

RNA expression analysis

-
set (immunogenomics.org, [13]). Using the online function, 
graphs of bulk and single-cell RNA-sequencing (scRNA-

from sorted populations of SFs, T-cells, B-cells and mono-
cytes [13

Results

Patient characteristics

We analyzed 68

68

68 -
mental Table 1 provides an overview of patients´ char-
acteristics and supplemental Table 2 of medical history 
including oncological and rheumatological diagnoses. In 

disease was available, e. g. when patients were referred to 

had a documented rheumatic disease in medical history.

Distribution of visually increased joint-associated 
68 Ga-FAPI-uptake

68
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2 provides an 

Laterality analyses of 68 Ga-FAPI-uptake and 
radiological OA-scores

in 23.5% unilateral left, in 31.8% unilateral right and in 

unilateral right and in 26.4% bilateral (Fig. 3A). We also 
investigated the laterality of OA by determining bilateral 
KL-scores. For laterality of KL-scores, we analyzed 219 

-

-
lateral right and 94.8% bilateral (Fig. 3B). Taken together, 

(53–74%) of cases, while the distribution of OA was sym-
metric in 78–95% of cases.

Comparison of joint-associated 68 Ga-FAPI-uptake 
and radiological OA-scores

presence of OA and its severity, we compared measures 

patients in the total cohort. In 19 patients, not all data of 

used for the statistical analysis due to overall reduced CT 

-

as shown in Fig. 4A, left graph. Also, for SUVmean, 

observed depending on KL-scores (Fig. 4A). These data 

-
neous in each KL-score group and the ranges largely 

detail in Fig. 1A. Regarding tracer variants, the portion of 
patients with 68 -

Signal-intensities in joints and target-to-blood 
ratios of FAPI-46 and FAPI-74

Visually discernable 68 -

2A). The average 
-

2B). 

-

2
-
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these patients.

overlapped, indicating a rather loose relationship between 
-

for interfering clinical characteristics (supplemental 
Table 2

39], we evaluated 
the available data on glucocorticoid intake in our cohort. 
Based on the retrospectively available clinical information 

Fig. 2 A

visually 68

protein inhibitor-46- (68

B Violin plots 

C Violin plots of 

administration of 68

patients) and 68

the whole data range, the horizontal line within 

-
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supplemental Fig. 1

-

SUV0 7

B

A - -

SUV 70

SUV 70

Fig.  3 A

356 patients. The distribution of radiomorphological osteoarthritis is 

53–74% of cases asymmetric. B Representative images of 68Gallium-
-

phy (.68

patient with a symmetric KL-score (KLS grade 2) and an asymmetric 

 

1 3



European Journal of Nuclear Medicine and Molecular Imaging

Fig. 4 A

-
ing on Kellgren and Lawrence-scores (KLS). The grey horizontal 

B Representative images of 
68 -
puted tomography (68
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-
itivity and OA-scores revealed a pronounced unilaterality 

-
ship to OA, which was in most cases symmetric. In line, 

-
ferent levels of OA-scores, even though statistical analysis 

-

high-grade OA is more likely to be associated with higher 

destruction. While necessitating future targeted studies for 

a heterogeneous condition in which diverging mechanisms 
-

]. Alternatively, there 
might be a temporal component in which destructions might 

-
ity which are interrupted by quiescent phases. In addition, 
non-investigated factors such as pain, immobility or pre-

-

27, 41, 42]. One study supports 

are displayed in Fig. 4

supplemental Figs. 2 , 3

Validation of surface FAP-expression on fibroblasts 
in synovial tissue in OA

result is the strongest support of an association of (severe) 
-

replacement, using a proteomics approach. To this end, we 
analyzed mass cytometry (cyTOF) raw-data derived from 

cohort as described earlier [12, 13]. As most of the patients 
-

ment surgeries, the cohort can be regarded as late stage 

RA (Fig. 5). In bulk-RNA-sequencing we found that RNA-

and RA compared to B-cells, T-cells and monocytes (supple-
mental Fig. 3

3

Discussion
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stage osteoarthritis (OA) and rheumatoid arthritis 

(right). The CyTOF raw data were generated 
in a multi-center resource study (Accelerating 

[12, 13]
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alternative in centers with limited availability of 68 Ga or 
in situations where the short half-life of 68 Ga is limiting as 
labeling with 18F is also possible [52]. However, it should 

results may have implications for the clinical practice for 
both nuclear medicine physicians and clinicians. As we 
showed that every second oncological patient can show 

-

of the bone can potentially lead to the suspicion of bone 
metastasis, in particular when accompanied by morphologi-
cal signs of bone changes. Such potential pitfall can impact 
oncological treatment decisions. It is therefore important 

-
gested as a new potential measure of disease activity in RA 
[27

A number of limitation of our study must be considered. 

analysis may bias the results. With regard to the quantitative 

comparable detection rates for both compounds were dem-
onstrated by our group [51]. Secondly, no statement could 
be made about knees due to cancer-directed patient posi-
tioning (elevated arms, knees mostly not included). The low 

-

-
cances compared to other KL-scores. Regardless of this, the 

CyTOF. The retrospective character is another main limita-
tion of our study. Medication, in particular immunosuppres-
sion and chemotherapy, could potentially be an interfering 
factor. Of note, there was only a small number of patients 
under glucocorticoid therapy and these patients showed a 

patient cohort. In most cases, other immunosuppressants 

not documented with satisfying certainty and could not 
be evaluated. We could not account for pain or laboratory 

43]. Other studies compared 
the uptake of 68 18 68

[27

[41

activity and thus clinical progression [44
of pulmonary lobes correlated with CT-based indices for 

24

activation is a driver of chronicity and relapses in aortitis 
[22]. Thus, the present study underpins a potential use of 

-
ing beyond cancer.

A disadvantage of 18

glucocorticoid therapy via its impact on glucose metabolism 
[45 -
ecule, is not dependent on glucose metabolism and could 

potentially aiding in the monitoring of therapies targeting 

[46–48].

or prevent OA. At the same time, our study shows that care 

new treatment strategies, given their frequent presence in 

-

27, 
31, 49, 

and degenerative lesions was performed by Glatting et al. 
-

similar SUV in IR and degenerative lesions. Regarding bio-

by muscle but the highest TBR for all types of pathologies 
[51
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