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Abstract

Purpose As bone formation is associated with psoriatic arthritis (PsA), positron emission tomography (PET) using a '*F-Flu-
oride tracer may enable sensitive detection of disease activity. Our primary aim was to determine the feasibility of whole-body
8F_sodium fluoride PET-CT in clinically active PsA patients to depict new bone formation (as a reflection of disease activ-
ity) at peripheral joints and entheses. Our secondary aim was to describe '®F-sodium fluoride findings in the axial skeleton.
Methods Sixteen patients (female 10/16, age 50.6 + 8.9 years) with PsA fulfilling CASPAR criteria or with a clinical diag-
nosis of PsA according to the treating rheumatologist and with > 1 clinically active enthesitis site were included. Of each
patient, a whole-body '®F-sodium fluoride PET-CT scan was performed. All scans were scored for PET-positive lesions
at peripheral joints, enthesis sites and the spine. Clinical disease activity was assessed by swollen/tender joint count 44,
enthesitis according to MASES and SPARCC scores.

Results Out of 1088 evaluated joints, 109 joints showed PET enhancement, mainly in the interphalangeal and metatarsal
joints of the feet (14/109, 12.9%) and the distal interphalangeal joints of the hands (14/109, 12.9%). PET positivity was found
at 44/464 enthesis sites, mainly at the patella tendon insertion (11/44, 25%) and quadriceps tendon insertion (10/44, 22.7%).
Of the PET-positive joints and enthesis sites, respectively 18.2% and 29.5% were clinically positive; 81.8% and 70.5% of
the PET-positive joints and entheses respectively were clinically asymptomatic. In 11 patients, > 1 axial PET-positive lesion
was observed, mainly in the cervical spine.

Conclusions New molecular bone formation was observed on '®F-sodium fluoride PET-CT scans, in all domains in which
PsA disease activity can be observed, with a substantial part showing no clinical symptoms.

Clinical trial registration EudraCT: 2017-004,850-40, registered on 13 December 2017.
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Introduction

Psoriatic arthritis (PsA) is a chronic, inflammatory, mus-
culoskeletal disease associated with psoriasis [1] and sev-
eral musculoskeletal manifestations, including arthritis,
dactylitis, spondylitis and enthesitis. The last of these is a
key pathophysiological feature that negatively affects the
quality of life [2—6]. Previous data indicate that enthesitis
underlies a variety of manifestations of PsA [7]. A syn-
ovial-entheseal complex has been described, pointing at
a close relationship between an enthesis and the synovial
membrane, suggesting that entheseal abnormalities might
trigger secondary joint synovitis [8]. In addition, enthesitis
plays a relevant role in dactylitis and axial disease activity
as well [9]. Detection of enthesitis may therefore enable
early assessment of PsA disease activity, which in turn
may lead to the start of early treatment that can potentially
improve all disease manifestations of PsA [8, 9].

Clinical assessment of enthesitis is challenging and has
limited accuracy, as it is based only on the presence of
tenderness and general soft-tissue swelling [6]. Moreover,
clinical assessment is often unable to identify bursitis, ero-
sions or calcifications [10, 11]. Advanced imaging tech-
niques such as ultrasound (US) and magnetic resonance
imaging (MRI) have shown promise to sensitively detect
entheseal inflammation [12—-14]. However, limitations of
these techniques have also been described. In US, body-
weight and repetitive physical activity or overloading can
influence structural entheseal lesions and can thus bias
the observation of disease-related enthesitis [15-17]. In
addition, this technique cannot be used to detect axial and
more deeply located enthesitis. As for MRI, conventional
MRI is limited to the selected field of view [18]. Whole-
body MRI (WBMRI) may be an alternative, but the image
quality and reproducibility of distal peripheral sites are
low [19]. Moreover, the slice thickness (5—6 mm) causes
a lower readability of some entheses, such as at the costo-
chondral joints [20, 21]. Structural entheseal lesions, which
are characterized by periosteal proliferation and new bone
formation, have been identified in psoriasis patients without
evidence of PsA using high-resolution peripheral quantita-
tive computed tomography (HR-pQCT) and are described
as an independent marker for later PSA development [22,
23]. However, HR-pQCT is mainly suitable for small body
parts due to its limited field of view.

Positron emission tomography (PET) may be a prom-
ising alternative for detection of disease activity in the
whole body since it combines picomolar depiction of
pathologic processes with anatomical low-dose com-
puted tomography (CT) imaging as a reference [24, 25].
By application of specific tracers, molecular targets of
interest can be visualized. One such tracer is '®F-sodium

fluoride ('®F-NaF), which depicts new bone formation as
a consequence of osteoblastic activity. New bone forma-
tion is an important hallmark of spondyloarthritis [26].
We and others have recently demonstrated that '®F-NaF
PET allows for sensitive and specific imaging of new bone
formation in ankylosing spondylitis (AS) patients [27, 28].
Since enthesitis activity in PSA can be accompanied by
new bone formation (e.g. peripheral formation in osteo-
phytes and axial formation in syndesmophytes), *F-NaF
PET may enable sensitive detection of skeletal disease
manifestations in PsA.

Therefore, the primary aim of this study was to deter-
mine the feasibility of whole-body '®F-NaF PET-CT in
clinically active PsA patients to depict new bone formation
(as reflection of disease activity) at peripheral joints and
entheses. Secondly, we aimed to describe 18p_NaF findings
in the axial skeleton of clinically active PsA patients.

Material and methods
Patients and clinical assessment

Consecutive PsA patients were included between October
2018 and December 2020 in this prospective study. Patients
visited the outpatient clinic of a tertiary rheumatology
centre (Amsterdam UMC, locations VUmc and AMC, and
Reade). Patients (> 18 years) were included if they fulfilled
the Classification criteria for Psoriatic arthritis (CASPAR)
[4] or had a clinical diagnosis of PsA according to the treat-
ing rheumatologist, had an enthesitis score of > 1 according
to the Maastricht Ankylosing Spondylitis Enthesitis Score
(MASES) (range 0-13) [29] and/or the Spondyloarthritis
Research Consortium of Canada (SPARCC) enthesitis
index (range 0-16) [30] and had a clinical indication to
start biological therapy. Exclusion criteria were the use of
an experimental drug in the previous 3 months, pregnancy
or breastfeeding. It was allowed to continue the use of
cDMARDS and NSAIDs, given that the dosage was stable
for >3 months prior to inclusion. After inclusion, clinical
and demographical data were collected. Clinical disease
activity was assessed, including swollen joint count (SJC)/
tender joint count (TJC) 44, MASES, SPARCC, inflamma-
tory back pain (IBP) (yes/no) assessed by treating physi-
cian or researcher [31], dactylitis (yes/no), Patient Global
Disease Activity (PGDA) score (range 0-10), erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP).

The Medical Ethics Review Committee of the VU Uni-
versity Medical Center approved the study protocol. All
patients gave written informed consent prior to participa-
tion in the study.
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18F-sodium fluoride PET scanning

PET-CT scans were performed, using either Ingenuity TF,
Vereos (Philips Healthcare, Andover, MA, USA) or Bio-
graph mCT Flow VG70A (Siemens Healthineers, Erlangen,
Germany) PET-CT scanners. An 18-gauge needle infusion
line was inserted in the antecubital vein in both arms, one
for the withdrawal of blood and one for the tracer injec-
tion. A radioactivity dose of 102.8 +4.5 MBq '®F-NaF was
injected, followed by a catheter flush with 20 mL NaCl 0.9%.
To accurately determine the amount of injected radioactiv-
ity, residual activity was measured. Patients were scanned in
supine position, with their hands placed on their lap. In order
to limit hand movement and misregistration, patients placed
their hands in a vacuum bag that was placed on their lap.

A whole-body (3 min per field of view (FOV)) PET scan
was performed, starting 45 min after tracer injection, cover-
ing the skull base to the mid-thigh (with hands in the FOV),
knees and ankles/feet. This scan was preceded by a 30-mAs
low-dose CT scan.

PET data were normalized and corrected for attenuation,
decay and scatter, using previously described procedures
[32]. All scans were reconstructed as 144 x 144 matrices
with a pixel size of 4 x4 X4 mm. The dynamic scans were
reconstructed into 22 frames with progressively increasing
frame durations (1x 10,4 x5, 2% 10, 2x20, 4x30, 4x60,
1x 150 and 4 X300 s). Images were transferred to offline
workstations for visual analysis.

Imaging analysis

The static PET-CT scans have been independently assessed
for PET-positive lesions, by a board-certified musculoskel-
etal radiologist (R.H.) and a board-certified nuclear medi-
cine physician (G.Z.) who were blinded for the clinical data.
In case of disagreement, an adjudication read by a third
reader (C.v.d.L.) together with the nuclear medicine physi-
cian (G.Z.) has been performed in order to reach a defini-
tive score. Visual analysis was performed using standard
3D image viewing software, using the low-dose CT scan
for anatomical reference. In view of the proof-of-concept
design of this study, all foci of increased 'F-NaF uptake at
peripheral joints and entheses and in the axial skeleton were
described. Images were dichotomously scored for tracer
uptake (positive or negative), using local background as
a reference.

PET positivity was assessed at the following joints: tem-
poromandibular joints, sternoclavicular joints, acromiocla-
vicular joints, shoulders, elbows, wrists, metacarpophalan-
geal (MCP) 1-5 joints, proximal interphalangeal (PIP) 1-5
joints, distal interphalangeal (DIP) 2-5 joints, hips, knees,
ankles, midtarsal joints, metatarsophalangeal (MTP) 1-5
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joints and IP 1-5 joints of the feet. A total of 1088 joints
were assessed (68 per patient). All enthesis locations as
described in both the clinical MASES and SPARCC scores
have been assessed for PET positivity. A total of 464 enthe-
sis locations were assessed (29 per patient). Axial PET
positivity was assessed at the following locations: proces-
sus spinosus, costovertebral joints, facet joints, anterior and
posterior sides of vertebrae, superior and inferior endplates
and the sacroiliac joints.

The low-dose CT scan was used for anatomical localization
of the PET signals. In addition, it was applied to screen for
major structural changes, in particular to identify major osteo-
arthritis lesions in the hand and feet joints and in the axial
skeleton. '®F-NaF PET-positive lesions were classified as
likely PsA related, in the absence of (major) structural abnor-
malities that were compatible with primary osteoarthritis as
far as the low dose CT allowed such interpretation [33, 34].

Statistical analysis

Statistical analysis were performed using SPSS version 28.0
for Windows. Continuous variables are summarized using
mean (S.D.) or as median and interquartile range (IQR) in
case the variables are not normally distributed. For com-
parative analysis between clinical findings and PET findings,
only the 44 joints as described in the clinical SIC/TJC 44
score have been included.

Results
Patients

We included 16 clinically active PsA patients with a mean
age of 50.6 (S.D. 8.9) years. Baseline characteristics and dis-
ease activity assessments are summarized in Table 1. '*F-NaF
PET-CT scans were well tolerated by all patients. Images of
both the axial and peripheral skeleton had a good quality for
assessment of the presence of PET-positive lesions.

'8F-sodium fluoride PET findings
Peripheral joints

Thirteen out of 16 patients showed '3F-NaF uptake in one or
more joints. In total, 109 out of 1088 evaluated joints were
PET positive (Fig. 1A, C, D). PET enhancement was found
in nearly all joints, except the shoulder, elbow and hip joints.
A detailed overview of PET findings at the joint level is sum-
marized in Table 2. Two out of 16 patients showed '®F-NaF
uptake at a dactylitis site, both located in the feet.



European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:756-764 759

Table 1 Patient demographics and disease activity assessments.
Results are shown as mean (S.D.) unless otherwise noted. CRP:
C-reactive protein. ESR: erythrocyte sedimentation rate

Characteristic Group (n=16)

Females, no. (%) 10 (62.5)
Age, years, median (IQR) 50 (12.3)
Disease duration since diagnosis, years, median 6.5 (6.8)
(IQR)

Fulfilling CASPAR criteria, no. (%) 13 (81.3)
Biological treatment naive at time of inclusion, no. (%) 10 (62.5)
Enthesitis score according to MASES 3.9 (3.6)
Enthesitis score according SPARCC, median (IQR) 3.5 (3.8)
Patient global disease activity (0-10) 7.2 (1.3)
CRP, mg/L, median IQR) 3.0 (4.0)
ESR, mm/h 12.8 (11.1)
Inflammatory back pain, no. (%) 4(25.0)
44 swollen joint count, no 3.0 (3.0)
44 tender joint count, no 7.0 (8.0)
Dactylitis, no. (%) 2(12.5)

Entheses

Fourteen out of 16 patients showed PET enhancement at
one or more enthesis sites. In total, 44 out of 464 (9.5%)
evaluated that enthesis sites were PET positive. The distal
patella tendon insertion (11/44, 25.0%) (Fig. 1B) and the

Fig. 1 8E_NaF enhancement

in the right wrist and proximal
interphalangeal joints of the
hands (A), at the patella tendon
insertion (B), in the metatar-
sophalangeal and interphalan-
geal joints of the feet and the
right Achilles tendon (C) and in
the distal interphalangeal joints
of the hands (D)

quadriceps tendon insertion (10/44, 22.7%) were the enthesis
sites that most often showed PET positivity. Five out of 44
(11.4%) PET-positive lesions were located at the Achilles
tendon (Fig. 1C). No PET-positive lesions were found at
enthesis sites that were located in the pelvis (spina iliaca
posterior superior (SIPS), spina iliaca anterior superior
(STAS) and crista iliaca). Furthermore, no PET enhance-
ment was observed in both the 1st and 7th costochondral
joints (Table 3).

Comparison PET-CT data with clinical data

The following joints/entheses have been included for the
comparison of '®F-NaF PET-CT enhancement with clini-
cal data: sternoclavicular joints, acromioclavicular joints,
shoulders, elbows, wrists, MCP 1-5 joints, PIP 1-5 joints,
knees, ankles and MTP 1-5 joints, all entheses that are
included in MASES and SPARCC score (in correspond-
ence with available clinical data of these sites). Twelve
out of 66 (18.2%) PET-positive joints were also clinically
positive (tender or swollen), leaving 81.8% of PET-positive
joints that were clinically negative. Most PET-negative
sites were also clinically negative (611/638, 95.8%). The
(dis)agreement level of PET outcome in only tender, only
swollen or tender and swollen joints was similar. Similar
numbers were found for entheses, namely 13/44 (29.5%)
PET-positive entheses were also clinically positive,
and 70.5% of the PET-positive entheses were clinically
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Table2 Overview of frequencies of visual PET-positive lesions per
peripheral joint

Joint Frequency of visual PET-
positive, n (% of total)

Temporomandibular joint 1(0.9)
Sternoclavicular joint 4 (3.7
Acromioclavicular joint 8(7.3)
Shoulders 0(0)
Elbows 0(0)
Wrists 2(1.8)
MCP1 joints 1(0.9)
MCP 2-5 joints 4.7
PIP joints hands 12 (11.0)
DIP joints hands 14 (12.9)
Hips 00
Knees 13(11.9)
Ankles 9 (8.3)
Midtarsal joints 14 (12.8)
MTP 1 joints 8(7.3)
MTP 2-5 joints 5(4.6)
IP 1-5 foot 14 (12.9)
Total 109 (100)

Table 3 Overview of frequencies of visual PET-positive lesions per
enthesis location

Enthesis location Frequency of visual PET-
positive, n (% of total)

Supraspinatus insertion 3(6.8)

Lateral epicondyle humerus 5(11.4)

Medial epicondyle humerus 3(6.8)

Trochanter major 2(4.5)

Quadriceps insertion 10 (22.7)

Patella tendon insertion 11 (25.0)

Achilles tendon insertion 5(11.4)

Plantar fascia insertion 5(11.4)

1st costochondral joint 0 (0)

7th costochondral joint 0(0)

Spina iliaca posterior superior 0(0)

Spina iliaca anterior posterior 0 (0)

Crista iliaca 0(0)

Processus spinosus L5 0 (0)

Total 44 (100)

negative. Detailed comparisons at the joint/enthesis level
are summarized in respectively Supplementary Table 1 and
2. Two clinically active dactylitis sites also showed PET
enhancement.
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18F-sodium fluoride PET findings in the spine
and sacroiliac joints

Eleven out of 16 patients showed '®F-NaF uptake at one
or more sites at the axial level (Fig. 2A, B; Supplementary
Table 3). A total of 51 PET-positive lesions were found
in the spine, most frequently located in the cervical spine
(19/51, 37.3%). Mainly the facet joints (11/19, 57.8%) were
PET avid. In the thoracic and lumbar spine, a total of respec-
tively 12 and 18 PET-positive lesions were found. In these
segments of the spine, the anterior side of vertebrae (7/12,
58.3% and 5/18, 27.7% respectively) and facet joints (3/12,
25.0% and 9/18, 50.0% respectively) were most frequently
PET positive. The posterior side of vertebrae was only found
to be PET positive in the cervical spine (1/19, 5.3%), but not
in the thoracic or lumbar spine. Two patients showed PET
enhancement in one sacroiliac joint (Fig. 2C). Out of the 51
axial lesions, 11 (21.6%) lesions did not show major struc-
tural degenerative/osteoarthritis on low-dose CT and were
suspected for PsA-related uptake (see examples in Fig. 2). In
the four patients with IBP, a total of 7 PET-positive lesions
were found, whereas the majority of axial lesions (n=44)
were detected in patients that did not report IBP. The patients
that showed PET enhancement in the sacroiliac joints did not
report IBP.

Discussion

This is, to our knowledge, the first feasibility study on whole-
body '®F-NaF PET-CT imaging in PsA patients. Our data
demonstrate that '*F-NaF PET-CT can detect new bone for-
mation, at sites of peripheral joints and various entheses and
in dactylitis. In addition, several lesions with '3F-NaF uptake,
suspect for PsA activity, could be demonstrated in the axial
skeleton. Taken together, these findings suggest that '3F-NaF
PET-CT may be a novel clinically valuable tool to detect
whole-body disease activity of PsA reflected by new bone
formation in all disease domains of PsA, depicted in one scan.

Several studies have aimed to visualize disease activity of
PsA. An association has been described between enthesitis
and extensive adjacent osteitis in both peripheral joints and
the spine and is most likely the base for bone formation and
related '*F-NaF PET tracer uptake [27, 35, 36]. Thus far,
8E_NaF PET-CT was only investigated previously in one
other study of the DIP joints in a limited number of PsA
patients, showing tracer uptake in the bone-enthesis-nail
complex [37]. In our study, we have shown that '8F-NaF
PET-CT can highly sensitively depict the activity of all PsA
manifestations in one whole-body scan. In this perspec-
tive, the PET-CT tool also has advantages over currently
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Fig.2 'F-NaF enhancement

in the thoracic spine, at the
anterior side of vertebrae and at
a costovertebral joint (A, B) and
in the left sacroiliac joint (C)

applied US and MRI in PsA, as is outlined in “Introduc-
tion” [19, 20]. Moreover, the technique visualizes molecular
new bone formation, possibly another aspect of the disease
activity than US and MRI that primarily image inflammatory
activity. Therefore, '®F-NaF PET-CT and MRI/US may be
complementary in providing objective PsA disease activity
assessment. In addition, although direct comparative studies
between '8F-fluorodeoxyglucose (‘8F-FDG) and '®F-NaF in
PsA are lacking, a comparative study by our group between
BE.FDG and '8F-NaF in AS patients revealed that disease
activity on PET-CT is superiorly visualized by imaging new
bone formation rather than inflammation [38]. As both PsA
and AS are part of the spondyloarthropathy (SpA) spectrum,
based on current studies, '*F-NaF seems to be the preferred
PET tracer over '8F-FDG with regard to disease activity
visualization of SpA. Whether new bone formation pre-
cedes, co-exists (dependently or independently) or follows
inflammatory activity in PsA still needs to be unravelled
[39]. Imaging studies with the different modalities and asso-
ciated histological validation could support future pathoge-
netic research.

We observed a high number of clinically asymptomatic
peripheral joint and entheseal lesions with '®F-NaF PET
enhancement. These results are in line with those of Tan
et al. who observed more PET enhancement in asympto-
matic DIP joints in PsA patients as well, compared to healthy
controls [37]. In fact, a high level of discrepancy between
PET-CT and clinical findings may be expected, since '®F-
NaF PET-CT visualizes molecular new bone formation and

clinical assessment is directed at inflammatory activity. As
stated above, the association of inflammation and new bone
formation in PsA is not clear yet, and may occur (partly)
independently and/or at different time points [40—43]. Sev-
eral data suggest highly sensitive detection of subclinical
disease activity by'®F-NaF PET-CT that may precede clini-
cal symptoms and/or radiological abnormalities/progression
of PsA. Positive lesions in anterior corners of vertebrae on
8E_NaF PET-CT in spondyloarthritis patients have been
found to be associated with local syndesmophyte formation
2 years later in time [28]. In addition, bone remodelling has
already been demonstrated at the entheses in MCP joints
in psoriasis patients without clinically diagnosed PsA (yet)
[42]. Apart from depiction of another disease activity aspect
by '8F-NaF PET-CT than clinical assessment, there are prob-
ably also other reasons for disagreement between the two.
This is also reflected by reported low-moderate agreement
between clinical and US and MRI imaging findings that pri-
marily focus on inflammatory activity in joints and entheses
[12, 20, 44-47]. Although clinical joint and enthesis counts
are validated outcome measures, several limitations are
known. Enthesitis is generally difficult to examine clinically
in a reliable way, since this is only based on pain provoked
by local pressure, and deeper located entheses cannot be
assessed by clinical examination at all [6]. In addition, it is a
general finding in clinical practice that certain joints, includ-
ing those in midfoot and IP joints in toes, are difficult to
assess for presence of disease activity. Especially the assess-
ment of swollen joints often has a very poor inter-observer
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agreement [48, 49] while swollen joints in particular are
associated with radiographic joint progression and are there-
fore crucial to include in disease activity assessments [50].
8F_NaF uptake in asymptomatic peripheral sites may also
be related to local degenerative changes, as these can be ®F-
NaF positive as well [51, 52]. However, our analysis of the
18E_NaF PET-CT scans using the low-dose CT to screen for
major degenerative/osteoarthritis changes revealed that the
majority of peripheral joints with '®F-NaF tracer uptake did
not show major osteoarthritis but partly showed typical PsA
structural abnormalities including bone formation, erosions
and pencil-in-cup deformation. In addition, potential bias of
degenerative related '*F-NaF uptake in peripheral joints is
less likely, as '®F-NaF-positive lesions were also observed
in younger patients without any signs of local degeneration
on low-dose CT. Moreover, in previous longitudinal '*F-
NaF PET-CT data we collected in AS patients, we found
that '®F-NaF uptake was responsive to anti-tumour necrosis
factor (aTNF) treatment in typical AS spine lesions, which
supports the potential of '*F-NaF PET-CT to image molecu-
lar new bone formation as part of spondyloarthritis disease
activity [27]. Together, the current study data point at clini-
cal and subclinical detection of PsA activity in bone by '*F-
NaF PET-CT. The clinical relevance of asymptomatic PET
lesions in PsA should be further addressed in longitudinal
studies, relating PET outcome with clinical and radiological
follow-up over time.

Axial involvement in PsA is associated with worse out-
comes, but is an often underdiagnosed aspect of the disease
[53-55]. In 20-25% of patients, subclinical axial involve-
ment is present, without clinical features demonstrating that
8F_NaF PET-CT scans can depict lesions in the spine and
SI joints in often clinically asymptomatic patients, indicat-
ing that this imaging technique visualizes signs of axial
bone formation, even before clinical symptoms arise. An
important differential diagnosis for this uptake, however, is
local degeneration. Nevertheless, approximately 20% of our
spinal lesions were identified as likely PsA related (lack-
ing major primary degenerative changes on low-dose CT),
although some misclassification cannot be ruled out since
we used (non-diagnostic) low-dose CT for interpretation.
These findings should be further explored in longitudinal
studies. In fact, in our previously published '®F-NaF PET-
CT study in ankylosing spondylitis patients, we found that
in particular PET-positive costovertebral joints and SI joints
were responsive to anti-TNF treatment and could distinguish
between clinical responders and non-responders, pointing at
detection of SpA-related lesions in the axial skeleton [27].
The lack of comparative radiological imaging with diag-
nostic anatomical modalities in our study precludes any in-
depth recognition of disease-related uptake patterns versus
degenerative-related uptake patterns. Nonetheless, our aim
was to describe, as a first whole-body feasibility study, the
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8F_NaF findings in the axial skeleton of clinically active
PsA patients. Future research should focus on differentia-
tion between typical PsA and typical degenerative lesions
in order to exclude the degenerative lesions from analysis
on PsA related disease, resulting in a comprehensible reflec-
tion of the extent of disease related bone formation in PsA
patients.

Apart from the above-described lacking comparative diag-
nostic anatomical modalities, this feasibility study included
some other limitations. Firstly, this study was performed in
a small group of PsA patients and further validation of our
results in larger cohorts is needed. Secondly, the study is lim-
ited by the lack of clinical information on the DIP, midtarsal
and the IP joints of the feet. In these joints, PET positivity was
frequently found; thus, the comparison of PET and clinical
findings may have had a different outcome for these joints.

Conclusion

8F_NaF PET-CT scans can visualize new bone formation,
pointing at local PSA activity, at all peripheral disease activ-
ity sites and possibly in the axial skeleton. '®F-NaF PET-CT
may add information to clinical disease activity assessment,
reflected by a high number of clinically negative, PET-pos-
itive sites on top of concordant findings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-022-06035-w.

Acknowledgements We would like to thank Nicki Pouw-Verweij for
her help in establishing the study protocol, the coworkers of the depart-
ment of Radiology and Nuclear Medicine for supporting the conduction
of the study and Ben Tuit for excellent patient care.

Author contribution C.v.d.L, GJ.C.Z., M.Y,, AE.V. and J.d.J. con-
tributed to the concept and design of the study. J.d.J. and C.v.d.L. were
responsible for acquiring the data. R.H. and G.J.C.Z. were responsible
for the imaging review. J.d.J. performed statistical analysis and drafted
the manuscript. All authors contributed to the interpretation of the data.
All authors critically reviewed and approved the manuscript.

Funding This study is investigator-initiated, and was financially sup-
ported by Pfizer and Novartis. The scientific content of the study was
independently designed and conducted by our rheumatology research
team at Amsterdam UMC and was not influenced by the partners that
supplied financial support.

Data availability The datasets generated and/or analysed during the
current study are available from the corresponding author on reason-
able request.

Declarations

Ethics approval This study was performed in accordance with the
ethical standards as laid down in the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards. Approval
was granted by the Ethics Committee of the VU University Medical
Center (2018.001).


https://doi.org/10.1007/s00259-022-06035-w

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:756-764

763

Consent to participate All participants gave written informed consent
to participate in the study.

Consent for publication Not applicable.

Competing interests J.d.J.,, R.H., GJ.C.Z, M.Y.,, AWR.v.K, AE.V.
and C.v.d.L. declare no competing financial and non-financial interests.
Mv.d.S. has received consulting/speaking honoraria from Novartis,
Abbvie and UCB and has received research funding from Novartis,
UCB and Eli Lilly. I.v.d.H.B. has received consulting honoraria from
Abbvie, UCB, MSD, Novartis and Eli Lilly and has received unre-
stricted grants for investigator initiated studies from MSD, Pfizer,
Abbvie and UCB. I.v.d.H.B. has received honoraria for lectures from
BMS, UCB, Abbvie Pfizer and MSD.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ritchlin CT, Colbert RA, Gladman DD. Psoriatic arthritis. N Engl
J Med. 2017;376(10):957-70. https://doi.org/10.1056/NEJMr
al505557.

2. Coates LC, Helliwell PS. Psoriatic arthritis: state of the art review.
Clin Med (Lond). 2017;17(1):65-70. https://doi.org/10.7861/
clinmedicine.17-1-65.

3. Mease PJ, et al. Clinical characteristics, disease activity, and
patient-reported outcomes in psoriatic arthritis patients with dac-
tylitis or enthesitis: results from the Corrona Psoriatic Arthri-
tis/Spondyloarthritis Registry. Arthritis Care Res (Hoboken).
2017;69(11):1692-9. https://doi.org/10.1002/acr.23249.

4. Taylor W, et al. Classification criteria for psoriatic arthritis: devel-
opment of new criteria from a large international study. Arthritis
Rheum. 2006;54(8):2665-73. https://doi.org/10.1002/art.21972.

5. Rezvani A, et al. Correlations among enthesitis, clinical, radio-
graphic and quality of life parameters in patients with ankylosing
spondylitis. Mod Rheumatol. 2014;24(4):651-6. https://doi.org/
10.3109/14397595.2013.850182.

6. Kaeley GS, et al. Enthesitis: A hallmark of psoriatic arthritis.
Semin Arthritis Rheum. 2018;48(1):35-43. https://doi.org/10.
1016/j.semarthrit.2017.12.008.

7. Ogdie A, Coates LC, Gladman DD. Treatment guidelines in pso-
riatic arthritis. Rheumatology (Oxford). 2020;59(Suppl 1):i37-46.
https://doi.org/10.1093/rheumatology/kez383.

8. McGonagle D, et al. The concept of a “synovio-entheseal com-
plex” and its implications for understanding joint inflammation
and damage in psoriatic arthritis and beyond. Arthritis Rheum.
2007;56(8):2482-91. https://doi.org/10.3899/jrheum.120233.

9. Feld J, et al. Axial disease in psoriatic arthritis and ankylos-
ing spondylitis: a critical comparison. Nat Rev Rheumatol.
2018;14(6):363-71. https://doi.org/10.1038/s41584-018-0006-8.

10. Micu MC, Fodor D. Concepts in monitoring enthesitis in patients
with spondylarthritis—the role of musculoskeletal ultrasound. Med

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ultrason. 2016;18(1):82-9. https://doi.org/10.11152/mu.2013.
2066.181.mcm.

Kristensen S, et al. Assessment of enthesitis in patients with pso-
riatic arthritis using clinical examination and ultrasound. Muscles
Ligaments Tendons J. 2016;6(2):241-7. https://doi.org/10.11138/
mltj/2016.6.2.241.

Bakewell C, et al. Imaging Techniques: options for the diagnosis
and monitoring of treatment of enthesitis in psoriatic arthritis. J
Rheumatol. 2020;47(7):973-82. https://doi.org/10.3899/jrheum.
190512.

Marzo-Ortega H, et al. Efficacy of etanercept in the treatment of
the entheseal pathology in resistant spondylarthropathy: a clini-
cal and magnetic resonance imaging study. Arthritis Rheum.
2001;44(9):2112-7. https://doi.org/10.1002/1529-0131(200109)
44:9%3c2112::AID-ART363%3¢3.0.CO;2-H.

Molina Collada J, et al. Doppler enthesitis: a potential useful
outcome in the assessment of axial spondyloarthritis and psori-
atic arthritis. Clin Rheumatol. 2021;40(5):2013-20. https://doi.
org/10.1007/s10067-020-05450-4.

Zabotti A, et al. Transition phase towards psoriatic arthritis:
clinical and ultrasonographic characterisation of psoriatic
arthralgia. RMD Open. 2019;5(2):e001067. https://doi.org/10.
1136/rmdopen-2019-001067.

Tinazzi I, et al. Comprehensive evaluation of finger flexor ten-
don entheseal soft tissue and bone changes by ultrasound can
differentiate psoriatic arthritis and rheumatoid arthritis. Clin
Exp Rheumatol. 2018;36(5):785-90.

Wervers K, et al. Modification of a sonographic enthesitis score
to differentiate between psoriatic arthritis and young healthy
volunteers. Scand J Rheumatol. 2018;47(4):291—4. https://doi.
org/10.1080/03009742.2017.1393695.

Coates LC, et al. MRI and ultrasonography for diagnosis and
monitoring of psoriatic arthritis. Best Pract Res Clin Rheuma-
tol. 2012;26(6):805-22. https://doi.org/10.1016/j.berh.2012.09.
004.

Poggenborg RP, et al. Head-to-toe whole-body MRI in psoriatic
arthritis, axial spondyloarthritis and healthy subjects: first steps
towards global inflammation and damage scores of peripheral and
axial joints. Rheumatology (Oxford). 2015;54(6):1039-49. https://
doi.org/10.1093/rheumatology/keu439.

Poggenborg RP, et al. Enthesitis in patients with psoriatic arthri-
tis, axial spondyloarthritis and healthy subjects assessed by
“head-to-toe” whole-body MRI and clinical examination. Ann
Rheum Dis. 2015;74(5):823-9. https://doi.org/10.1136/annrh
eumdis-2013-204239.

Weckbach S, et al. Whole-body MR imaging in psoriatic arthritis:
additional value for therapeutic decision making. Eur J Radiol.
2011;77(1):149-55. https://doi.org/10.1016/j.ejrad.2009.06.020.
Simon D, et al. Association of structural entheseal lesions with an
increased risk of progression from psoriasis to psoriatic arthritis.
Arthritis Rheumatol. 2022;74(2):253—-62. https://doi.org/10.1002/
art.41239.

Lories RJ, McInnes IB. Primed for inflammation: enthesis-res-
ident T cells. Nat Med. 2012;18(7):1018-9. https://doi.org/10.
1038/nm.2854.

von Schulthess GK, Steinert HC, Hany TF. Integrated PET/
CT: current applications and future directions. Radiology.
2006;238(2):405-22. https://doi.org/10.1148/radiol.2382041977.
Jones T. The role of positron emission tomography within the
spectrum of medical imaging. Eur J Nucl Med. 1996;23(2):207-
11. https://doi.org/10.1007/BF01731847.

Laloux L, et al. Immunohistological study of entheses in spondy-
loarthropathies: comparison in rheumatoid arthritis and osteoar-
thritis. Ann Rheum Dis. 2001;60(4):316-21. https://doi.org/10.
1136/ard.60.4.316.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMra1505557
https://doi.org/10.1056/NEJMra1505557
https://doi.org/10.7861/clinmedicine.17-1-65
https://doi.org/10.7861/clinmedicine.17-1-65
https://doi.org/10.1002/acr.23249
https://doi.org/10.1002/art.21972
https://doi.org/10.3109/14397595.2013.850182
https://doi.org/10.3109/14397595.2013.850182
https://doi.org/10.1016/j.semarthrit.2017.12.008
https://doi.org/10.1016/j.semarthrit.2017.12.008
https://doi.org/10.1093/rheumatology/kez383
https://doi.org/10.3899/jrheum.120233
https://doi.org/10.1038/s41584-018-0006-8
https://doi.org/10.11152/mu.2013.2066.181.mcm
https://doi.org/10.11152/mu.2013.2066.181.mcm
https://doi.org/10.11138/mltj/2016.6.2.241
https://doi.org/10.11138/mltj/2016.6.2.241
https://doi.org/10.3899/jrheum.190512
https://doi.org/10.3899/jrheum.190512
https://doi.org/10.1002/1529-0131(200109)44:9%3c2112::AID-ART363%3e3.0.CO;2-H
https://doi.org/10.1002/1529-0131(200109)44:9%3c2112::AID-ART363%3e3.0.CO;2-H
https://doi.org/10.1007/s10067-020-05450-4
https://doi.org/10.1007/s10067-020-05450-4
https://doi.org/10.1136/rmdopen-2019-001067
https://doi.org/10.1136/rmdopen-2019-001067
https://doi.org/10.1080/03009742.2017.1393695
https://doi.org/10.1080/03009742.2017.1393695
https://doi.org/10.1016/j.berh.2012.09.004
https://doi.org/10.1016/j.berh.2012.09.004
https://doi.org/10.1093/rheumatology/keu439
https://doi.org/10.1093/rheumatology/keu439
https://doi.org/10.1136/annrheumdis-2013-204239
https://doi.org/10.1136/annrheumdis-2013-204239
https://doi.org/10.1016/j.ejrad.2009.06.020
https://doi.org/10.1002/art.41239
https://doi.org/10.1002/art.41239
https://doi.org/10.1038/nm.2854
https://doi.org/10.1038/nm.2854
https://doi.org/10.1148/radiol.2382041977
https://doi.org/10.1007/BF01731847
https://doi.org/10.1136/ard.60.4.316
https://doi.org/10.1136/ard.60.4.316

764

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:756-764

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bruijnen STG, et al. Bone formation in ankylosing spondylitis
during anti-tumour necrosis factor therapy imaged by 18F-flu-
oride positron emission tomography. Rheumatology (Oxford).
2018;57(4):770. https://doi.org/10.1093/rheumatology/kex448.
Park EK, et al. Baseline increased 18F-fluoride uptake lesions at
vertebral corners on positron emission tomography predict new
syndesmophyte development in ankylosing spondylitis: a 2-year
longitudinal study. Rheumatol Int. 2017;37(5):765-73. https://doi.
org/10.1007/s00296-017-3660-2.

Heuft-Dorenbosch L, et al. Assessment of enthesitis in ankylosing
spondylitis. Ann Rheum Dis. 2003;62(2):127-32. https://doi.org/
10.1136/ard.62.2.127.

Maksymowych WP, et al. Development and validation of the
Spondyloarthritis Research Consortium of Canada (SPARCC)
Enthesitis Index. Ann Rheum Dis. 2009;68(6):948-53. https://
doi.org/10.1136/ard.2007.084244.

van der Linden S, Valkenburg HA, Cats A. Evaluation of diagnos-
tic criteria for ankylosing spondylitis. A proposal for modification
of the New York criteria. Arthritis Rheum. 1984;27(4):361-8.
https://doi.org/10.1002/art.1780270401.

Boellaard R, Hoekstra OS, Lammertsma AA. Software tools for
standardized analysis of FDG whole body studies in multi-center
trials. J Nucl Med. 2008;49(no supplement 1):159P.

Altman R, et al. The American College of Rheumatology criteria
for the classification and reporting of osteoarthritis of the hand.
Arthritis Rheum. 1990;33(11):1601-10. https://doi.org/10.1002/
art.1780331101.

Ory PA, Gladman DD, Mease PJ. Psoriatic arthritis and imag-
ing. Ann Rheum Dis. 2005;64 Suppl 2:5ii55-7. https://doi.org/
10.1136/ard.2004.033928.

McGonagle D, Benjamin M, Tan AL. The pathogenesis of pso-
riatic arthritis and associated nail disease: not autoimmune after
all? Curr Opin Rheumatol. 2009;21(4):340-7.

Marzo-Ortega H, et al. Sacroiliac joint biopsies in early sacroili-
itis. Rheumatology (Oxford). 2007;46(7):1210-1. https://doi.org/
10.1093/rheumatology/kem(098.

Tan AL, et al. High-resolution [18F]fluoride positron emis-
sion tomography of the distal interphalangeal joint in psoriatic
arthritis—a bone-enthesis-nail complex. Rheumatology (Oxford).
2013;52(5):898-904. https://doi.org/10.1093/rheumatology/kes384.
Bruijnen ST, et al. Bone formation rather than inflammation reflects
ankylosing spondylitis activity on PET-CT: a pilot study. Arthritis
Res Ther. 2012;14(2):R71. https://doi.org/10.1186/ar3792.
Nakamura A, et al. Bone formation in axial spondyloarthritis: is
disease modification possible? Best Pract Res Clin Rheumatol.
2019;33(6): 101491. https://doi.org/10.1016/j.berh.2020.101491.
Thudium CS, et al. Bone phenotypes in rheumatology - there
is more to bone than just bone. BMC Musculoskelet Disord.
2020;21(1):789. https://doi.org/10.1186/s12891-020-03804-2.
Schett G, et al. Enthesitis: from pathophysiology to treatment.
Nat Rev Rheumatol. 2017;13(12):731-41. https://doi.org/10.1038/
nrrheum.2017.188.

Simon D, et al. Analysis of periarticular bone changes in patients
with cutaneous psoriasis without associated psoriatic arthritis.
Ann Rheum Dis. 2016;75(4):660—6. https://doi.org/10.1136/annrh
eumdis-2014-206347.

@ Springer

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

El-Zayadi AA, et al. Interleukin-22 drives the proliferation, migra-
tion and osteogenic differentiation of mesenchymal stem cells: a
novel cytokine that could contribute to new bone formation in
spondyloarthropathies. Rheumatology (Oxford). 2017;56(3):488—
93. https://doi.org/10.1093/rheumatology/kew384.

Macchioni P, et al. Ultrasonographic and clinical assessment of
peripheral enthesitis in patients with psoriatic arthritis, psoria-
sis, and fibromyalgia syndrome: the ULISSE study. ] Rheumatol.
2019;46(8):904—11. https://doi.org/10.3899/jrheum.171411.
Felbo SK, et al. Do tender joints in active psoriatic arthritis reflect
inflammation assessed by ultrasound and magnetic resonance
imaging? Rheumatology (Oxford). 2021. https://doi.org/10.1093/
rheumatology/keab384.

Wakefield RJ, et al. Musculoskeletal ultrasound includ-
ing definitions for ultrasonographic pathology. J Rheumatol.
2005;32(12):2485-7.

Weiner SM, et al. Ultrasonography in the assessment of peripheral
joint involvement in psoriatic arthritis : a comparison with radiog-
raphy, MRI and scintigraphy. Clin Rheumatol. 2008;27(8):983-9.
https://doi.org/10.1007/s10067-008-0835-y.

Cheung PP, et al. Reliability of joint count assessment in rheu-
matoid arthritis: a systematic literature review. Semin Arthritis
Rheum. 2014;43(6):721-9. https://doi.org/10.1016/j.semarthrit.
2013.11.003.

Gladman DD, et al. International spondyloarthritis interobserver
reliability exercise—the INSPIRE study: I. Assessment of spinal
measures. ] Rheumatol. 2007;34(8):1733-9.

Boers M, Artritis CSGCBR. Demonstration of response in
rheumatoid arthritis patients who are nonresponders accord-
ing to the American College of Rheumatology 20% criteria: the
paradox of beneficial treatment effects in nonresponders in the
ATTRACT trial. Anti-Tumor Necrosis Factor Trial in Rheu-
matoid Arthritis with Concomitant Therapy. Arthritis Rheum.
2001;44(11):2703-4.

Byrnes TJ, et al. Evaluation of neck pain with (18)F-NaF PET/
CT. Nucl Med Commun. 2014;35(3):298-302. https://doi.org/10.
1097/ MNM.0000000000000044.

Savic D, et al. Imaging bone-cartilage interactions in osteoarthritis
using [(18)F]-NaF PET-MRI. Mol Imaging. 2016;15:1-12. https://
doi.org/10.1177/1536012116683597.

Mease PJ, et al. Influence of axial involvement on clinical
characteristics of psoriatic arthritis: analysis from the Corrona
Psoriatic Arthritis/Spondyloarthritis Registry. J Rheumatol.
2018;45(10):1389-96. https://doi.org/10.3899/jrheum.171094.
Gladman DD. Axial disease in psoriatic arthritis. Curr Rheu-
matol Rep. 2007;9(6):455-60. https://doi.org/10.1007/
$11926-007-0074-2.

Queiro R, et al. Clinically asymptomatic axial disease in psori-
atic spondyloarthropathy. A retrospective study. Clin Rheumatol.
2002;21(1):10-3. https://doi.org/10.1007/s100670200003.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/rheumatology/kex448
https://doi.org/10.1007/s00296-017-3660-2
https://doi.org/10.1007/s00296-017-3660-2
https://doi.org/10.1136/ard.62.2.127
https://doi.org/10.1136/ard.62.2.127
https://doi.org/10.1136/ard.2007.084244
https://doi.org/10.1136/ard.2007.084244
https://doi.org/10.1002/art.1780270401
https://doi.org/10.1002/art.1780331101
https://doi.org/10.1002/art.1780331101
https://doi.org/10.1136/ard.2004.033928
https://doi.org/10.1136/ard.2004.033928
https://doi.org/10.1093/rheumatology/kem098
https://doi.org/10.1093/rheumatology/kem098
https://doi.org/10.1093/rheumatology/kes384
https://doi.org/10.1186/ar3792
https://doi.org/10.1016/j.berh.2020.101491
https://doi.org/10.1186/s12891-020-03804-2
https://doi.org/10.1038/nrrheum.2017.188
https://doi.org/10.1038/nrrheum.2017.188
https://doi.org/10.1136/annrheumdis-2014-206347
https://doi.org/10.1136/annrheumdis-2014-206347
https://doi.org/10.1093/rheumatology/kew384
https://doi.org/10.3899/jrheum.171411
https://doi.org/10.1093/rheumatology/keab384
https://doi.org/10.1093/rheumatology/keab384
https://doi.org/10.1007/s10067-008-0835-y
https://doi.org/10.1016/j.semarthrit.2013.11.003
https://doi.org/10.1016/j.semarthrit.2013.11.003
https://doi.org/10.1097/MNM.0000000000000044
https://doi.org/10.1097/MNM.0000000000000044
https://doi.org/10.1177/1536012116683597
https://doi.org/10.1177/1536012116683597
https://doi.org/10.3899/jrheum.171094
https://doi.org/10.1007/s11926-007-0074-2
https://doi.org/10.1007/s11926-007-0074-2
https://doi.org/10.1007/s100670200003

	18F-sodium fluoride PET-CT visualizes both axial and peripheral new bone formation in psoriatic arthritis patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 
	Clinical trial registration 

	Introduction
	Material and methods
	Patients and clinical assessment
	18F-sodium fluoride PET scanning
	Imaging analysis
	Statistical analysis

	Results
	Patients
	18F-sodium fluoride PET findings
	Peripheral joints
	Entheses

	Comparison PET-CT data with clinical data
	18F-sodium fluoride PET findings in the spine and sacroiliac joints

	Discussion
	Conclusion
	Acknowledgements 
	References


