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1
InflAmmAtory ArthrItIs

The term inflammatory arthritis (IA) describes a group of chronic autoimmune 
diseases affecting peripheral and axial joints. IA is characterized by an influx of 
inflammatory cells, such as macrophages, lymphocytes and granulocytes in joints. 
This causes pain and stiffness, and may finally result in cartilage/bone destruction 
and bone formation. The inflammatory process itself is often reversible, but joint 
destruction is not. IA diseases commonly lead to reduced mobility, functional im-
pairment and reduced quality of life and hence result in high socioeconomic costs 
for society (1, 2). Early and appropriate treatment is thought to prevent disease 
persistence, cartilage/bone changes and reduction of functional impairment (3, 4). 
The two most common forms of chronic inflammatory arthritis are Rheumatoid 
Arthritis (RA) and Ankylosing Spondylitis (AS) (figure 1).

RA is a chronic inflammatory joint disease characterized by symmetrical polyar-
thritis. It typically affects the synovium in small hand and feet joints with a prolif-
eration of synovial tissue and, if not treated adequately, destruction of cartilage and 
bone. Patients experience joint pain, joint swelling and functional disability. The 
disease affects about 0.5-1% of the population in the industrialized world. RA has 
a peak incidence between the fourth and sixth decade, and women are affected two 
to three times more frequently than men (3). Traditional RA therapy includes anti-
inflammatory treatment with systemic glucocorticoids as well as disease-modifying 
drugs (DMARDs). To date, methotrexate (MTX) is still the most commonly used 
DMARD, and it continues to be the gold standard of therapy for rheumatoid arthri-
tis. More recently, biological compounds targeting TNF-α and other inflammatory 
cytokines, B-cells or T-cells have been used successfully to treat RA patients with 
inadequate response to MTX (3).

AS is a chronic inflammatory disease characterized by inflammatory back pain, 
limited motion of the spine and sacroiliitis. Peripheral arthritis and enthesitis may 
also be prominent features (5). Clinical symptoms of AS usually start at an early age 

figure 1. Structures in the joint and their involvement in RA and AS, respectively. Adjusted 
from Nature Reviews Rheumatology volume 13, pages 731–741 (2017)
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(between 20-40 years) and men are more often affected than women. The exact 
pathogenesis of AS has yet to be elucidated. Enthesitis plays a central role in AS, 
both in the axial and peripheral skeleton. Synovitis seems to be less prominent in 
AS compared to RA (5).

Moreover, bone formation (e.g., syndesmophytes and ankylosis) is a hallmark 
of AS due to local osteoblastic activity and is related to the functional loss and 
stiffness. The relationship between inflammation and bone formation in AS is still 
unclear. Patients with AS are treated with non-steroidal anti-inflammatory drugs 
(NSAIDs), which stabilize disease activity over time and can reduce progression of 
structural bone changes (6). More recently, with the introduction of biologicals such 
as anti-tumor necrosis factor (anti-TNF) therapy, more effective treatment of AS has 
become possible.

RA and AS have in common that plain radiographs are still the gold standard of 
imaging in clinical care for detection and monitoring of bone/cartilage changes. The 
disadvantage of this imaging technique is that synovitis and (active) inflammation 
is not shown, and these 2D images can miss bone changes over time. Especially in 
case of AS, radiologic changes appear and change slowly over time, causing a delay 
in the diagnosis based on radiographs (in years) (7). Consequently, radiographic 
treatment monitoring only allows long-term observation of potential progression of 
bone changes. Moreover, not all patients necessarily show bone changes over time. It 
is known that RA and AS are geno- and phenotypically heterogeneous diseases with 
different clinical presentation and outcome (8, 9). Treatment regimens containing 
DMARDs or NSAIDs often have limited response rates and studies found potential dif-
ferent molecular disease pathways within disease groups. Therapies targeting these 
specific pathways, such as anti-TNFα, anti-CD20 and recently anti-IL17, are emerging 
rapidly. To apply such new and expensive drugs in the appropriate (sub)group of pa-
tients is challenging since it is unknown which patients are most likely to respond to 
such therapies. Advanced and sensitive imaging techniques may be able to fulfill the 
clinical needs for early diagnosis of RA and AS, and to optimize therapeutic efficacy.

Positron emission tomography (PET) is a sensitive imaging technique that visu-
alizes functional tissue changes on the (pico)molecular level by targeting binding 
sites (10). The PET system has a 360° ring that detects pairs of gamma rays emitted 
after annihilation of a positron-emitting radionuclide. These radionuclides often 
have a short half-life such as Carbon-11 (11C; half-life of 20minutes) or Fluorine-18 
(18F; half-life of 109 minutes). With good manufacturing practice (GMP)-compliant 
radiochemical procedures, radionuclides are linked to the actual molecule of inter-
est. After intravenous injection, the radiolabeled ligands (radiopharmaceutical) 
can be detected and quantified with the PET scanner. The combination of high 
specific activity and scanner sensitivity to radioactivity implies that one only needs 



General introduction 11

1
micro- to nanomolar amounts of the molecule of interest to investigate molecular 
processes in vivo. Quantitative PET procedures are well-established and help to 
reduce observer variability. Taken together, once the molecular targets of disease 
and its treatment are known, PET may help to detect disease and to predict and 
monitor the therapy response. Alternatively, PET may help to elucidate the disease 
process. With the introduction of the hybrid technique PET-CT, the molecular (PET) 
information can be localized more precisely using computed tomography (CT).

PET is already integrated into daily clinical practice in the field of oncology for 
diagnosis, staging and follow-up (11, 12), but its application for IA is relatively new 
(13). In the second chapter of this thesis the current status of PET in peripheral IA 
is outlined.

outlIne of the thesIs

In this thesis, different aspects of PET in IA are explored. First, a systematic litera-
ture review is presented about the position of PET in imaging and monitoring of 
peripheral IA in chapter 2.

Subsequently, the thesis is divided into two parts. In the first part the poten-
tial (additional) value of PET imaging to support the diagnosis of RA or AS, is 
investigated. In chapter 3 the radioactive tracers, [18F]FDG (glucose metabolism), 
(R)-[11C]PK11195 (macrophages) or [18F]Fluoride (osteoblastic activity) are inves-
tigated to determine which is most suitable to image patients with active AS. In 
chapter 4 two new generation TSPO PET tracers for arthritis imaging in RA pa-
tients are investigated, which showed better imaging characteristics in a preclinical 
setting than (R)-[11C]PK11195.

In the second part, PET imaging is used to investigate its potential value for 
treatment monitoring. In chapter 5 B-cell imaging with PET is used to investigate if 
this technique has predictive value for the therapeutic efficacy of Rituximab in RA. 
The therapeutic effects of anti-TNF on bone formation in AS patients are examined 
with [18F]Fluoride PET in chapter 6. In chapter 7 PET with radiolabeled F8-IL10 
is used to visualize the in vivo biodistribution and targeting of this potential new 
drug for RA.

The results and most important findings of the chapters are summarized and 
discussed in chapter 8.
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objective
To determine the current status of positron emission tomography (PET) as a tool 
for diagnosis and monitoring of peripheral inflammatory arthritis (IA).

methods
For conducting this systematic review, the PubMed (Medline), Embase, and Co-
chrane Library databases were searched until December 31, 2012. Studies of PET 
for diagnosis and/or therapy monitoring of peripheral IA were included. Data were 
summarized qualitatively using best evidence synthesis.

results
Eighteen articles met our inclusion criteria. The majority of studies were feasibility 
studies with varying methods applied. All studies demonstrated that PET visual-
ized IA with high sensitivity, corresponding to clinical assessments. PET outcome of 
clinically active IA also matched that of ultrasound and magnetic resonance imag-
ing. PET differentiates from other modalities by (quantitative) imaging of molecular 
sites in the synovium. The first studies reporting on the potential clinical applica-
tions of PET to image subclinical synovitis in preclinical RA and during therapy have 
been published. The results are promising, but the number and study populations 
of these studies are still limited.

Conclusions
Thus far, a limited number of PET studies addressing IA imaging have been pub-
lished. The PET modality seems to offer highly sensitive and potentially specific 
imaging of IA at the (quantitative) molecular level. Clinical application studies for 
early diagnostics and therapy monitoring are arising, but these topics should be 
further explored in future studies with larger cohorts. For integration in clinical 
practice, aspects such as radiation burden and cost-effectiveness should also be 
taken into account.
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IntroduCtIon

Positron emission tomography (PET) is a sensitive, quantitative, and noninvasive 
imaging technique that visualizes functional tissue changes by targeting binding 
sites (1). PET provides molecular data as opposed to anatomic and functional data 
obtained by ultrasonography (US) and magnetic resonance imaging (MRI). Also, 
compared with other nuclear imaging techniques such as conventional scintigra-
phy, a significant advantage of PET is the high level of sensitivity in 3-dimensional 
mode and its ability to quantify tracer uptake accurately and reproducibly, enabling 
monitoring of disease activity and therapeutic effects (2).

PET was developed in the mid-1970s after the introduction of fluorodeoxyglucose 
(FDG) labeled with fluorine-18 ([18F]FDG) (3). Three decades later, PET-computed 
tomography (CT) combinations were introduced for more precise anatomic local-
ization of the PET signal (4).[18F]FDG is taken up in metabolically active tissues 
and phosphorylation prevents the glucose from being released from the cell once 
it has been absorbed. [18F]FDG PET is extensively used in the field of oncology for 
diagnosis, staging, and follow-up (5), but its application for rheumatologic diseases 
is relatively new (6).

The potential of [18F]FDG PET to visualize inflammatory lesions was first noticed 
on oncologic PET scans revealing uptake in noncancer/benign and metabolically 
active lesions (7). Subsequently, increasing numbers of studies reported the fea-
sibility to image inflammatory arthritis (IA) by PET. Advanced imaging techniques 
such as PET are required to fulfill the clinical needs of early diagnosis of IA and 
optimization of therapeutic efficacy because synovitis is not shown on conventional 
radiographs.

In this systematic review, the current role of PET as a tool for the diagnosis and 
therapy monitoring of IA is discussed. We reviewed PET studies of IA, consisting of 
rheumatoid arthritis (RA), juvenile idiopathic arthritis (JIA), ankylosing spondylitis 
(AS), psoriatic arthritis (PsA), and reactive arthritis (ReA).

mAterIAls And methods

eligibility criteria

Data for this review were extracted from the collection of primary diagnostic studies 
reporting the use of PET, with any kind of tracer, for the diagnosis and/or therapy 
monitoring of peripheral IA in patients. The review included patients with RA, JIA, 
AS, PsA, or ReA with active peripheral arthritis based on clinical examination. To 
investigate the value of PET in the early diagnosis of IA, studies with patients in pre-
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clinical disease stages were included as well. Review articles, case reports, animal 
studies, scintigraphic studies without PET, and studies of patients with forms of 
arthritis other than those stated above (e.g., septic arthritis and spondyloarthritis) 
were excluded.

Information sources and search methods

Studies were identified by searching the PubMed (Medline), Embase, and Cochrane 
Library databases (trials) up to December 31, 2012. The search strategies for the dif-
ferent databases are shown in Appendix A. Because PET research in rheumatology 
is a relatively new topic, we performed a broad search on PET (imaging technique) 
in IA (disease group) without narrowing the search by a (third) outcome measure 
(like diagnosis or therapy monitoring). In line with this, no limits were applied 
for the year of publication and language (to avoid initial publication bias). Related 
terms in the articles and reference lists of retrieved articles were searched as well.

study selection

Two authors (STGB and YYJG) independently screened the titles, keywords, and 
abstracts of retrieved studies for relevance. After consensus, the full- text versions 
of studies that met the eligibility criteria and of studies for which eligibility could 
not be determined from initial screening of the title and/or abstract were acquired. 
After independently assessing the full-text articles, the final inclusion was deter-
mined by consensus. In the case of disagreement, two authors (AEV and CJvdL) 
were consulted for a final decision.

data extraction and quality assessment

To achieve uniformity, we developed 4 data extraction sheets for the 1) study popu-
lation characteristics, 2) imaging characteristics (see Appendix B), 3) study out-
comes, and 4) therapy monitoring characteristics. One reviewer (STGB) extracted 
the data from the included studies, independently controlled by a second reviewer 
(YYJG).

study selection and inclusion

The initial search of the Pubmed (Medline), Embase, and Cochrane Library data-
bases retrieved 2,412 articles referring to PET research in IA. Figure 1 shows the 
methods resulting in a final inclusion of 18 original articles.

study characteristics

All assessed articles were published in English. From the first study onward (1995), 
in total, 18 studies including a total of 276 IA patients (175 females, 65 males, and 
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36 unknown) predominantly diagnosed with RA (79%) according to the American 
College of Rheumatology 1987 criteria were performed (8) (Tables 1–4). The re-
search questions comprised the feasibility of PET to assess the disease activity of IA 
(n = 8), therapy monitoring (n = 9), and detection of preclinical disease activity (n = 
1). PET was the only imaging modality in 6 studies, and 12 studies used PET (PET-
CT) next to other imaging modalities like MRI and US. Most studies used [18F]FDG 
as the PET tracer (15 of 18).

All studies evaluated PET data visually, but most studies also included a semi-
quantitative analysis (Tables 1–4). For visual assessment, a PET scan was classified 
as positive if tracer uptake was present in at least one joint. Semi-quantitative tracer 
uptake is usually reported as the standardized uptake value (SUV) (9), representing 
the ratio of tissue radioactivity concentration (measured from the PET scan) to the 

From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. doi:10.1371/journal.pmed1000097 

 
For more information, visit www.prisma-statement.org. 
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injected dose typically normalized for body weight (or another measure of volume 
of distribution, e.g., lean body mass). The tissue radioactivity concentration can be 
shown as the mean (SUVmean) or maximum value (SUVmax) as measured within 
a volume or region of interest. Sometimes, other calculations are derived from SUV, 
like a regional uptake value (RUV) or total uptake value (TUV), defined as the SUV 
in fixed planar regions of interest or the sum of the SUV in individual axial images, 
respectively (10). Semi-quantitative data can also be obtained by the calculation 
of joint to control ratios. Regions of interest are then drawn on joints and (fixed) 
background areas.

results

Potential of Pet to visualize clinically active IA

The potential of PET to visualize arthritis has been tested in several studies of pa-
tients with clinically active IA (Table 1). Studies by Palmer et al. and Polisson et al. 
were the first to show that [18F]FDG PET could visualize clinical arthritis by targeting 
glucose metabolism (in 1995). The PET images showed locally increased [18F]FDG 
uptake in clinically inflamed wrist joints of RA patients (10,25). In addition, the 
semi-quantitative uptake of [18F]FDG (SUV) correlated with clinical evaluations like 
joint swelling (TUV: r = 0.53, P = 00.2 and RUV: r = 0.74, P = 1 X 10-6) (10). This asso-
ciation of SUV values of [18F]FDG with clinical findings in IA cohorts was confirmed 
by other studies including children with JIA (11–15). (Cumulative) [18F]FDG joint 
uptake on PET also correlated with validated clinical methods for the assessment 
of disease activity of RA, for example, the disease activity score in 28 joints (DAS28; 
up to r = 0.78, P = 0.002) (11,16,26) and the Simplified Disease Activity Index (r 
= 0.90, P < 0.0001) (27). Instead of PET scan evaluation by quantification of the 
tracer uptake in joints (SUVs), more simplified PET scoring tests have also been 
investigated. Three studies (12,15,16) found that simple visual scoring systems 
based on [18F]FDG joint uptake (i.e., grading 0–4 (16)) also corresponded to clinical 
symptoms of arthritis.

Different studies reported concordant PET uptake in >90% of clinically active 
joints (17,23). However, while most studies included small populations, three 
larger [18F]FDG PET studies provided some detailed data to make estimations on 
the diagnostic performance of PET for IA imaging (11,18,19). Derived from these 
studies, the sensitivity for detecting IA, with clinical assessment as the reference, 
varied between 56% and 77%.

[18F]FDG PET seems to be highly specific in the discrimination of arthritic joints 
from healthy joints (11) (Figure 2). However, it cannot distinguish reliably between 
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RA and osteoarthritis. In a comparative study, more joints were PET positive in RA 
than in osteoarthritis (29% and 6%, respectively), but at the joint level, absolute 
tracer uptake did not allow a distinction between the two (19). The uptake of 
[18F]FDG in degenerative joints has also been described in other studies (28,29). 
Although not very specific at the joint level, at the patient level, distribution of 
[18F]FDG uptake in different joints shown on a whole-body scan may also help to 
differentiate one inflammatory rheumatic disease from another (15,20,21). For 
example, [18F]FDG uptake in RA patients has been typically observed in the syno-
vial tissue of (sub)clinically inflamed joints, whereas in spondyloarthritis (SpA) 
patients, a typical tracer uptake pattern at the entheses, reflecting enthesitis, has 
been observed (15,20).

Radiopharmaceuticals other than [18F]FDG may also be interesting for imaging 
IA. Danfors et al. found that the tracer 11C-D-deprenyl accumulated in arthritic 
ankle joints (22). The definite mechanism underlying 11C-D-deprenyl uptake in 
inflamed tissues has not been elucidated yet. The relationship of 11C-D-deprenyl 
with inflammation is strengthened by the observation that corticosteroid injections 
block 11C-D-deprenyl retention in inflammatory tissue (30).

To improve the specificity of PET tracer uptake in IA joints versus non-IA joints, 
specific tracers targeting molecular pathways expressed in IA synovitis are needed. 
A few studies have investigated the feasibility of potentially specific tracers in RA 
patients (see Appendix C).

Because rheumatoid synovitis is characterized by proliferative changes of syno-
vial tissue, methyl-11C-choline (choline is a precursor for the synthesis of phospho-

figure 2. [18F]FDG PET images of a healthy control subject and a patient with rheumatoid 
arthritis with active disease. A, 3-dimensional projection image of tracer distribution in a 
healthy knee. B, Distribution in a healthy hand and wrist. C, A rheumatoid knee. D, A rheuma-
toid hand and wrist. Reproduced, with permission, from ref. 11.
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lipids) has been explored as a tracer (31). In 10 patients with inflammatory joint 
disease (among whom 2 had RA), the tracer was compared with [18F]FDG (23). PET 
images showed fast and high accumulation of both [18F]FDG and 11C-choline at sites 
of synovitis (mean ± SD SUVs of 1.9 ± 0.9 and 1.5 ± 0.9, respectively). Although 11C-
choline uptake rates were 8-fold faster compared with [18F]FDG (mean ± SD kinetic 
influx constant of 0.048 ± 0.042 minute-1 versus 0.006 ± 0.003 minute-1), this also 
implied a higher chance of dependency on blood flow effects.

Another potential target to image arthritis is the macrophage, because macro-
phages infiltrate in synovium as RA develops and continue to play an important 
role in later phases. Targeting peripheral benzodiazepine receptors, particularly 
expressed on activated macrophages with [11C]-(R)-PK11195, has been successful 
to visualize inflammatory lesions in the brain as multiple sclerosis and vasculitis 
(24,32). In established RA patients with clinical arthritis of one or both knee joints, 
[11C]-(R)-PK11195 clearly accumulated in clinically inflamed knee joints, with mean 
± SD SUV ratios of 3.2 ± 0.9, 2.3 ± 0.6, and 1.7 ± 0.4 for severe, mild, and absent clinical 
signs of arthritis, respectively. The SUV ratios were significantly different between 
groups (P < 0.05). In addition, PET results highly corresponded with clinical swell-
ing and macrophage infiltration in synovial tissue (immunohistochemistry) (24).

Comparison of Pet with mrI and us in clinically active IA and treatment 
monitoring

Serial imaging of IA patients with PET and MRI has been reported in 4 of the includ-
ed feasibility studies in clinically active RA (10,18,20,23) (Table 2). Both baseline 
[18F]FDG uptake and pannus volume as measured with MRI, as well as their changes 
after treatment, correlated strongly (r = 0.86, P = 0.0001 and r = 0.91, P = 0.0002, 
respectively) (10,25). In line with this, uptake of both 11C-choline and [18F]FDG in 
synovium (in SUVs) corresponded with the volume of synovium on MRI, with the 
highest correlation coefficient for 11C-choline uptake (23), suggesting that uptake 
of 11C-choline in proliferative synovial tissue was more concordant with synovial 
volume on MRI than focal metabolic uptake of [18F]FDG ([18F]FDG: r = 0.86, P = 
0.002 and 11C-choline: r = 0.95, P < 0.0001).

For imaging of entheses in SpA, [18F]FDG PET-CT seemed to be more sensitive 
than MRI at lumbar spinal processes (87.5% [7 of 8] versus 50% [3 of 6]) and at 
ischial tuberosities (75% [6 of 8] versus 0% [0 of 5]) (20). Furthermore, [18F]FDG 
PET results of RA patients showed correlations with US. Cumulative [18F]FDG PET 
positivity at the group level (n = 365 joints) was significantly associated with swell-
ing (odds ratio [OR] 4.8), tenderness (OR 8.6), and US positivity (OR 11.7) (11). In-
terestingly, the prevalence of [18F]FDG PET–positive joints (>75%) was significantly 
higher than the prevalence of US-positive joints (56%). [18F]FDG PET was positive 
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in 86% of the US-positive joints and was significantly more concordant in joints 
with a positive power Doppler (PD) signal (i.e., PET was positive in 44 of 45 PD-
positive joints [96%]). Such a signal is found in joints with hypervascularization, 
which is supposed to be a characteristic of active RA synovitis. The mean SUV of 
PD-positive joints on PET was also significantly higher than in PD-negative joints. In 
addition, a significant correlation between [18F]FDG uptake and synovial thickness 
as measured by US was found for nearly all joints, except for the first metatarsopha-
langeal joints (all 365 joints: r = 0.56, P = 0.0001). This relationship was stronger 
for larger joints, such as the knees and ankles, than for smaller joints, such as the 
metacarpophalangeal joints, proximal interphalangeal joints, and wrists. This phe-
nomenon may be explained by the technical properties of US and PET. The detection 
of synovitis with US is more difficult at sites that are not easily accessible for the 
probe in different planes, such as the metacarpophalangeal joints (3 and 4) and 
the intercarpal compartments of the wrist (33,34). Besides, US does not penetrate 
bone. Conversely, PET has a limited spatial resolution (typically 5–6 mm) that limits 
the detection of small inflammatory lesions.

At present, one study included all three imaging modalities (PET, MRI, and US) in 
a group of IA patients (18). The results of this study showed that a positive joint on 
PET was significantly associated with a positive sign of arthritis on MRI and US (i.e., 
of the 11 PET-positive knees, 10 were also MRI positive and 10 were US positive). 
Moreover, in RA knee joints, changes in SUV over a period of 4 weeks of treatment 

table 2. Study characteristics comparing PET with other imaging modalities.¶
Author modality Pet variable Comparative variable

Palmer (10) PET; MRI; RUV, TUV
ΔRUV, ΔTUV

MRI (VEP in mm3)
ΔMRI (VEP in mm3)

Roivainen 
(23)

PET; MRI SUV of 18F-FDG 
and 11C-choline

MRI: Volume of synovium (in cm3) and 
enhancement integral

Taniguchi 
(20)

PET; MRI;
Ga-67-scintigraphy

VA MRI and Ga-67- scintigraphy

Beckers (11) PET; US VA ,CSUV (cumulative) synovial thickness and
Doppler score on US

Beckers (18) PET; US;
MRI

SUVlbm, 
ΔSUVlbm

US/ ΔUS synovial thickness (mm)
MRI/ ΔMRI RE(55,30,15sec) and SE(15min)

PET, positron emission tomography; MRI, magnetic resonance imaging; (C)SUV, (cumulative) standard-
ized uptake value; RUV, regional uptake value defined as fixed circular regions of interest of 16mm drawn 
on top of 18F-FDG uptake; TUV, total uptake value defined as the sum of SUV in individual axial images; 
Δ, pre vs. post intervention; VEP, volume of enhancing pannus; FDG, fluoro-deoxy-glucose; Ga-67, Gal-
lium-67; VA, visual assessment; SC-joints, sterno-clavicular joints; SI-joints, sacroiliac joints; US, Ultraso-
nography; #, number; lbm, lean body mass; RE, relative enhancement; SE, static enhancement.
¶ For complete patient characteristics of studies in table 2, see table 1
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also correlated with changes in MRI parameters, such as relative enhancement 
(r = 0.60, P = 0.015), rate of early enhancement (r = 0.58, P = 0.0177), and static 
enhancement (r = 0.52, P = 0.0396) (35), but not with changes in synovial thickness 
as measured with US (18).

subclinical IA disease activity

The visualization of subclinical synovitis in IA patients with advanced imaging mo-
dalities has been reported in several studies (Table 3). In 2 [18F]FDG PET studies, 
at the joint level, an average of 10% of the evaluated joints of RA patients showed 
signs of tracer uptake despite an absence of clinical signs of inflammation (11,19). 
In addition, 2 other [18F]FDG PET studies reported that the cumulative and mean 
number PET-positive joints were (significantly) higher than the number of joints 
with clinical symptoms of synovitis (mean ± SD 46.4 ± 16.5 cumulative PET-positive 
joints and 41.7 ± 16.2 joints with clinical symptoms of synovitis [n = 7] and mean 
± SD 6.2 ± 3.3 PET-positive joints and 3.1 ± 2.7 joints with clinical symptoms of 
synovitis [n = 17; P = 0.0002]) (12,16). Moreover, by targeting macrophages using 
[11C]-(R)-PK11195 PET, the SUV ratios in 5 clinically uninflamed knee joints (mean 
± SD 1.7 ± 0.4) of RA patients were significantly higher than those in uninflamed 
knee joints of control subjects (mean ± SD 1.1 ± 0.1; P < 0.05) (24). Interestingly, one 
[18F]FDG PET study in RA included four remission patients. Although tracer joint 

table 3. Study characteristics reporting subclinical disease activity.
Author n 

(disease)
Age
mean[sd]
(range)

Joints tracer Pet 
variable

Comparative variable

Beckers 
(11)

21 (RA†) 48 
(34-69)

21 joints 
(table 1)

18F-FDG VA Clinical joint assessment

Elzinga 
(19)

14 (RA†) 57[7] Hands & 
wrists

18F-FDG VA Clinical joint assessment

Kubota 
(12)

18 (RA†) 67[11] 
(47-86)

Multiple 
(13 pp)

18F-FDG SUV Assessment of clinical 
remission

Goerres 
(16)

7 (RA†) 50[18] 
(24-63)

Multiple 
(28 pp)

18F-FDG VA Clinical total joint score

Van der 
Laken (24)

10 (RA†) 54[8] Knees [11C]-(R)-
PK11195

SUV ratio 
arthritis/
contralateral 
joint

RA patients and controls

Gent (36) 29(ACPA)
3 (RA†)

44[12]
49[10]

Hands & 
wrists

[11C]-(R)-
PK11195

VA Clinical assessment at 
baseline and follow-up

SD, standard deviation; RA, rheumatoid arthritis; FDG, fluoro-deoxy-glucose; PET, positron emission to-
mography; US, ultrasonography; pp, per person; SUV, standardized uptake value; ACPA, Anti-citrullinat-
ed protein antibodies positive arthralgia patients.
† RA following ACR 1987 criteria
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uptake was lower than in those patients with clinically active disease (total mean ± 
SD SUVmax 22.0 ± 1.8 versus 33.4 ± 12.1; P < 0.001), all four remission patients had 
at least 1 PET-positive joint (12).

Although a false-positive PET signal in these asymptomatic joints cannot be 
excluded, a recent prospective study supports the relevance of such observations. 
All of the 4 anti-citrullinated protein antibody–positive arthralgia patients without 
clinical signs of arthritis with a positive [11C]-(R)-PK11195 PET at baseline devel-
oped IA within 1 year of clinical follow-up, whereas the majority (20 of 25 patients) 
of those with a negative [11C]-(R)-PK11195 PET at baseline did not develop any IA in 
a 2-year follow-up period (36). Only 2 of 5 patients with a negative PET scan of the 
hands developed subtle arthritis in 1 or 2 hand joints while the others developed 
arthritis outside the field of view of the PET scan. These data support detection of 
subclinical IA in the very early phase of developing RA by PET and macrophage 
targeting (Figure 3).

treatment monitoring and prediction

The characteristics of PET to quantify tracer uptake at the molecular level potential-
ly allow for treatment monitoring. This application has been addressed in several 
studies in IA (Table 4). A decline (up to 58%) of both [18F]FDG and 11C-D-deprenyl 
was noticed in arthritic joints after (antirheumatic) drug interventions (10,17,22). 
Furthermore, [18F]FDG PET data, both quantitative and visual, were in agreement, 
with clinical changes in disease activity (DAS28) during anti-tumor necrosis factor 
treatment (14,16). In 22 RA patients, the mean ± SD of the cumulative SUVmax of 12 
joints per patient significantly decreased from 2.14 ± 0.55 to 1.66 ± 0.48 (P < 0.005) 
and the mean ± SD DAS28 score decreased significantly from 5.29 ± 1.01 to 3.81 ± 

figure 3. Representative [11C]-(R)-PK11195 images of the hands and wrists in A, an anti-
citrullinated protein antibody–positive individual with arthralgia, B, a rheumatoid arthritis 
patient with clinical arthritis in various hand joints, and C, a healthy volunteer without joint 
uptake. Arrows indicate examples of joints with elevated tracer uptake. Note the background 
uptake of the tracer in intrinsic hand muscles and bone marrow and around the nails in all 
images. R = right hand. Reproduced, with permission, from ref. 36.
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0.86 (P < 0.001); these independent changes correlated significantly (r = 0.538, P 
= 0.01) (14). A simple visual PET scoring system for response assessment, inves-
tigated in 7 RA patients, also showed a significant correlation between a decrease 
of PET signal (mean ± SD 46.4 ± 16.5 to 41.7 ± 16.2) and DAS28 score (mean ± SD 
5.6 ± 1.2 to 3.3 ± 1.2; P = 0.04) (16). It should be noted that the determination of 
tracer uptake by visual assessment is less accurate than (semi)quantification of the 
uptake. An example of this was shown in a study by Vijayant et al.; in this therapy 
monitoring study, the authors found that [18F]FDG uptake remained visually high 
despite decreases in SUVmax (15).

Changes in quantitative PET data also seemed to correlate with changes in serum 
inflammation levels, such as C-reactive protein (CRP) after 4 weeks (r = 0.51, P = 
0.004) and 12 weeks (r = 0.90, P = 0.002) of treatment (17,18). Conversely, in treat-
ments with a lack of change in serum inflammation levels such as acupuncture, PET 
corresponded to an absence of significant SUV changes (37).

Besides treatment monitoring, PET might also allow for the prediction of treat-
ment efficacy early in the course of treatment, or ultimately at baseline. Two studies 
compared [18F]FDG PET data of RA patients before and a few weeks after treatment 
(17,38). In 16 RA patients, a significant correlation was found between early changes 
(0–2 weeks) of [18F]FDG uptake (mean SUV) in the hands and wrists and DAS28 
score at 14 weeks (r = 0.62, P = 0.05) and 22 weeks (r = 0.65, P = 0.01). In addition, 
in 17 RA patients, the percentage of [18F]FDG PET changes of multiple joints (also 
including the hands and wrists) between baseline and 2 or 4 weeks corresponded 
with the percentage of changes of clinical disease activity (DAS28 using the erythro-
cyte sedimentation rate [ESR]) at 12 weeks (r = 0.58, P = 0.014 at 2 weeks, data not 
available at 4 weeks) (17). In contrast, no correlation was found between changes 
in ESR, CRP level, and DAS28 between 0–2 weeks of treatment and clinical outcome 
at 14 weeks (38), suggesting that [18F]FDG has a stronger prognostic value for treat-
ment response than currently available parameters in the early phase of treatment.

dIsCussIon

This review included 18 primary studies that reported the results of PET research 
in patients with peripheral IA, primarily RA. The proof of concept of sensitive semi-
quantitative imaging of IA by PET was demonstrated in these studies. Because of 
high costs and radiation burden, PET will not be useful in clinical practice for the 
imaging of clinically active IA that can be easily determined by clinical assessments. 
However, because the spectrum of IA is changing toward diagnosis in the preclinical 
phase of disease, advanced imaging detecting subclinical disease activity is required.
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Moreover, the clinical need to increase the efficacy of expensive biologic agents 
warrants sensitive and quantitative monitoring of therapy. PET studies that address 
these needs are now arising. The first results of such studies are promising and 
may suggest a role for PET in early diagnostics and monitoring or ultimately the 
prediction of therapeutic efficacy, eventually contributing to individualized therapy. 
Likewise, PET has already been implemented in the clinical practice of oncology 
for the diagnosis, staging, and therapy monitoring of the disease (5). Finally, posi-
tive correlations between simple visual PET scoring and clinical assessments may 
enhance implementation of PET analysis in clinical practice.

Although the yield of information derived from this review is valuable, this review 
has its limitations. The number of PET studies investigating imaging of peripheral 
IA is still limited. Most studies had a proof-of-concept design focused on the feasi-
bility of imaging of clinically active IA (mostly focused on RA) with small sample 
sizes and great heterogeneity in study design, patient selection, and analysis. The 
latter implies that pooling of data was not possible and consequently the results 
were presented descriptively.

Most PET studies in this review (15 of 18 studies) used [18F]FDG as the tracer. 
Although this tracer performs well in the imaging of IA, it is nonspecific and accu-
mulates in any joint that is metabolically active, as also noticed in osteoarthritis and 
other systemic (infection) diseases (19,40–44). The application of specific tracers 
targeting different processes in the inflammatory cascade of IA (45) may contribute 
to increased specificity (22–24,36). Besides the application of specific tracers, in 
vivo biodistribution of the tracer (e.g., predominantly uptake in the synovium in RA 
versus uptake in the entheses in SpA) may also contribute to the differentiation of 
inflammatory joint diseases (12,20).

The advantage of the technique of PET to image and quantify pathophysiology 
at the molecular level, as well as the option to apply specific tracers, makes PET a 
highly sensitive and potentially specific modality for imaging subclinical IA. With 
the introduction of the hybrid technique PET-CT, the molecular information can 
be localized more precisely by using (low-dose) CT scans for anatomic delinea-
tion of the PET signal. In particular, with regard to molecular quantification and 
the aspect of specificity, PET may have advantages over anatomic/functional 
imaging techniques such as MRI and US. These latter techniques have suboptimal 
quantification in a longitudinal setting for the detection of subtle early or residual 
synovitis activity, which is relevant for early diagnostics and therapy monitoring. 
The other advantages of PET are whole-body imaging in 1 session within 20–30 
minutes (or even shorter for particular tracers as derived from kinetic analyses) 
and independence of operator skills.
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The disadvantages of PET are the use of radioactivity, the poor spatial resolution 
(and hence a major impediment to quantification), and the costs and variable avail-
ability of PET facilities. The use of radioisotopes can lead to an effective dose (47) 
of ~7 mSv when 370 MBq of the tracer [18F]FDG is used. A low-dose whole-body 
attenuation CT would add ~3–5 mSv, leading to a total PET-CT effective dose of 
10–12 mSv for whole-body imaging. For comparison, the mean effective dose of a 
diagnostic CT of the abdomen is ~10 mSv (48). This radiation burden is 4–5 times 
the yearly natural background radiation dose according to the United Nations and 
is comparable with an equivalent of 500 chest radiographs (49). Exposure to radia-
tion can be diminished by the usage of radioisotopes with a shorter half-life, which 
would be relevant in the case of repetitive scanning and as might be relevant for 
therapy monitoring.

This systematic review of mainly feasibility studies demonstrated that PET of-
fers highly sensitive and potentially specific imaging of IA. For clinical practice, the 
technique may have value for the detection of early or residual subclinical synovitis. 
Specific tracers targeting inflammatory sites in the synovium are being developed 
and tested. Multicenter, large-scale validation studies with uniform, comparable 
outcome measures are obligatory to elucidate the definite role for PET in the early 
diagnosis and therapy monitoring of IA. One of the challenges is the development 
of standardized PET analysis methods. These studies could be performed in line 
with oncologic studies, for which a world-wide standardized guideline for tumor 
PET imaging and PET response criteria is available, allowing multicenter studies 
(50,51). To further determine the strengths and weaknesses of PET as a diagnostic 
and monitoring tool for IA in relation to other imaging modalities, comparative 
studies in large cohorts are warranted. Validation studies should also address cost-
effectiveness. Although the costs of PET are currently still high, they may decrease 
in time upon an increase in the applicability of PET in clinical practice. Moreover, 
PET may even save costs if it can be shown that PET can delay or most optimally 
prevent the onset of IA and/or increase the therapeutic efficacy of expensive bio-
logic agents.

Finally, the hybrid imaging technique PET-MRI has been recently introduced in 
the first medical centers to use this technique. Preliminary PET-MRI fusion images 
of RA patients have shown interesting results (28,52). PET-MRI combines highly 
sensitive functional imaging at the molecular level with superior anatomic details 
(including synovial tissue changes and bone edema) without the additional radia-
tion burden of CT. In particular, the latter aspect may increase the options for practi-
cal implementation of PET for IA imaging. PET-MRI needs to be further explored in 
future studies of imaging of IA.
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Appendix A. Search strategies
search topic

Pubmed(medline); last search: 31 december 2012

1 Disease: rheumatoid arthritis (RA), Juvenile Idiopathic Arthritis (JIA), Ankylosing Spondylitis (AS), 
Psoriatic Arthritis (PsA) or other Spondyloarthritis (SpA)

MeSH ((((“Arthritis, Rheumatoid”[Mesh:noexp])) OR (“Spondylarthropathies”[Mesh])) OR (“Arthritis, 
Juvenile Rheumatoid”[Mesh])) OR (“Synovitis”[Mesh:noexp])

OR

Free text ((((((Bechterew[Title/Abstract]) OR (joint AND inflammation[Title/Abstract])) OR (synovi*[Title/
Abstract])) OR (psoria*[Title/Abstract])) OR (arthrit*[Title/Abstract])) OR (ankylos*[Title/
Abstract])) OR (rheum*[Title/Abstract])

2 Imaging Technique: Positron Emission Tomography

MeSH tomography, emission-computed[mh]

OR

Free text (pet[tiab] OR pet/*[tiab] OR petscan*[tiab] OR (emission[tiab] AND (tomograph [tiab] OR 
tomographs [tiab] OR tomographic*[tiab] OR tomography[tiab] OR tomographies[tiab])))

NOT

MeSH (animals[mh] NOT humans[mh])

3 combination

#1 AND #2

embase; last search: 31 december 2012

1 ‘rheumatoid arthritis’/de OR ‘ankylosing spondylitis’/exp OR ‘juvenile rheumatoid arthritis’/exp 
OR ‘psoriatic arthritis’/exp OR ‘synovitis’/de

2 (joint AND inflammation:ab,ti) OR synovi*:ab,ti OR psoria*:ab,ti OR arthrit*:ab,ti OR ankylos*:ab,ti 
OR rheum*:ab,ti OR bechterew:ab,ti

3 ‘positron emission tomography’/exp OR ‘tomography’/de

4 pet:ab,ti OR petscan*:ab,ti OR (emission AND tomograph:ab,ti) OR tomographs:ab,ti OR 
tomographic*:ab,ti OR tomographies:ab,ti

5 #1 OR #2

6 #3 OR #4

7 #5 AND #6

Cochrane library; last search: 31 december 2012

1 ((((“Arthritis, Rheumatoid”[Mesh:noexp])) OR (“Spondylarthropathies”[Mesh])) OR (“Arthritis, 
Juvenile Rheumatoid”[Mesh])) OR (“Synovitis”[Mesh:noexp])

2 (Joint):ti,ab,kw and (Inflammation):ti,ab,kw OR (Bechterew):ti,ab,kw OR (synovi*):ti,ab,kw OR 
(psoria*):ti,ab,kw OR (arthrit*):ti,ab,kw OR (ankylos*):ti,ab,kw OR (rheum*):ti,ab,kw

3 “MeSH descriptor Positron-Emission Tomography, this term only

4 (pet):ti,ab,kw OR (pet/*):ti,ab,kw OR (petscan*):ti,ab,kw OR (emission):ti,ab,kw 
and (tomograph):ti,ab,kw OR (tomographs):ti,ab,kw OR (tomographic*):ti,ab,kw OR 
(tomography):ti,ab,kw OR (tomographies):ti,ab,kw

5 #1 OR #2

6 #3 OR #4

7 #5 AND #6

:ti,ab,kw = title and/or abstract and/or keywords; /de = descriptor, EMTree-term not exploded; /exp = 
EMTree term exploded.
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Appendix B. Additional extracted PET data
Author Image acquisition Image

reconstructionscanner foV p.i. (min) dose

Palmer et al.(10) Scanditronix PC 
4096 (GE)

1 75±19 333±61 MBq FPB (6.5mm)

Danfors et al.(22) GE 4096(GE) 1 0 405-880 MBq summation image

Roivainen et al.(23) Advance (GE) 1 0 358-377 MBq
424-440 MBq

OSEM; (5mm)

Beckers et al.(11) UGM Penn PET 
240 H

1 73 (51-100) 4 MBq/kg OSEM (5.5mm)

Beckers et al.(18) UGM Penn PET 
240 H

1 93 ±17 4 MBq/kg OSEM (5.5mm)

Goerres et al.(16) Advance (GE) WB x 370 MBq OSEM

Elzinga et al.(19) ECAT EXACT HR+ 
(Cti/Siemens)

1 60 370 or 455
MBq

FBP Hanning 
(7mm)

Laken et al.(24) ECAT EXACT HR+ 
(Cti/Siemens)

21
frames

40-60? 416±67 MBq FBP Hanning + 
OSEM

Kubota K et al.(12) Biograph 16 
siemens

WB 60 370 MBq OSEM

Sato et al.(37) ECAT EXACT 47 
(Cti/Siemens)

WB 60 3 MBq/kg OSEM

Taniguchi et al.(20) Discovery STE 
(GE)

WB 60 3.5 MBq/kg OSEM

Tatheisi et al.(13) SET 2400 
shimadzu

WB 60 34-228 MBq OSEM

Elzinga et al.(38) ECAT EXACT HR+ 
(Cti/Siemens)

1 0 382 ±44 MBq FBP Hanning 
(7mm)

Gent et al.(36) ECAT HRRT
(Cti/Siemens)

1 10 457±51 MBq OSEM

Okabe et al.(21) PET: SET 2400, 
Shimadzu
PET/CT: 
Aquiduo, Toshiba

WB/TB 60 2.5-5.0 MBq/
kg

FWHM 5mm

Okamura et al.(14) Biograph 16 
Siemens

TB 60 5 MBq/kg OSEM

Roivainen et al.(17) Discovery VCT 
(GE)

WB 45 255±22 MBq FWHM 5.12 mm; 
OSEM

Vijayant et al.(15) Advance (GE) WB 60 10 mCi OSEM

FOV, Field of view; p.i., post injection; min, minutes; GE, general electric; MBq(/kg), Megabecquerel (per 
kilogram); FPB, filtered back projection; mm, millimetre; OSEM, ordered-subsets expectation-maximiza-
tion; WB, whole body (e.g. shoulders to knees); FWHM, full with half maximum; mCi, microcurie.
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Appendix C. Tracers used for imaging inflammatory arthritis.
tracer full name abbreviation Cellular target studies

fluorine-18- fluoro-
deoxy-glucose

18F-FDG Metabolically active cells . 10-21;
37;38

C11 (S-(+)-(d)-D-
deprenyl

11C-D-deprenyl Unkown targeting mechanism 22

methyl-11C-choline 11C-choline Synthesis of phospholipids in cell-membranes 
reflecting proliferative changes of tissues.

23

[(R)-1-(2-chlorophenyl)-
Nmethyl-N(1-methyl-
propyl)-3-isoquinoline 
carboxamide]

[11C](R)PK11195 Peripheral benzodiazepine receptors (PBRs), 
predominantly expressed on activated 
macrophages.

24; 36
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Introduction
Positron emission tomography-computed tomography (PET-CT) is an interesting 
imaging technique to visualize Ankylosing Spondylitis (AS) activity using specific 
PET tracers. Previous studies have shown that the PET tracers [18F]FDG and [11C](R)
PK11195 can target inflammation (synovitis) in rheumatoid arthritis (RA) and may, 
therefore, be useful in AS. Another interesting tracer for AS is [18F]Fluoride, which 
targets bone formation. In a pilot setting, the potential of PET-CT in imaging AS 
activity was tested using different tracers, with Magnetic Resonance Imaging (MRI) 
and conventional radiographs as a reference.

methods
In a stepwise approach, different PET tracers were investigated. First, whole body 
[18F]FDG and [11C](R)PK11195 PET-CT scans were obtained of 10 AS patients fulfill-
ing the modified New York criteria. According to the BASDAI, five of these patients 
had low, and five had high disease activity. Secondly, an extra PET-CT scan using 
[18F]Fluoride was made of two additional AS patients with high disease activity. 
MRI scans of the total spine and sacroiliac joints were performed, and conventional 
radiographs of the total spine and sacroiliac joints were available for all patients. 
Scans and radiographs were visually scored by two observers blinded for clinical 
data.

results
No increased [18F]FDG and [11C](R)PK11195 uptake was noticed on PET-CT scans 
of the first 10 patients. In contrast, MRI demonstrated a total of five bone edema 
lesions in three out of 10 patients. In the two additional AS patients scanned with 
[18F]Fluoride PET-CT, [18F]Fluoride depicted 17 regions with increased uptake in 
both vertebral column and sacroiliac joints. In contrast, [18F]FDG depicted only 
three lesions, with uptake of five times lower compared to [18F]Fluoride, and 
again no [11C](R)PK11195 positive lesions were found. In these two patients, MRI 
detected nine lesions and six out of nine matched with the anatomical position of 
[18F]Fluoride uptake. Conventional radiographs showed bony structural changes in 
11 out of 17 [18F]Fluoride PET-positive lesions.

Conclusions
Our PET-CT data suggest that AS activity is reflected by bone activity (formation) 
rather than by inflammation. The results also show the potential value of PET-CT 
for imaging AS activity using the bone tracer [18F]Fluoride. In contrast to active RA, 
inflammation tracers [18F]FDG and [11C](R)PK11195 appeared to be less useful for 
AS imaging.
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IntroduCtIon

Ankylosing spondylitis (AS) is a chronic, inflammatory, rheumatic disease that 
usually starts at an early age and can result in irreversible bone deformation and 
disability in the long term. AS is characterized by inflammatory back pain, limited 
motion of the spine, and sacroiliitis on plain radiography. Peripheral arthritis and 
enthesitis may also be prominent features (1). Patients with AS are often treated 
with non-steroidal anti-inflammatory drugs (NSAIDs) because they stabilize dis-
ease activity over time and, in addition, can reduce radiographic progression (2). 
However, with the introduction of anti-tumor necrosis factor (anti-TNF) therapy, 
more effective treatment of AS became possible. Patients with AS seem to benefit 
most if treatment with TNF blockers is started early in the disease course, particu-
larly when started at a younger age (3,4). Therefore, it is important to diagnose this 
disease early. Until recently, plain radiographs were obligatory for the diagnosis 
of AS, according to the modified New York criteria (5). The disadvantage of this 
imaging technique is that it usually takes many years before the disease comes to 
full expression and definite radiographic sacroiliitis appears (5). Consequently, the 
diagnosis is often delayed by 5 to 10 years, especially in patients with an early or 
incomplete clinical picture (1,6,7). To enable earlier diagnosis, highly reliable and 
sensitive imaging techniques are needed.

Nowadays, magnetic resonance imaging (MRI) is believed to be a sensitive imag-
ing modality for the detection of sacroiliitis and inflammation of the spine in early 
AS. MRI detects (early) inflammation by visualization of tissue edema or enhanced 
gadolinium contrast uptake or both. However, these imaging findings are non-
specific indicators of increased free water content and increased vascularization, 
respectively (8,9). Moreover, chronic AS changes, such as new bone formation in 
the spine (syndesmophyte formation), tend to be less well visualized on MRI than 
on radiographs (10). Finally, although validated scoring methods are available, 
conflicting data on the sensitivity and specificity of MRI in (suspected) spondylo-
arthropathies have been published (6,11-14). Therefore, the precise role of MRI in 
visualizing disease activity of AS has not yet been fully elucidated.

Positron emission tomography (PET) is another interesting imaging technique 
for the diagnosis of AS. PET allows sensitive imaging of functional tissue changes 
(pathophysiology) in the whole body by targeting binding sites (15). The visualiza-
tion of pathophysiology makes PET potentially suitable for early detection of in-
flammatory processes, even before anatomical changes occur. Thereby, PET allows 
specificity through the use of receptor targeting tracers and allows quantification 
of disease activity in order to monitor therapeutic effects accurately (16). Recently, 
PET-computed tomography (PET-CT) scanning was introduced as a hybrid imaging 
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technique that combines the unique properties of sensitive imaging of pathophysi-
ology and anatomical CT imaging as a reference (17). In this way, PET-CT offers the 
opportunity to visualize (early) inflammatory changes as well as (early) structural 
changes such as new bone formation, which is hard to detect on MRI.

The definite pathogenesis of AS is still not clear, and different joint structures 
may be involved in inflammatory sites in AS (18). Therefore, different targets for 
the PET tracers have to be taken into account. Synovial tissue, bone marrow, en-
theses, and ligaments can be affected in AS (19-21) and may need different specific 
tissue PET tracers. PET studies in patients with rheumatoid arthritis (RA) clearly 
revealed inflamed synovial tissue through the use of the glucose analogue [18F]-
fluoro-2-deoxy-D-glucose ([18F]FDG), visualizing increased metabolism in synovial 
tissue (16,22,23), and the macrophage tracer PK11195 [(R)-1-(2-chlorophenyl)-N-
methyl-N(1-methyl-propyl)-3-isoquinoline carboxamide] ([11C](R)PK11195) (24). 
[11C](R)PK11195 binds with high affinity to peripheral benzodiazepine receptors, 
which are expressed mainly on macrophages (25). Since macrophage-rich inflam-
mation has been demonstrated in patients with AS (26), both [18F]FDG and [11C]
(R)PK11195 may be interesting tracers for detection of disease activity of AS. In 
addition to inflammation tracers, the bone tracer [18F]Fluoride may have potential 
for AS imaging since AS is characterized by syndesmophyte formation and anky-
losis in vertebral column and sacroiliac (SI) joints. [18F]Fluoride uptake in active 
bone reflects local blood flow and regional osteoblastic activity (27,28). Indeed, 
[18F]Fluoride appeared to be a potential tracer for imaging of active bone sites in a 
small group of patients with AS (29).

The objective of this pilot study was to investigate the potential of PET-CT for 
imaging AS activity by the investigation of three different tracers in a stepwise 
approach with MRI and conventional radiographs as references for PET-CT data. In-
flammation tracers [18F]FDG and [11C](R)PK11195 were studied in patients with AS 
with low and high disease activity, and these inflammation tracers were compared 
with the bone tracer [18F]Fluoride in additional patients with high disease activity.

mAterIAl And methods

Patients

Twelve patients who had AS (at least 18 to not more than 70 years) and who ful-
filled the modified New York criteria (5) were included between March 2008 and 
December 2010. Patients were excluded if they were pregnant or breastfeeding, 
had a pacemaker, had a creatinine clearance of less than 30 mL/minute, or had 
any other treatment with investigational drugs within the previous three months. 
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Additionally, benzodiazepines were discontinued at least 10 days before inclusion 
to prevent (partial) blockade of benzodiazepine receptors, relevant for [11C](R)
PK11195 binding. NSAIDs were continued if used at inclusion.

Five patients had low disease activity - Bath Ankylosing Spondylitis Disease Activ-
ity Index (BASDAI) of less than 4, and seven patients high disease activity (BASDAI 
of at least 4). Patients with high disease activity were candidates for treatment with 
a TNF-blocking agent and were included before anti-TNF treatment was started. 
The study protocol was approved by the medical ethics committee. All patients gave 
written informed consent before participation in the study.

study design

In a stepwise investigation of different PET tracers, we studied the potential of 
PET-CT in AS by using the inflammation tracers [18F]FDG and [11C](R)PK11195 in 
patients with AS with low (n = 5) or high (n = 5) disease activity and subsequently 
compared [18F]FDG and [11C](R)PK11195 with the bone tracer [18F]Fluoride in two 
patients with high disease activity (n = 2). As references for PET-CT data, MRI scans 
of the total spine and SI joints were obtained within a mean of 5 days (range of 
0 of 17 days) after the PET-CT scan. Conventional radiographs of the total spine 
(anterior-posterior and lateral) and SI joints (posterior-anterior) were available for 
all patients.

[18F]FDG, [11C](R)PK11195, and [18F]Fluoride PET-CT scan

Whole-body PET-CT scans were performed using a PET-CT type Gemini TF (Phil-
ips, Cleveland, OH, USA). Patients fasted for at least 6 hours before scanning with 
[18F]FDG. Patients were injected with a mean ± standard deviation (SD) of 111 ± 
6 MBq [18F]FDG and 375 ± 30 MBq [11C](R)PK11195, each injection followed by 
scanning, with a minimal interval period of 3 hours between the scans. Patients 
were in a supine position and entered the scanning machine feet first. All PET scans 
were preceded by a low-dose 35-milliampere-second CT scan covering the verte-
bral column and the SI joints. Low-dose CT was used for attenuation correction and 
localization of PET signal and did not allow definite identification of structural bony 
lesions. Sixty minutes after intravenous injection of [18F]FDG and 10 minutes after 
intravenous injection of [11C](R)PK11195, whole- body scans of 5 minutes per field 
of view (FOV) for [18F]FDG and 3 to 5 minutes per FOV for [11C](R)PK11195 were 
acquired of the total spine and SI joints. The maximum total scan time was approxi-
mately 60 to 75 minutes per patient. The total spine and SI joints were depicted in 
one image. Since the tracer [11C](R)PK11195 may easily stick to application mate-
rial, the application system was flushed with 20 mL of NaCl 0.9%, and rest-activity 
was measured after administration of the tracer.
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In two additional patients with high disease activity, an extra whole-body (5 
minutes per FOV) [18F]Fluoride PET-CT was performed 1 hour after injection of 
(mean ± SD) 108 ± 1 MBq [18F]Fluoride. A low-dose 35-milliampere-second CT scan 
preceded the PET scans. The application system was flushed with 20 mL of NaCl 
0.9%, and rest-activity was measured after administration of the tracer.

PET data were normalized and corrected for attenuation, decay, and scatter. All 
scans were reconstructed as 144 × 144 matrices with a pixel size of 4 × 4 × 4 mm by 
using a fully three-dimensional line of response iterative reconstruction, including 
time-of-flight information (’Blob-OS-TF’). These reconstructed images were also 
used for region-of-interest definition.

MRI scan

A gadolinium-enhanced MRI series of the vertebral column and SI joints was per-
formed, preferably within one week before or after the PET-CT scans, by using a Sie-
mens Magneton Sonata 1.5 Tesla (Siemens Medical Solutions, Erlangen, Germany). 
Imaging was done, using the head/neck and spine array, in coronal and sagittal 
orientation with T1-weighted images before and after gadolinium-contrast plus a 
short-tau inversion recovery (STIR) sequence. The technical details are as follows: 
matrix 512 × 512 pixels, FOV of 380 mm in sagittal orientation with slice thick-
nesses of 3 mm for the cervical/thoracic region and 4 mm for the thoracic/lumbar 
region (voxel sizes of 0.7 × 0.7 × 3.0 mm and 0.7 × 0.7 × 4.0 mm, respectively). The SI 
region had a 256 matrix with a FOV of 270 mm in coronal/oblique orientation and 
a slice thickness of 4 mm (voxel size of 1.1 × 1.1 × 4.0 mm). The T1 post-gadolinium 
series were made with 0.5 mmol/mL Dotarem® (Guerbet, France) 0.2 mL/kg, and 
the total scan time was approximately 60 minutes.

Imaging analysis

On conventional radiographs, cervical spine and lumbar spine were visually inter-
preted and scored according to the m-SASSS scoring method (score of 0 to 72). Ad-
ditionally, the thoracic spine was scored according to the m-SASSS criteria, although 
they are not validated for this part of the spine. However, no other scoring methods 
are available for the thoracic spine. In addition, the involvement of the posterior 
lesions of the spine was visually determined by one observer and a radiologist. The 
SI joints were scored according to the modified New York criteria (score of 0 to 8).

A nuclear medicine specialist and a rheumatologist qualitatively interpreted PET-
CT data. For relative comparison of tracer uptake, regions of interests were drawn 
in AMIDE (a Medical Imaging Data Examiner) data analysis software (30). With the 
covering low-dose CT as an anatomical reference, elliptic cylinders and rectangular 
boxes were drawn on top of focal hotspots and a (non- hotspot) vertebral body (in 
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principle, L1, if unaffected) (background), respectively, to calculate mean uptake 
ratios. A radiologist qualitatively evaluated MRI data for subchondral bone marrow 
edema, gadolinium enhancement, cartilage abnormalities, periarticular erosions, 
subchondral fatty marrow infiltration, and ankylosis.

statistical analysis

Data and images of this pilot study were analyzed descriptively. Owing to the small 
study population, a normal distribution of data is not expected. Therefore, patient 
characteristics were analyzed by using SPSS version 15 (SPSS Inc., Chicago, IL, USA), 
and values were presented as median (range).

results

Patient characteristics

table 1. Baseline demographic, clinical, functional, and x-ray characteristics of patients
low disease activity
(BAsdAI <4) (n = 5)

high disease activity
(BAsdAI ≥4) (n = 7)

Males/females 4/1 3/4

HLA-B27-positive, percentage 100 57

Age, years 31.0 (25-50) 41.0 (24-56)

Duration since diagnosisa, years 2.0 (0-4) 3.0 (0-20)

Duration of symptomsb, years 12.0 (7-19) 12.0 (1-32)

BASDAI (0-10) 1.7 (0.7-2.2) 6.9 (5.1-9.8)

ESR, mm/hour 14.0 (4-19) 23.0 (2-30)

Sacroiliitis (0-8) 5.0 (4-6) 5.0 (4-7)

m-SASSS (0-72) 2.5 (0-6) 1.6 (0-14)

BASRI-hip (0-8) 1.2 (0-2) 0.75 (0-2)

Values are presented as median (range). aDuration since diagnosis (in years), from definite ankylos-
ing spondylitis (AS) diagnosis according to the modified New York criteria. bDuration of symptoms (in 
years), from the start of inflammatory back pain. BASDAI, Bath Ankylosing Spondylitis Disease Activity 
Index; BASRI-hip, Bath Ankylosing Spondylitis Index for the Hip (0 to 4, sum of right and left scores); 
ESR, erythrocyte sedimentation rate; HLA-B27, human leukocyte antigen-B27; m-SASSS, modified Stoke 
Ankylosing Spondylitis Spinal Score; Sacroiliitis, sacroiliitis scoring according to the radiographic modi-
fied New York criteria (0 to 4, sum of right and left scores).

Imaging analysis

[18F]FDG and [11C](R)PK11195 PET-CT with MRI as a reference

In none of the first 10 patients was focal [18F]FDG or [11C](R)PK11195 uptake or 
both noticed (for example, Figure 1c, d). MRI (STIR) images, on the other hand, 
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revealed bone edema (n = 5 lesions) in the spine or SI joints of three out of 10 
patients (one with low and two with high disease activity) (for example, Figures 1e 
and 2e). Four out of five lesions on STIR also showed gadolinium enhancement on 
T1 images. Furthermore, in three patients without bone edema in the SI joints, MRI 
revealed local ankylosis or subchondral fatty marrow infiltration or both (Figure 
2j). Of note, background [11C](R)PK11195 uptake in bone (marrow) was about five 
times higher than that of [18F]FDG.

Comparison of [18F]FDG, [11C](R)PK11195 and [18F]Fluoride PET-CT with MRI as a 

reference

In the two additional patients scanned with [18F]Fluoride, [18F]FDG depicted three 
hotspots in the vertebral column and [11C](R)PK11195 scans showed no focal 

figure 1. Positron emission tomography (PET) and magnetic resonance imaging (MRI) im-
ages of a patient with high disease activity. Coronal [18F]FDG (a) PET and (b) PET- computed 
tomography (PET-CT) and coronal [11C](R)PK11195 (c) PET and (d) PET-CT images of sacro-
iliac joints with no tracer uptake. (e) Coronal/oblique MRI (short-tau inversion recovery) of 
sacroiliac joints of the same patient. Bone marrow edema is present in both sacroiliac joints 
(indicated by red arrows). [11C](R)PK11195, PK11195 [(R)-1-(2-chlorophenyl)-N-methyl-
N(1-methyl-propyl)-3-soquinoline carboxamide]; [18F]FDG, [18F]-fluoro-2-deoxy-D-glucose.
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uptake. [18F]Fluoride scans demonstrated 17 regions with elevated [18F]Fluoride 
tracer uptake in both spine and SI joints (Table 2). The three regions revealed by 
[18F]FDG were also depicted with [18F]Fluoride PET-CT (Figure 2 and Table 2), with 
an uptake that was five times higher than the [18F]FDG uptake.

MRI depicted nine bone marrow lesions, with enhanced signal on both STIR and 
gadolinium contrast T1 images, in the spine of these two patients (Table 2). Only 
one out of three [18F]FDG hotspots matched with MRI lesions, and two-thirds of 
the MRI lesions matched with the anatomical position of [18F]Fluoride uptake. The 
number of [18F]Fluoride lesions (n = 17) exceeded those detected on MRI (n = 9) 
(Table 2). Eleven active lesions were depicted with [18F]Fluoride PET-CT and not on 
MRI. Three lesions (two cervical and one lumbar vertebrae) were detected on MRI 
and not on [18F]Fluoride PET. Of note, whole-body [18F]Fluoride scans additionally 
showed hotspots in the manubrium-sternal joints in both patients and in the left 
acromion-clavicular joint in one patient corresponding to clinical symptoms (data 
not shown in Table 2).

figure 2. [18F]FDG and [18F]Fluoride PET-CT and MRI images of patients 1 (a-e) and 2 (f-j). 
Both patients underwent an extra [18F]Fluoride PET-CT scan. Coronal PET (a, c, f, h) and PET-
CT (b, d, g, i) images obtained with [18F]FDG (a, b, f, g) and [18F]Fluoride (c, d, h, i). Multiple 
hotspots are shown; two examples are indicated by the red closed arrows (c, h). (e) Sagittal 
MRI image (STIR) of vertebral column and (j) coronal/oblique MRI (STIR) of sacroiliac joints. 
Multiple lesions with increased signal (bone marrow edema) are shown; an example is indi-
cated by the open arrow. [18F]FDG, [18F]-fluoro-2-deoxy-D-glucose; MRI, magnetic resonance 
imaging; PET, positron emission tomography; PET-CT, positron emission tomography-com-
puted tomography; STIR, short-tau inversion recovery.
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Comparison of [18F]Fluoride PET and MRI with conventional x-rays

Active sites on [18F]Fluoride PET-CT or MRI or both were compared with structural 
changes observed in conventional x-rays (Table 2). In four out of six PET- and MRI-
positive lesions, conventional radiography depicted sclerosis. In seven out of 11 
PET-positive/MRI-negative lesions, structural changes were found: sclerosis (n = 
1), squaring (n = 3), facet arthrosis (n = 2), and ankylosis (n = 1). Furthermore, PET 
or MRI or both depicted nine active sites with no radiographic structural changes. 
Conversely, seven sites with structural changes on conventional radiography did 
not depict any activity on either PET or MRI: sclerosis (n = 3), squaring (n = 2), facet 
arthrosis (n = 2).

dIsCussIon

Results of this pilot study show the potential of PET-CT imaging of AS activity. Tar-
geting of bone formation appears to be the most promising approach to visualize 
AS activity. Inflammation tracers ([18F]FDG and [11C](R)PK11195) seem to be less 
useful for imaging of AS than for imaging of active RA (16,22-24).

There may be several explanations for the discrepancy between [18F]FDG, [11C]
(R)PK11195, and [18F]Fluoride PET-CT findings. First of all, since the definite patho-
genesis of AS still has to be elucidated, it is unknown which target site for imaging 
of AS is optimal (18). Entheses are of special interest, and synovitis seems to be 
less prominent in AS compared with RA (20). In addition, syndesmophyte forma-
tion and ankylosis, hallmarks of AS, reflect local osteoblastic activity. Our PET-CT 
findings suggest that bone formation (for example, osteoblastic activity) may be a 
more prominent feature of AS activity than inflammation. The present PET-CT re-
sults with the different tracers, therefore, reveal interesting data that may provide 
insights into the pathogenesis of AS.

Secondly, tracer biodistribution may be related to varying tracer characteristics. 
Uptake mechanisms are different for each tracer. In (red) bone marrow, [11C](R)
PK11195 PET scans showed a diffuse increased uptake pattern which could pos-
sibly overwhelm potential small focal activity spots in or around bone. [18F]FDG 
is probably a useful marker for synovitis (16,22,23) and osteomyelitis (31,32) but 
may be less suited for detection of (non- or low-inflammatory) bone formation in AS 
(33-37). In general, [18F]FDG seems to be more useful for the detection of osteolytic 
than for osteoblastic lesions (38). [18F]Fluoride, on the other hand, reflects osteo-
blastic activity because of the tracer’s uptake into hydroxyapatite crystals, which 
form the mineral fluoroapatite within bone, especially at sites of bone formation 
(27,28,39). Our positive results with [18F]Fluoride PET- CT in both vertebral column 
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and SI joints of patients with AS correspond with [18F]Fluoride PET-CT findings 
of Strobel and colleagues (29) in SI joints of patients with AS and osteoarticular 
[18F]Fluoride findings of Ben Ali and colleagues (40), indicating that [18F]Fluoride is 
a potential tracer for active bone sites in AS.

A third explanation for the differences in uptake of the three tracers might be re-
lated to patient selection. Patients were categorized in low or high disease activity 
group according to the BASDAI level. BASDAI is a patient questionnaire commonly 
used to assess disease activity in AS. Congruent imaging results (no active lesions) 
were found in four out of five patients with low disease activity, corresponding to 
BASDAI measurements. In contrast, in patients with high disease activity (BASDAI 
≥ 4), three out of seven patients with AS did not show any active inflammation 
on MRI. This corresponds to findings of others who did not find any association 
between MRI and clinical data (41,42). Therefore, high BASDAI scores with negative 
MRI may be more related to secondary degenerative changes and ankylosis rather 
than active inflammation. This is supported by the finding that six out of seven 
patients with high disease activity showed bony structural lesions in one or more 
vertebral bodies; at least 50% of these lesions had degenerative characteristics. 
Indeed, nowadays, the BASDAI is criticized, and recent studies express the belief 
that the ankylosing spondylitis disease activity score (ASDAS) is a better selection 
criterion than BASDAI (43-45). Furthermore, NSAIDs were continued if used at in-
clusion. In theory, NSAID use may have suppressed inflammatory activity; however, 
Gasper- sic and colleagues (46) showed that anti-inflammatory drugs have no influ-
ence on monitoring AS with MRI. In our study, NSAIDs did not seem to influence 
[18F]Fluoride uptake in active lesions since PET-CT scans depicted 17 hotspots in 
the two patients scanned with this tracer.

PET-CT data were compared with MRI and conventional radiographs as refer-
ences. Focusing on the two patients additionally scanned with [18F]Fluoride PET-CT, 
most MRI lesions corresponded to lesions with [18F]Fluoride uptake on the PET 
scan. Additionally, two active [18F]Fluoride PET-CT lesions in SI joints showed 
subchondral fatty marrow infiltration on MRI. Although the exact significance of 
subchondral fatty marrow infiltration is not yet clear, it is believed to be a late 
structural change due to chronic inflammation in AS (47).

On the other hand, in 11 out of 17 [18F]Fluoride PET-positive lesions, structural 
changes were found on conventional x-rays. (Secondary) Degenerative changes such 
as sclerosis and facet arthrosis may result in a positive [18F]Fluoride signal. How-
ever, these lesions could also reflect chronic AS disease activity (the mean symptom 
duration of patients 11 and 12 was 22 years). Indeed, degenerative changes, as well 
as other structural changes such as squaring and syndesmophyte formation, can co-
exist with chronic inflammation (48). Finally, the observed [18F]Fluoride hotspots in 
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the sternum and shoulder seemed to correlate with clinical symptoms of patients, 
again underlining the potential of [18F]Fluoride PET-CT to visualize active sites in AS.

ConClusIons

Despite the limited number of patients investigated in this study, our PET-CT results 
suggest that AS activity was reflected by bone formation and not by inflammation, 
and this finding throws an interesting light on the pathogenesis of the disease. 
In addition, [18F]Fluoride PET-CT seems to be a promising imaging technique for 
detecting active lesions in the spine and SI joints of patients with AS, but the definite 
value of [18F]Fluoride PET-CT as a diagnostic tool for assessment of AS activity needs 
to be further explored in future studies with larger cohort(s) of patients with AS.

ABBreVIAtIons

AS: ankylosing spondylitis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; [11C](R)
PK11195: PK11195 [(R)-1-(2-chlorophenyl)-N-methyl-N(1- methyl-propyl)-3-soquinoline carbox-
amide]; CT: computed tomography; [18F]FDG: [18F]-fluoro-2-deoxy-D-glucose; FOV: field of view; MRI: 
magnetic resonance imaging; m-SASSS: modified Stoke Ankylosing Spondylitis Spinal Score; NSAID: 
non-steroidal anti-inflammatory drug; PET: positron emission tomography; PET-CT: positron emission 
tomography-computed tomography; RA: rheumatoid arthritis; SD: standard deviation; SI: sacroiliac; 
STIR: short-tau inversion recovery; TNF: tumor necrosis factor.
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Background
Imaging macrophages using the translocator protein (TSPO) tracer (R)-[11C]PK11195 
has shown promise in visualizing different phases of rheumatoid arthritis (RA). The 
relatively low signal-to-background ratio, however, limits its use in the detection of 
more subtle synovitis. In an arthritic rat model, the second generation TSPO tracers 
[11C]DPA-713 and [18F]DPA-714 have shown improved signal-to-background ratios.

objectives
To evaluate both [11C]DPA-713 and [18F]DPA-714 for visualizing arthritis in RA 
patients.

methods
RA patients (n=13) with at least two active hand joints were included and genetic 
TSPO polymorphism rs6971 was determined. PET/CT scans of the hands were 
obtained after injection of [18F]DPA-714, [11C]DPA-713 and/or (R)-[11C]PK11195, 
the latter as reference tracer (maximum of 2 tracers per patient). Standardized 
uptake values (SUVs) and target-to-background (T/B) ratios were determined by 
drawing volumes of interest (VOIs) over PET-positive joints and metacarpal bone 
(background), respectively. Imaging data of the three different tracers were com-
pared by pooled post-hoc testing, and by a head to head comparison.

results
Clinically active arthritis was present in 110 hand joints (range 2-17 per patient). 
Clear visualization of arthritis was feasible with both [11C]DPA-713 and [18F]DPA-
714. Visual tracer uptake corresponded with clinical signs of arthritis in 80% of 
the joints. The mean absolute uptake in PET-positive joints was significantly higher 
for [11C]DPA-713 than for [18F]DPA-714, the latter being not significantly different 
from (R)-[11C]PK11195 uptake. Background uptake was lower for both DPA tracers 
compared with that of (R)-[11C]PK11195, with [11C]DPA-713 uptake being lower than 
that of [18F]DPA-714. Higher absolute uptake and lower background resulted in two-
fold higher T/B ratios for [11C]DPA-713 than for [18F]DPA-714 and (R)-[11C]PK11195. 
TSPO polymorphism did not affect the results found between the TSPO tracers.

Conclusions
[11C]DPA-713 and [18F]DPA-714 can visualize arthritic joints in active RA patients. 
Lower background uptake was seen for both DPA tracers as compared with the first 
generation TSPO tracer (R)-[11C]PK11195. Highest T/B ratios were obtained for 
[11C]DPA-713. In addition to (R)-[11C]PK11195, the second generation TSPO tracers 
provide new opportunities for both early diagnosis and therapy monitoring of RA 
disease activity.
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IntroduCtIon

International guidelines for rheumatoid arthritis (RA) stress the importance of 
starting effective treatment as early as possible (1). It appears that early treat-to-
target therapy results in delay or complete termination of progressive joint damage 
and in reduced disability (2, 3). Sensitive and quantitative imaging techniques could 
add valuable information on (changes in) disease activity on top of clinical evalua-
tion.

Positron emission tomography (PET) is a nuclear imaging technique with high 
sensitivity and potentially high specificity depending on the tracer being used 
for specific targeting of molecular sites of interest (4). PET provides quantitative 
molecular data making it particularly interesting for early diagnosis and therapy 
monitoring. A potential target to assess RA disease activity is the macrophage, as 
macrophages infiltrate in synovium right from the early development of RA and 
they remain a relevant biomarker during treatment (5, 6). PK11195 ((R)-1-[2-
chlorophenyl]-n-methyl-n-[1-methyl-propyl]-3-isoquinoline carboxamide) ((R)-
[11C]PK11195) binds to the upregulated translocator protein (TSPO) in activated 
macrophages and can visualize synovitis in both established and pre-RA patients 
(7, 8). Moreover, using this tracer, it was possible to predict flares in RA patients in 
clinical remission (9, 10). However, the relatively high background uptake of (R)-
[11C]PK11195 in peri-articular tissues hampered detection of more subtle synovitis.

Recently two new high affinity TSPO ligands were developed, DPA-714 
(N,N-Diethyl-2-(2-[4-(2-fluoroethoxy)-phenyl]-5,7-dimethyl-pyrazolo[1,5-a]
pyrimidin-3-yl)-acetamide) (11) and DPA-713 (N,N-diethyl-2-[2-(4-methoxy-
phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl]acetamide) (12). Although (R)-
[11C]PK11195, [18F]DPA-714 and [11C]DPA-713 all bind to TSPO in the nanomolar 
range, in vitro studies show an increased binding of [18F]DPA-714 and [11C]DPA-713 
to TSPO compared with (R)-[11C]PK11195 (13-15). In addition, they have shown 
more favourable target-to-background ratios than (R)-[11C]PK11195 in arthritic 
joints of a rat arthritis model (16).

The purpose of the present explorative study was to assess whether the sec-
ond generation TSPO PET tracers [18F]DPA-714 and [11C]DPA-713 accumulate in 
inflamed joints of RA patients and to compare their imaging characteristics with 
those of the reference TSPO tracer (R)-[11C]PK11195.
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mAterIAl And methods

Patients

Thirteen RA patients (ACR 2010) (17) were included between November 2013 and 
July 2016. Eligible patients (>18 years) had at least two swollen joints in hands/
wrists. Stable treatment with Disease Modifying Anti-Rheumatic drugs (DMARDs), 
oral corticosteroids (maximum 10 mg/day), stable doses of non-steroidal anti-
inflammatory drugs (NSAIDs, ≥1 month) and/or biologicals (≥3 months) were per-
mitted. Patients were excluded if they had been treated with investigational drugs 
within the previous three months, or if they were pregnant or breastfeeding.

The study protocol was approved by the VUmc Medical Ethics Review Commit-
tee. All patients gave written informed consent before participation in the study.

study design

[11C]DPA-713, [18F]DPA-714 or (R)-[11C]PK11195 PET/CT scans of both hands/
wrists were performed for all RA patients. Due to radiation limits, a maximum of 2 
consecutive tracers were investigated in the same patient. Therefore, tracers could 
partly be compared head to head by injecting two different tracers per patient (see 
set-up in appendix A). All patients started with a C-11 labeled tracer followed by 
an F-18 labeled tracer, with a minimal interval period of 3 hours between the two 
scans (i.e., ~9 times the half-life of carbon-11).

Synthesis of (R)-[11C]PK11195, [18F]DPA-714 and [11C]DPA-713

Radiopharmaceuticals were synthesized according to Good Manufacturing Practice 
(GMP) in a facility with a manufacturing license at the VU University campus (Am-
sterdam, The Netherlands).

(R)-[11C]PK11195 has previously been used for clinical studies at the VU Univer-
sity Medical Center and was produced accordingly (8). In addition, [18F]DPA-714 
has previously been administered to healthy volunteers and patients with neuro-
logical disorders. The DPA-714 tracer was synthesized by fluorination of a tosyl 
precursor as previously described (11). [11C]DPA-713 was synthesized according to 
the procedures of Thominiaux et al. by methylation with [11C]methyl-triflate of its 
demethylated precursor (12).

(R)-[11C]PK11195, [18F]DPA-714 and [11C]DPA-713 PET/CT scanning

Scans were obtained using Gemini TF or Ingenuity TF PET/CT scanners (Philips 
Medical Systems, Cleveland, Ohio, USA). No fasting was needed and patients 
received an infusion needle (Venflon®) before the scan for blood withdrawal to as-
sess TSPO polymorphism rs6971 (see below). Subsequently, patients were injected 
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with a mean ± standard deviation (SD) of 440±6 MBq (R)-[11C]PK11195 (n=3) 
and/or 176±7 MBq (n=8) [18F]DPA-714 and/or 356±36 MBq [11C]DPA-713 (n=10), 
respectively. As TSPO tracers may easily stick to syringes and tubing, the injection 
syringe was flushed with 20 mL of NaCl 0.9%, and residual activity was measured.

(R)-[11C]PK11195 scans of the wrists/hands (consisting of two field of views 
(FOVs)) were started 20 minutes after intravenous injection as described before 
(8). In addition, hands were placed in a special vacuum pouch for stabilization. As 
the optimum scan intervals for the new TSPO tracers were not known, [18F]DPA-714 
and [11C]DPA-713 scans were started 10 minutes after injection and a total of four 
emission scans (mean 9 mins per scan) were obtained in the time interval 10-50 
minutes p.i. (Appendix B). Scan time was adjusted for the half-life of the applied 
isotope.

PET scans were preceded by a low dose 35mAs CT scan for attenuation correc-
tion and localization purposes. The maximum total scan time was approximately 40 
minutes per patient per tracer. All scans were reconstructed according to previously 
used protocols (18).

Image Analysis

Scans (~20 min p.i) were first visually analyzed to determine which joints were PET 
positive for consecutive quantitative analysis. PET/CT images of the hands were 
evaluated for PET-positive joints in wrists, metacarpophalangeal (MCP) joints and 
proximal interphalangeal (PIP) joints (n=22 per patient). Reading was carried out 
in random order of tracers per patient by two readers blinded for clinical findings 
(SB, CL). A joint was assessed as PET positive when tracer uptake was visually 
higher than extra-articular tissue (dichotomously).

For quantitative comparison of tracer uptake, volumes of interests (VOIs) were 
drawn on PET images using in-house developed data analysis software with the 
covering low-dose CT as an anatomical reference. Each emission scan was analyzed 
separately and VOIs were drawn on top of the visually determined PET-positive 
joints using automatic, threshold-based isocontours. At a lesion level, the uptake in 
extra-articular metacarpal bone per patient was used as the lowest threshold.

Standardized uptake values (SUVs) were calculated by dividing the PET tracer 
tissue concentration in each VOI by the injected radioactivity and normalizing it 
to body weight. Tracer uptake in targets is presented as SUVpeak, which is defined 
as the highest average uptake within a sphere of 1.2 mL within the VOI (19, 20). 
In addition, standardized spherical VOIs were drawn in a non-affected metacarpal 
(MC) bone (preferably the second MC bone) to determine background uptake in 
bone and to calculate target-to-background (T/B) ratios.
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Analysis was performed using the mean SUV and T/B ratios per joint defined as 
the average of the four consecutive measurements of [18F]DPA-714 and [11C]DPA-
713, based on a low coefficient of variation (CV) (median 0.07; IQR 0.05-0.13) and 
a high correlation (r = >0.97) between the SUV values of PET-positive joints as 
derived from the four consecutive emission scans.

determination of tsPo polymorphism rs6971

The homozygous TSPO polymorphism rs6971 is known to affect the binding affin-
ity of second-generation TSPO tracers (21). For correct interpretation of data the 
genetic TSPO status of patients was determined.

The “QI Amp DNA Blood Mini Kit (Qiagen #51104, Hilden, Duitsland)” was used 
for rapid purification of genomic deoxyribonucleic acid (DNA), essentially as de-
scribed before (22). In short, blood was collected in EDTA blood collection tubes. 
Genomic DNA was isolated from 200 µL whole blood using the QIAamp DNA Blood 
Mini Kit according to the manufacturer’s instructions. Genomic DNA was eluted 
in 200 µL buffer AE after which purity and concentration was assessed using the 
NanoDrop-1000 Spectrophotometer (Isogen, Utrecht, The Netherlands). A260/280 
ratios were typically > 1.8. 10 ng of gDNA was mixed with TaqMan Genotyping Mas-
ter Mix (Applied Biosystems P/N 4371353, California, United States) and Taqman 
SNP Genotyping Assay (Applied Biosystems P/N 4351379, Assay ID C_2512465_20, 
SNP id rs6971) and nuclease-free water in a total volume of 20 µL. QPCR was per-
formed in MicroAmp Optical 96-well plates (Applied Biosystems) on a StepOnePlus 
Real-Time PCR system (Applied Biosystems). Homozygous TSPO polymorphism 
patients were classified A/A whereas the other patients were either heterogeneous 
(A/G) or lacked polymorphism (G/G).

statistical Analysis

Results of the visual interpretation of PET/CT images were analyzed in a descrip-
tive, dichotomous (a joint scored either PET positive or negative) manner.

The quantitative analyses of mean absolute and relative levels of uptake in PET-
positive joints (SUV and T/B ratios) were determined for each tracer. Subsequently, 
pooled data per tracer were compared between the three tracers using a mixed 
model with a random effect for joint-subject combination and a fixed effect for 
tracer. The random effect was included to account for each subject receiving two of 
the 3 tracers. In case a significant overall difference between the three tracers was 
found, post-hoc tests were performed to compare levels of uptake between each 
pair of tracers. A Bonferroni correction was used to account for multiple testing 
in the post-hoc analyses. In addition, pooled results in the mixed model were cor-
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rected for joint size (measured ordinally with a semi-quantitative categorization, 
i.e. wrist=1, MCP=2, PIP=3) and genetic polymorphism status.

In addition, next to pooled tracer data analysis, head to head comparisons were 
performed, comparing mean SUV and T/B ratios between the two scans in subsets 
of patients who obtained a specific pair of scans. These analyses are presented sep-
arately. Comparisons between tracers were performed using the non-parametric 
Mann-Whitney.

The relation between PET data and clinical parameters were determined by 
Spearman’s rank correlation. Categorical variables are summarized by frequencies 
and percentages. Continuous variables are summarized using mean ± SD and 95% 
confidence interval (95% CI) or as median and interquartile range [IQR] in case of 
a non-normal distribution.

A p-value <0.05 was regarded as statistically significant and statistical analyses 
were performed using SPSS version 22.0.0 for Windows (SPSS, Chicago, IL, USA).

results

Clinical data

Baseline demographics of the 13 RA patients are summarized in Table 1. Out of 286 
evaluated hand/wrist joints, 101 were clinically tender and/or swollen (35%) (2-
17 joints per patient). The distribution of clinically active joints was 15% (15/101) 
wrists, 50% (50/101) metacarpophalangeal (MCP) joints and 35% (36/101) proxi-
mal phalangeal (PIP) joints, respectively.

Pet data in relation to clinical disease activity

[11C]DPA-713 and [18F]DPA-714 accumulated in up to 7 joints per patient, which 
could be identified on PET/CT (range 2-7) (Figure 1).

At a group level, visual (dichotomous) interpretation of the PET/CT scans re-
vealed that the distribution and the number of PET-positive joints were identical for 
both DPA tracers and similar to that of the reference tracer (R)-[11C]PK11195 (data 
not shown). A total of 49 visual PET-positive joints were observed. Eighty percent 
(39/49) of PET-positive joints also showed clinical signs of arthritis. PET-positive 
joint distribution consisted of 26% (13/49) wrists, 37% (18/49) MCP joints and 
37% (18/49) PIP joints, respectively. In 74% (175/237) of PET-negative joints, no 
clinical symptoms of arthritis were present. Lack of a PET-positive signal in clini-
cally inflamed joints (i.e., tender and/or swollen) was more often found in the small 
MCP (70%) and PIP (61%) joints as compared with the larger wrist joints (33%).
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At a patient level, the total number of visually assessed PET-positive joints (re-
gardless of the tracer) and the mean SUV values of all PET-positive joints per patient 
did not correlate with clinical parameters (i.e., DAS28 and TJC, SJC), disease dura-
tion and BSE. Only the mean SUV per patient of [11C]DPA-713 showed a very strong 
correlation with C-reactive protein (CRP) (r=0.8; p=0.009), although this was not 
found for the other TSPO tracers.

Comparison of pooled quantitative Pet data of tracers

Mean SUVs for [18F]DPA-714, [11C]DPA-713 and (R)-[11C]PK11195 in visually identi-
fied PET-positive joints are presented in Figure 2. The mean SUV of [11C]DPA-713 
was significantly higher than that of [18F]DPA-714 (p=0.03) and tended to be higher 
than that of (R)-[11C]PK11195 (p= 0.09, Figure 2). The mean SUV values of PET-
positive joints were not different for [18F]DPA-714 and (R)-[11C]PK11195 (p=1.0).

table 1. Baseline patient demographics, clinical and functional characteristics.
n=13

Females, number (%) 7(54%)

Age, years 59±14

Length, cm 175±8

Weight, kg 81 [75-87]

IgM RF¥ positivity, number (%) 8 (61.5)

Anti-CCP¥ positivity, number (%) 8 (61.5)

Disease duration, years 3.0 [1.3-15.0]

DAS28 5.4 [4.0-5.6]

Swollen joint count 7.0 [3.0-12.5]

Tender joint count 8.0 [2.5-14.5]

VAS 55.0 [40.0-64.0]

CRP, mg/mL* 13.0 [3.3-15.0]

ESR, mm/h 23.0 [13.0-38.0]

NSAID use, number (%) 5 (38%)

DMARD use, number (%) 12 (92%)

Prednisone, number (%) 7 (54%)

 Dosage in mg/day 7.5 [2.5-10.0]

Values are presented as absolute number (%), mean±SD or median[IQR].
IgM RF, Rheumatoid Factor; anti-CCP, Anti-cyclic citrullinated peptide; DAS28, disease activity score of 
28 joints; VAS, visual analogue scale for pain; CRP, C-reactive protein; ESR, erythrocyte sedimentation 
rate; DMARD, Disease-modifying antirheumatic drugs.
* CRP lower detection limit is 2.5 mg/mL.
¥ Lower limit for IgM RF = 5.0 IU/ml and for a-CCP = 10,0 U/ml, respectively.
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figure 1. PET/CT Maximum Intensity Pictures show accumulation of the three TSPO tracers. 
(A) (R)-[11C]PK11195 and (B) [18F]DPA-714 images within one patient (patient X), and (C) 
[18F]DPA-714 and (D) [11C]DPA-713 images within another patient (patient Y).
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figure 2. Mean (± SD) SUV (left; grey), background SUV (middle; white striped) and T/B 
ratios (right; black bars) of the pooled analyses per tracer in hand joints among RA patients.
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There was a trend for lower background uptake in metacarpal bone for [11C]DPA-
713 and, to a lesser extent, [18F]DPA-714 than for (R)-[11C]PK11195 (Figure 2). The 
highest absolute uptake in arthritic joints and lower background of [11C]DPA-713 
resulted in an almost twofold higher T/B ratio than that of [18F]DPA-714 and 
(R)-[11C]PK11195. Despite a slightly lower background uptake of [18F]DPA-714 as 
compared with (R)-[11C]PK11195, the T/B ratios of these two tracers were not sig-
nificantly different (Figure 2). The overall p-value for comparing T/B ratios of the 
three tracers was p=0.007, the Bonferroni correct p-value for post-hoc comparison 
for tracers showed only significant differences between [11C]DPA-713 and [18F]DPA-
714 (p= 0.005).

Quantitative analysis at a joint level revealed that joints, which were both PET 
positive and clinically active (swelling and/or tenderness), had significantly higher 
[11C]DPA-713 and [18F]DPA-714 SUV values and T/B ratios than PET-positive joints 
that were clinically not active ([11C]DPA-713: SUV 1.1±0.7 vs 0.6±0.4, p<0.001; T/B 
3.4±3.2 vs 1.3±0.6, p<0.001; [18F]DPA-714: SUV 1.1±0.6 vs 0.7±0.5, p=0.02, T/B 
2.0±1.0 vs 1.3±0.5, p=0.04). For (R)-[11C]PK11195 no significant differences were 
found between clinically active and non-active joints that were PET positive (p=0.7).

After correction for the TSPO tracers (fixed effect) used in the mixed model, mean 
SUV and T/B ratios were significantly higher in larger joints (i.e., wrists versus PIP 
joints, p<0.001). This difference remained after correcting for semi-quantitative 
joint size (i.e. wrist =1 to PIP = 3) (p=0.049).

head to head comparison of tracers

The tracers that were injected in the same patients could also be compared in a 
head-to-head setting. Results of these analyses were comparable with those of the 
pooled tracer data analyses. There was a significantly higher SUV for [11C]DPA-
713 than for [18F]DPA-714 (1.0±0.8 vs 0.8±0.6 in 71 joints; p<0.001)), but not for 
[18F]DPA-714 versus (R)-[11C]PK11195 (1.3±0.3 vs 1.3±0.3 in 8 joints;(p=0.9). A 
direct head to head comparison between (R)-[11C]PK11195 and [11C]DPA-713 was 
not available in this study (see Appendix A).

tsPo polymorphism

Homozygous rs6971 polymorphism (A/A) was found in 2 out of 13 patients which 
is thought to be related to a “low binding” status for the TSPO tracers. The other 
patients (n=11) were either heterogeneous (A/G; n=5) or lacked polymorphism 
(G/G; n=6). Correction of the pooled quantitative PET measures for polymorphism 
status did not alter the results regarding the significant differences between the 
tracers, neither for SUV nor for T/B ratios.
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dIsCussIon

This is first the study evaluating the feasibility to visualize arthritic joints of RA 
patients by PET/CT using the second generation TSPO tracers, [11C]DPA-713 and 
[18F]DPA-714. PET scans with both tracers clearly depicted arthritis. PET data of 
both DPA tracers confirmed previous findings, obtained with the first generation 
TSPO tracer (R)-[11C]PK11195, that TSPO is an appropriate target for non-invasive 
imaging of macrophages in RA. Although differences between TSPO tracers were 
relatively small, the data show that arthritis imaging by TSPO targeting could be 
improved further by using second-generation TSPO tracers. This improvement was 
primarily due to a reduction background uptake and, in case of [11C]DPA-713, also 
by an increase in target uptake.

Although most PET findings corresponded with clinical assessments, there were 
also some small discrepancies. For instance, in 20% of PET-positive joints, clinical 
examination did not reveal arthritis activity, which may point at imaging of subclini-
cal inflammation. This is in line with previous (R)-[11C]PK11195 findings in both 
pre-RA and established RA in clinical remission, where PET positive, but clinically 
negative joints were associated with the development of clinical disease activity 
later in time (7, 10). Vice versa, 38% of PET-negative joints showed signs of clinical 
inflammation. This discrepancy may be due to several factors. First, clinical identi-
fication of pain and/or swelling of a joint may rely on extinguished inflammation or 
at osteoarthritis without the presence of actual inflammation, which may explain 
a negative finding on PET. Second, small patient movement could have hampered 
correct reconstruction of the PET signal. Although an attempt was made to prevent 
motion of the hands, small movements could not always be avoided, for example, 
due to breathing with the hands positioned on the abdomen. In addition, the limited 
spatial resolution of PET (4-6mm) may have affected the sensitivity of PET to depict 
inflammatory activity in the smaller hand joints. The discordancy between PET and 
clinical findings was indeed mainly found in MCP and PIP joints. Future studies may 
benefit from dedicated high-resolution scanners.

By investigating two tracers within a single patient on the same day, it was pos-
sible to perform head to head comparisons in addition to the pooled tracer data 
analysis. Within one patient, there was no competition between the two tracers 
for binding due to very small (tracer) amounts of injected tracers and an excess of 
binding sites present in inflamed joints (23). In addition, the time interval between 
injections of the tracers was chosen such that the second tracer was injected after 
the first tracer had decayed. The comparisons between tracers were statistically 
corrected for comparison within the same patients. Results were similar to those 
from the pooled analysis of all tracer comparisons, reinforcing the conclusions.
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In this study, the TSPO polymorphism status did not affect the comparisons 
between the TSPO tracers for arthritis imaging. Previous data obtained in human 
brain indicated that all second-generation TSPO tracers, including the two DPA 
tracers of the present study, showed reduced binding affinity in patients homozy-
gous for this polymorphism compared to the wild type (21). This was not found for 
the first-generation TSPO tracer (R)-[11C]PK11195. In the present study, both DPA 
tracers visualized arthritic joints independent of polymorphism status, suggesting 
a lack of effect of TSPO polymorphism status on arthritis targeting which would be 
an advantage for clinical implementation.

The group sizes were relatively small, in particular the subgroup of patients 
that was injected with (R)-[11C]PK11195. Most likely, this contributed to the lack 
of reaching statistical differences in absolute joint uptake (SUV) between [11C]DPA-
713 and (R)-[11C]PK11195. Interestingly, statistical differences were found be-
tween [11C]DPA-713 and [18F]DPA-714, which showed similar levels of uptake as 
(R)-[11C]PK11195. The small group sizes probably also played a role in finding no 
statistically significant association between [18F]DPA-714 and CRP, while this was 
found for [11C]DPA-713 and CRP. As absolute joint uptake was lower for [18F]DPA-
714 than for [11C]DPA-713, it would require a larger subgroup size to find a statisti-
cally significant association with CRP.

For both DPA tracers, data were analyzed using uptake values that were averaged 
over the four consecutive emission scans. There is a risk of perfusion effects in the 
earliest of the four emission scans (~<25mins). Indeed, on average, there was a 
slight increase in SUV over time between emission scans 1 and 4 (data not shown). 
Nevertheless, the average of scans 1-4 strongly correlated with the average of scans 
3 and 4 alone. Therefore, to increase statistical accuracy, the average of scans 1-4 
was used in the present analysis.

High sensitivity and quantitative accuracy make PET a promising tool for clinical 
applications within rheumatology, such as early diagnostics and therapy monitoring 
(24). [11C]DPA-713 has advantages for monitoring studies (repetitive scanning), as 
the half-life of carbon-11 is shorter, resulting in a lower radiation burden allowing 
for more repeat scans in the same subject. On the other hand, the longer half-life 
of [18F]DPA-714 allows for central (commercial) production with distribution to 
various sites, which is an advantage for diagnostic multicentre trials.

ConClusIons

Both second-generation TSPO tracers, [11C]DPA-713 and [18F]DPA-714, show lower 
background uptake than the first generation TSPO tracer (R)-[11C]PK11195. In 
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addition, [11C]DPA-713 showed higher uptake in arthritic joints. Both tracers, but 
especially [11C]DPA-713, show promise for early diagnosis and therapy monitoring 
of RA disease activity.
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Appendix A. Study and analysis design.
(R)-[11C]Pk11195

Patient #
[18f]dPA-714

Patient #
[11C]dPA-713

Patient #

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9

10

11

12

13

Head to head #1-3 Head to head # 1-3

Head to head # 4-8 Head to head # 4-8

Pooled #1-3 versus Pooled #1-8 versus Pooled # 4-13

Pooled results were compared between the three tracers using a mixed model with a random effect for 
joint-subject combination and a fixed effect for tracer. The random effect was included to account for 
each subject receiving two of the three tracers.

Appendix B. Scan protocol.
(R)-[11C]Pk11195
5min/bed position

[18f]dPA-714
4 minutes/bed 
position

[11C]dPA-713
3-5-5-7 minutes/
bed position

scan 1 (2 
bedpositions)

±10 – 18 min p.i. ±10 – 16 min p.i.

scan 1 (2 
bedpositions)

±20-30 min p.i. scan 2 (2 
bedpositions)

±20 – 28 min p.i. ± 18 – 28 min p.i.

scan 3 (2 
bedpositions)

±30 – 38 min p.i. ± 30 – 40 min. pi.

scan 4 (2 
bedpositions)

±40 – 48 min p.i. ± 42 – 56 min p.i.

Minutes/bed position: total duration in minutes of one static (overlapping) bed position, with each scan 
consisting of 2 bed positions; min p.i.: minutes post injection of the tracer. Visual analysis was performed 
on the scans obtained at 20-30 minutes post injection (dichotomous scoring, grey bar).
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Background
B-cells are key players in the pathogenesis of rheumatoid arthritis (RA). Although 
successful in 50–60% of patients with RA, anti-B-cell therapy given as rituximab 
could be more efficient by identifying potential responders prior to treatment. 
Positron emission tomography (PET) using radiolabeled rituximab for B-cell im-
aging might provide the means to fulfill this unmet clinical need. The objective of 
this study was to investigate the association between the biodistribution of zirco-
nium-89 (89Zr)-rituximab on PET-computed tomography (CT) and clinical response 
in patients with RA.

methods
We included 20 patients with RA who were starting rituximab treatment. At the first 
intravenous (i.v.) therapeutic dose, patients were also injected with 89Zr-rituximab, 
followed by PET-CT. European League Against Rheumatism (EULAR) response cri-
teria were applied to determine response at week 24. PET-CT was analyzed visually 
and quantitatively. Lymph node (LN) biopsies were performed at 0 and 4 weeks to 
correlate B-cell counts with imaging data.

results
PET-positive hand joints (range 1–20) were observed in 18/20 patients. Responders 
had significantly higher 89Zr-rituximab uptake in PET-positive hand joints than non-
responders (median target-to-background (T/B)) ratios (IQR) were 6.2 (4.0–8.8) 
vs. 3.1 (2.2–3.9), p = 0.02). At T/B ≥4.0, positive and negative predictive values 
for clinical response were respectively 90% and 75%. Quantitative 89Zr-rituximab 
hand joint uptake on PET correlated inversely with CD22+ B-cell count in LN tissue 
at 4 weeks of treatment (r = 0.6, p = 0.05). In addition, the CD22+ B-cell count in 
LN correlated positively with quantitative LN PET data at baseline, supporting the 
specificity of B-cell imaging on PET.

Conclusions
Non-invasive B-cell imaging by 89Zr-rituximab PET-CT has promising clinical value 
to select RA responders to rituximab at baseline. 89Zr-rituximab PET-CT may also 
hold promise for monitoring anti-B-cell therapies in other B-cell driven autoim-
mune diseases, such as systemic lupus erythematosus and Sjögren’s disease.
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IntroduCtIon

B-cells play an important role in the pathophysiological process of rheumatoid ar-
thritis (RA), presumably through B-T-cell interaction and auto-antibody production. 
Targeted depletion of B-cells with a monoclonal antibody (mAb) such as rituximab 
(anti-CD20) appears to be efficient and cost-effective in patients with RA that is 
refractory to disease-modifying anti-rheumatic drugs (DMARDs) and anti-tumor 
necrosis factor-alpha therapy (anti-TNF) (1-3). Nevertheless, 30–50% of patients 
with RA do not respond to rituximab (4, 5). Treatment could be more efficient if 
potential responders to rituximab could be selected before treatment or early dur-
ing treatment.

Molecular imaging with positron emission tomography (PET) might be a predic-
tive tool for therapeutic outcome in RA: PET allows non-invasive 3D visualization 
and quantification of pathophysiological processes at the picomolecular level, by 
binding of radiolabeled agents to any affected tissue in the whole body (6). Apart 
from prediction of disease outcome in RA (7, 8), our group has also previously 
demonstrated that PET predicts infliximab outcome as early as two weeks after 
initiation of treatment (9). This predictive value for therapeutic outcome was later 
confirmed by Roivainen et al. for early DMARD combination treatment (10).

In our laboratory, we have experience with good manufacturing practice (GMP)-
labeling of mAbs with the PET isotope Zirconium-89 (89Zr) (11, 12). Zirconium-89 
has a physical half-life of about 78.4 hours and can be stably coupled to mAbs. 89Zr-
labeled rituximab has been successfully applied for imaging and radioimmunother-
apy of CD20-positive B-cell lymphomas (13). In fact, this “immuno-PET” technique 
showed more tumor-positive lymph nodes than the standard fluorodeoxyglucose 
([18F]FDG; glucose metabolism) PET scans (13). 89Zr-rituximab PET imaging may be 
not only interesting for visualization of B-cells in B-cell lymphoma but also for other 
B-cell-related immune activity in the body. In RA, apart from the joint synovium, 
studies have demonstrated that B-cells also play an important role in lymph nodes 
in patients with RA (14-16).

In this study, we investigated whether in vivo biodistribution of 89Zr-rituximab in 
RA, with special focus on hand joints and lymph nodes, was associated with clinical 
response to rituximab. We also collected lymph node biopsies for analysis of B-cells 
prior to rituximab treatment, and after treatment with rituximab for 4 weeks, in 
order to investigate the potential association between histological findings and 
imaging results.
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mAterIAl And methods

Patients

Twenty rituximab-naïve patients with RA were included between October 2010 
and November 2014. Inclusion criteria were: patients (>18 years of age) with at 
least two clinically inflamed joints in the hands/wrists and a clinical indication for 
rituximab treatment, and stable treatment with DMARDs for at least 2 weeks and 
previous failure or intolerance to at least one anti-TNF drug. Anti-TNF had to be dis-
continued at least 4 weeks before initiation of rituximab treatment. Patients were 
not eligible if being treated with >10 mg daily dose of prednisolone at the time of 
inclusion, if they had been treated with investigational drugs within the previous 3 
months or if they were pregnant or breastfeeding. The study protocol was approved 
by the VUmc Medical Ethics Committee. All patients gave written informed consent 
prior to participation in the study.

study design

Rituximab treatment and administration of 89Zr-rituximab The overall design of 
the study is shown in Fig. 1. In concordance with routine clinical practice, patients 
received two times 1000 mg rituximab on day 0 and at day 14, respectively. Pre-
medication with intravenous (i.v.) methylprednisolone was omitted to study the 
specific effects of rituximab on disease activity. Within one hour, the first rituximab 
infusion was followed by an infusion of 10 mg rituximab labeled with 18 mega 
Becquerel (MBq) 89Zr. The infusion system was flushed twice with 20 ml NaCl 0.9%, 
and residual activity in the administration device was measured afterward. Blood 
samples were taken respectively at 5 minutes, 60 minutes and 72 hours and (in a 
subpopulation) 144 hours post-injection (p.i.), to determine 89Zr-rituximab kinetics 
based on measurements of radioactivity in blood and plasma.

figure 1. Schematic overview of the study design. PET positron emission tomography, CT 
computed tomography
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Synthesis of 89Zr-rituximab

We obtained 89Zr (2.7 GBq/mL in 1 M oxalic acid) from Perkin Elmer (Boston, MA, 
USA). The 89Zr-Rituximab was produced in a current Good Manufacturing Practice 
(cGMP) compliant way in a facility with a manufacturing license at the university 
campus (Amsterdam, The Netherlands) essentially the same as described before 
(13, 17).

PET-CT scanning

PET-CT scans were performed three days after tracer administration due to the long 
residence time of intact mAbs combined with the half-life of zirconium-89 of 78.4 
hours (11) (see Additional file 1: Appendix A). In addition, scans were performed 6 
days p.i. in a subpopulation of six patients to investigate targeting of 89Zr-rituximab 
over time in relation to blood clearance. In short, whole body and detailed scans of 
the hands/wrists were obtained. The maximum total scan time was approximately 
60–75 minutes per patient. All scans were reconstructed according to international 
guidelines (18).

Pet imaging analysis

Biodistribution and extra-articular uptake (e.g., lymph nodes) as depicted with 
whole-body PET was qualitatively interpreted by one experienced nuclear medicine 
physician (OSH). Detailed images of the wrists/hands were subsequently interpret-
ed by two independent readers (OSH and SBR) for PET positivity (dichotomous) of 
metacarpophalangeal (MCP), proximal interphalangeal (PIP) and wrist joints (n = 
22 in total per patient), with an adjudicator (JvdL) in case of discrepancies. Visual 
PET positivity was defined as clearly enhanced tracer uptake in joints versus local 
background. All readers were blinded to the clinical data.

For quantitative analysis, volumes of interest (VOIs) were drawn using analyzing 
software developed in-house (18) with the low-dose CT as the anatomical refer-
ence. Specific details are described in Additional file 1: Appendix A. Essentially, to 
analyze 89Zr-rituximab biodistribution in the body, VOIs were drawn on the aortic 
arch (representing blood pool activity), lymph nodes, bone marrow, large joints and 
internal organs, using in-house biodistribution standard operating procedures. For 
the comparison of quantitative joint uptake in the wrist/hands at PET with clinical 
follow-up, VOIs were drawn on top of the PET-positive joints. In addition, the meta-
carpal bone was used as background to calculate local target-to-background (T/B) 
ratios. To compare quantitative uptake of visually PET-negative joints we applied 
fixed-size VOIs. Such VOIs were drawn on the wrists, MCP joints and PIP joints, cen-
tered in the middle of the joint. Standardized uptake values (SUV) were calculated, 
defined as radioactivity in the VOI normalized for injected dose and patient weight.
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lymph node biopsy

Up to 2 weeks before and 4 weeks after initiation of rituximab treatment, lymph 
node biopsies were performed as described previously (19). In short, an acces-
sible lymph node in the inguinal region was selected by ultrasound examination. 
In arthritis of the knee or ankle, joint lymph node biopsies were performed on the 
ipsilateral side. After the incision, needle biopsies were obtained using a semi-
automated biopsy gun, and six to eight biopsies were obtained and processed im-
mediately for immunohistochemical (IHC) analysis.

IHC analysis of lymphoid tissue sections

For detailed information see Additional file 2: Appendix B. Basically, for IHC 
analysis, the lymph node tissue sections were stained using mouse mAbs against 
B-cells (CD22), T cells (CD3), and plasma cells (CD138). CD22 was used as the B-cell 
marker instead of CD20 because of the potential blockade of CD20 receptors during 
rituximab treatment. Staining was analyzed by digital image analysis as described 
previously (20) and the number of positive cells was calculated as the number of 
positive cells per square millimeter of stained lymphoid tissue section.

Clinical follow-up

Clinical follow up was performed at 24 weeks. Data collected included disease ac-
tivity score of 28 joints (DAS28), erythrocyte sedimentation rate (ESR), C-reactive 
protein (CRP) and Health Assessment Questionnaire (HAQ) at baseline and week 
24. A joint was defined clinically active if tenderness and/or swelling were present 
on clinical examination. All clinical data were obtained by an experienced research 
nurse blinded to the imaging data. Response to rituximab treatment was defined 
based on the response criteria of the European League Against Rheumatism (EU-
LAR) at 24 weeks (21), and in this study moderate responders were considered as 
responders. All treating physicians were blinded to the imaging data.

statistics

Data obtained by visual observation was analyzed descriptively. Data are presented 
as mean ± standard deviation (SD) or as median and interquartile range (IQR) in 
case of skewed distribution. The paired-sample Wilcoxon signed-rank test, the 
Mann–Whitney U test or Fisher’s exact test were used as appropriate. Correlation 
between PET and clinical outcome parameters was assessed using Spearman rank 
tests. A p-value <0.05 was regarded as statistically significant. Statistical analyses 
were performed using SPSS version 20.0.0 for Windows (SPSS, Chicago, IL, USA).
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results

Clinical data

PET-CT scans were obtained in 20 patients and lymph node biopsies in 17 patients 
(Table 1). A complete set of both PET-CT data and lymphoid tissue was collected in 
14 patients. Apart from mild infusion-related reactions (e.g., headache, transient 
drop in blood pressure) to the therapeutic dose of rituximab, no serious side ef-
fects of rituximab infusions were observed. 89Zr-rituximab was injected without 
any side effects. Baseline characteristics were comparable and no significant 
differences were found between clinical and serological data in responders and 
non-responders.

table 1. Baseline patient demographics, clinical and functional characteristics
responders (n = 13) non-responders (n = 7) P value

Female, number (%) 12 (92) 6 (86) 0.589

Age, years 51.8 ± 13.3 54.4 ± 5.5 0.621

Length, cm 165.8 ± 8.7 166.6 ± 6.7 0.835

Weight, kg 71.2 (62.5–89.7) 70.0 (57.0–91.0) 0.643

IgM RF positivity, number (%) 10 (77) 5 (71) 0.594

RF titer, IU/mL 10.0 (8.4–84.5) 25.0 (0.0–176.0) 0.765

Anti-CCP positivity, number (%) 9 (79) 5 (71) 0.664

aCCP titer, U/mL 27.0 (0.0–193.5) 82.0 (0.0–270) 0.757

Disease duration, years 8.0 (3.5–16.0) 9.0 (4.0–21.0) 0.757

Current smokers, number (%) 3 (23) 3 (43) 0.336

DAS28 5.6 (4.9–6.1) 5.0 (4.0–7.1) 0.643

Swollen joint count 11.0 (7.5–14.0) 11.0 (8.0–18.0) 0.938

Tender joint count 14.0 (6.5–16.0) 8.0 (0.0–20.0) 0.588

HAQ 1.4 (0.8–1.8) 1.1 (0.5–2.0) 0.938

VAS 60.0 (52.5–64.0) 70.0 (40.0–75.0) 0.485

CRP, mg/mLa 6.0 (2.8–18.0) 4.0 (2.5–32.0) 0.699

ESR, mm/h 21.0 (10.5–41.0) 12 (5.0–36.0) 0.485

DMARD use, number (%) 12 (92) 5 (71) 0.270

Prednisone, number (%) 6 (46) 2 (29) 0.642

Dosage in mg/day 5 (0.0–7.5) 7.5 (0.0–10.0) 0.438

Values are presented as mean ± SD or median (IQR). aCRP lower detection limit is 2.5 mg/mL. IgM RF 
rheumatoid factor, anti-CCP anti-cyclic citrullinated peptide, DAS28 disease activity score of 28 joints, 
HAQ health assessment questionnaire, VAS visual analogue scale for pain, CRP C-reactive protein, ESR 
erythrocyte sedimentation rate, DMARD disease-modifying anti-rheumatic drugs.
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Pet-Ct analysis

Tracer joint uptake and clinical response

In 18/20 patients there was enhanced uptake in the joints of the wrists and hands, 
ranging from 1 to 20 joint(s) per patient (Fig. 2). Most (74%) of the PET-positive 
joints also had clinical signs of arthritis. Visual (dichotomous) interpretation of PET 
positivity in the joints did not distinguish between clinical responders and non-
responders. Two patients who did not have clear visual uptake in the peripheral 
joints were both (moderate) responders.

Assessment in a subgroup of six patients with PET data available at 3 and 6 days 
p.i., showed stable standardized uptake values (SUV) in the hand joints over time. 
In contrast, a significant decrease of 25 ± 10.8% in 89Zr-rituximab was observed in 
the image-derived blood pool over time, resulting in significantly increased joint-to-
blood ratios from a ratio of 0.4 to a ratio of 0.5 (p = 0.04). However, because of better 
count statistics and qualitative images on day 3, the results presented subsequently 
apply to the 3-day p.i. data.

Quantitative analysis of the hand joints of all 20 patients showed a trend of 
higher 89Zr-rituximab joint uptake in responders than in non-responders (SUV, p = 
0.08; T/B ratio, p = 0.06). Moreover, among patients with at least one PET-positive 
joint after visual screening (n = 18), mean quantitative 89Zr-rituximab uptake 
in PET-positive hand joints per patient was significantly higher in responders 
vs. non-responders with a mean SUV of 3.0 (2.5–3.5) vs. 1.9 (1.0–2.5) (p = 0.04), 
respectively. The majority of non-responders (6/7) had a mean SUV value below 
≤2.5 in visual PET-positive joints, while the mean SUV values of responders were 
≥2.5 in 9/11 patients. In line with the absolute quantitative joint uptake of 89Zr-

figure 2. Example of a 89Zr-rituximab positron emission tomography (PET) image of the 
wrists/hands of a patient with rheumatoid arthritis who had multiple PET-positive joints. 
Red arrow represents one PET-positive joint (green/yellow). SUV standardized uptake values.
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rituximab, responders had a higher mean T/B ratio of PET-positive hand joints than 
non-responders 6.2 (4.0–8.8) vs. 3.1 (2.2–3.9) (p = 0.02), with a T/B ratio ≤4.0 for 
6/7 non-responders (Fig. 3).

Interestingly, if quantitative analysis of the hand joints was limited to the PET-
positive joint with the highest SUV, there were similar statistical differences in the 
SUV and T/B ratio between responders and non-responders. The significant differ-
ences between responders and non- responders were independent of serological 
status. Although exploratory, we further investigated the potential diagnostic values 
of our findings. Using a cutoff value of 4.0 for the T/B ratio, positive predictive value 
(PPV) and negative predictive value (NPV) for response in our cohort were respec-
tively 90% (95% CI 55.5–99.8%) and 75% (95% CI 34.9–96.8%), at a sensitivity of 
82% (95% CI 48.2–97.7%) and specificity of 86% (95% CI 42.1–99.6%) (Fig. 3).

Whole body 89Zr-rituximab biodistribution and clinical response

Whole body PET-CT scans of all 20 patients showed uptake of 89Zr-rituximab in 
liver, spleen, kidneys, blood pool, and in large joints (e.g., shoulders) in 9 patients 
(Figs. 4 and 5). There were no significant differences in organ biodistribution 
between responders and non- responders (data not shown, see Additional file 3: 

figure 3. Target-to-background ratios of positron emission tomography (PET)-positive 
joints in relation to clinical response, in those patients who had at least one PET-positive 
joint on visual interpretation.
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Appendix C). Finally, quantitative PET measures in both body organs and detailed 
hand joints did not correlate with any clinical or laboratory baseline parameters, 
which are summarized in Table 1.

Pet imaging data of lymph nodes and histological evaluation

Lymph node biopsies were obtained in 13/20 patients and were compared to PET 
analysis. PET-positive lymph nodes were observed in 9/20 patients with RA and a 
lymph node biopsy was available in 6 of these patients. No association was found 
between visual PET positivity in lymph nodes and clinical response. Interestingly, 
however, quantitative 89Zr-rituximab uptake in the most clearly PET-positive lymph 
node (highest SUV per patient) was associated with CD22+ B-cell count in histologi-
cal analysis of excised lymph nodes at baseline (r = 0.829; p = 0.04; n = 6). Although 
no associations were found between quantitative 89Zr-rituximab in lymph nodes on 
PET and CD22+ B-cell counts in excised lymph nodes at 4 weeks of rituximab treat-

figure 4. Maximum intensity projection whole-body 89Zr-rituximab positron emission to-
mography image, demonstrating the biodistribution in a patient with rheumatoid arthritis.

figure 5. 89Zr-rituximab positron emission tomography image-computed tomography image 
of a patient with rheumatoid arthritis, who had enhanced uptake in an inguinal lymph node 
(red circle)
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ment, B-cell counts in lymph nodes after 4 weeks treatment correlated negatively 
with baseline mean quantitative 89Zr-rituximab uptake in PET-positive hand joints 
(r = −0.6; p = 0.05).

dIsCussIon

Our study is the first that applied novel, non-invasive PET imaging of B-cells by 
89Zr-rituximab to investigate whether biodistribution of rituximab at baseline is 
related to clinical response to rituximab treatment. 89Zr-rituximab PET demon-
strated clinically active joints, even partly in clinically silent joints, and there was 
a significant association between quantitative 89Zr-rituximab uptake in the hand 
joints and clinical response to rituximab treatment at 24 weeks. Moreover, by using 
a T/B cutoff value of 4.0 in PET-positive hand joints we found a potential positive 
predictive value of 90% for clinical response after 24 weeks rituximab treatment, 
while clinical and serological data were not distinctive. Apart from quantitative dif-
ferences in joint uptake, there were no 89Zr-rituximab biodistribution differences in 
the lymph nodes or internal organs between responders and non-responders.

Specific targeting of B-cells by 89Zr-rituximab was supported by positive associa-
tions between quantitative lymph node PET data and baseline CD22+ cell count (as 
a surrogate marker for B cells) in histological lymph node analysis, and by positive 
associations between post-treatment CD22+ B-cells in lymph nodes and quantita-
tive 89Zr-rituximab uptake on PET in the hand joint. These findings are in line with 
results from our colleagues, Jauw et al. who found that tumor uptake of 89Zr- ritux-
imab correlated positively with CD20 expression in tumor biopsies in patients with 
diffuse, large B-cell lymphoma (22). Other observations in this study also underlined 
the specificity of targeting B-cells. Besides retention of 89Zr- rituximab in arthritic 
joints over time (while cleared from blood), specificity of uptake of 89Zr-rituximab 
in arthritic joints was also supported by our finding of significantly higher 89Zr-
rituximab uptake in the joints of responders vs. non-responders, despite identical 
levels of disease activity at baseline. The lack of association between lymph node 
uptake on PET and clinical response may have been caused by the limited spatial 
resolution of PET of 4 mm. Thus, positive lymph nodes may have been missed by 
PET.

Potentially, 89Zr-rituximab administration following the therapeutic dose of 
rituximab could result in competition of CD20 binding in the target, although it was 
administered within one hour. Nevertheless, we chose this design to show the bio-
distribution of rituximab as used in the therapeutic setting in daily clinical practice. 
The kinetics of antibody influx in inflammatory targets are rather slow (from hours 
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up to several days) (11), but partial blockade of CD20 binding sites by unlabeled 
rituximab at the time of the labeled rituximab infusion cannot be excluded. If 
therapeutic doses negatively influenced binding of the tracer, then we may even 
have underestimated 89Zr-rituximab uptake in the synovium and lymph nodes. On 
the other hand, targeting of 89Zr-rituximab in the joints and lymph nodes may also 
be influenced positively by infusion of the therapeutic dose of rituximab just prior 
to injection of 89Zr-rituximab, as the spleen has been recognized as the “sink” for 
rituximab binding during the first passage in circulation (11, 13). Therefore, after 
saturation of the spleen, more 89Zr- rituximab may have become available for other 
CD20 targets such as the arthritic joints. For future clinical mAb studies in RA, dose 
escalation studies could answer this question and help define the optimal study 
design.

The finding that PET imaging with an 89Zr-labeled therapeutic antibody is able 
to predict the therapeutic response of the antibody is in line with recent findings 
by Gebhart et al. They showed that pre-treatment 89Zr-trastuzumab imaging in 
combination with early [18F]FDG PET response assessment after one cycle of trastu-
zumab was promising for the identification of non-responders after three cycles 
(PPV100% and NPV92%) in patients with breast cancer (23). There were 2 out of 
20 patients in our study who did not show any 89Zr-rituximab uptake in the joints 
despite having a clinical response. The explanations for this may

be relatively low B-cell counts (these patients had approximately 1500 CD22+ 
cells/mm2 in the lymph nodes vs. approximately 3000 cells/mm2 in PET-positive 
patients) and/or general low inflammatory activity in the joints in these patients, 
even though they did not differ clinically from other (PET-positive) responders. 
Finally, PET scans may have been false negative in these two patients.

Apart from an 89Zr-rituximab PET, the serological status (RF and/or anti-CCP) 
has previously also been indicated as a potential predictive biomarker of therapeu-
tic response. A meta-analysis, analyzing four placebo-controlled, phase II or phase 
III clinical trials, indicates that seropositive patients respond better to rituximab 
than seronegative patients (24). We could not confirm this in our cohort and this 
discrepancy can be due to the relatively small sample size of this study. Never-
theless, in this relatively small number of patients, the PET approach did reveal 
the predictive potential of 89Zr-rituximab PET imaging with discriminative value 
between responders and non-responders by demonstrating and quantifying the ra-
diolabeled drug in arthritic joints. Actually, the level of 89Zr-rituximab uptake in the 
hand joints did not correlate with any clinical or laboratory parameter at baseline. 
None of the clinical or laboratory data collected at baseline in our study differed 
between responders and non- responders.
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ConClusIons

In conclusion, B-cell imaging in joints by 89Zr-rituximab PET-CT showed a clear as-
sociation with clinical response at 24 weeks in patients with RA. This technique has 
potential value to select potential responders before initiation of rituximab treat-
ment. This finding should be validated in larger cohorts, also in relation to other 
potential predictive biomarkers, in particular the serological status. Potentially, 
non-invasive, whole body 89Zr-rituximab PET-CT also holds promise for stratifica-
tion and monitoring of anti-B-cell therapies in other B-cell-driven autoimmune 
diseases, such as systemic lupus erythematosus and Sjögren’s disease.
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APPendIX A: teChnICAl Pet-Ct detAIls

More extensive information and details about the PET-CT scanning procedure and 
analysis methods.

Pet-Ct scanning

Scans were obtained with PET-CT types Philips Medical Systems Gemini TF 
(Cleveland, Tennessee, USA) or Ingenuity TF(Cleveland, Ohio, USA). Patients were 
positioned supine, feet first. After four patients an interim analysis was performed 
for protocol optimization. Whole body scans of 10 minutes per field of view (FOV) 
from shoulders to upper legs were acquired. In addition, detailed static emission 
scans of 15 minutes, a single bed position of hands/wrists were obtained. Patients 
were positioned supine, head first, with their hands in a special vacuum pouch for 
stabilization of the hands. All PET scans were preceded by a low dose 35 mAs CT 
scan which was used for attenuation correction and localization of PET signal. The 
maximum total scan time was approximately 60-75 minutes per patient.

PET data were normalized and corrected for attenuation, decay and scatter. All 
scans were reconstructed according to international guidelines (1). These recon-
structed images were also used for volume of interest (VOI) definition.

Pet imaging Analysis

Whole body PET-CT images were qualitatively interpreted by one experienced 
nuclear medicine specialist (OSH) and were visually interpreted for biodistribution 
pattern and extra-articular uptake (e.g., lymph nodes). Detailed images of wrists/
hands, were subsequently interpreted by two independent readers (OSH and SBR) 
for PET positivity (dichotomous) of 22 hand/wrist joints, excluding the distal inter-
phalangeal (DIP) joints. A third reader (JvdL) was consulted in case of discrepan-
cies. All readers were blinded for clinical data.

For quantitative analysis, VOIs were drawn using analyzing software developed 
in-house (1) with the covering low dose CT as an anatomical reference. To analyze 
89Zr-RTX biodistribution in the body, VOIs were drawn on the lungs, liver, spleen, 
kidneys, aortic arch (representing blood pool activity) (fixed size VOI of 1.6 cc in the 
aortic arch), bone marrow (fixed size VOI of 1 cc in resp. L3, L4 and L5) and lymph 
nodes (using thresholds versus local background), using in-house biodistribution 
standard operating procedures. Average standard uptake values (SUV average), 
defined as mean uptake in the VOI divided by injected dose and patient weight, 
were calculated.

For comparison of quantitative joint uptake in wrist/hands on PET with clinical 
follow-up, VOIs were drawn on top of visually marked PET-positive joints using 
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fixed lower level thresholds considering local background uptake values. As advised 
by Makris et al., tracer uptake in targets is presented as SUV 3Dpeak (1). A 3Dpeak 
value is based on a sphere of 1.2cm in diameter (1cc) within the VOI, with the high-
est average uptake (1). In addition, spherical VOIs of 0.5cc in preferably the second 
metacarpal bone were used as background to calculate local target-to-background 
(T/B) ratios. Because this VOI is <1cc, SUVpeak is not representative and hence 
background is presented as SUV average.

To be able to compare quantitative uptake of all joints (clinically active versus 
clinically inactive joints and PET-positive versus negative joints) we applied fixed 
sized VOIs. Such VOIs were drawn on wrists (~60 cc), metacarpophalangeal (MCP) 
joints 1-5 (~8 cc) and proximal interphalangeal (PIP) joints 1-5 (~2 cc) centered in 
the middle of the joint.
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APPendIX B. teChnICAl detAIls ABout lymPh node BIoPsy 
AnAlysIs

More extensive information and details about the lymph node biopsy tissue han-
dling and analysis (immunohistochemistry).

Immunohistochemistry

Lymph node sections of 5 μm were mounted on StarFrost adhesive glass slides 
(Knittelgläser, Braunschweig, Germany) and stored at −80°C. Sections were stained 
using mouse monoclonal antibodies against B-cells (anti-CD22, clone RFB4; Mil-
lipore, Amsterdam, the Netherlands) and T-cells (anti-CD3, clone SK7 (Becton 
Dickinson, Breda, the Netherlands). For detection of CD22 B-cells and CD3 T-cells, 
a 2-step immunoperoxidase method with a secondary polymer–horseradish per-
oxidase–conjugated anti-mouse antibody (EnVision+ System; Dako) was used. In 
contrast, plasma cells (anti-CD138, clone MI15; Dako, Heverlee, Belgium) were 
detected by a 3-step immunoperoxidase method as described previously(1). In 
addition, irrelevant isotype-matched immunoglobulins were applied as a negative 
control. Staining was analyzed by digital image analysis using a Syndia algorithm 
on a Qwin-based analysis system (Leica, Cambridge, UK) as described previously 
(2). The number of positive cells was calculated as the number of positive cells per 
square millimeter of stained tissue.

references
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Appendix C. Quantitative tissue uptake of 89Zr-rituximab on whole body PET in responders 
versus non-responders.
Baseline tissue uptake (suVaverage) responders 

(n=13)
non-responders 
(n=7)

P-value

Bloodpool (Aortic Arch) 5.8 [5.1-6.7] 5.6 [5.1-8.4] 0.758

Liver 5.4 [5.2-6.1] 5.6 [4.7-7.4] 0.758

Spleen 3.5 [3.2-4.0] 3.3 [2.9-3.8] 0.351

Kidneys 3.9 [3.5-4.2] 3.5 [3.1-4.7] 0.758

Lungs 2.0 [1.8-2.3] 1.9[1.5-2.6] 0.918

Vertebrae 2.0 [1.7-2.7] 2.4 [1.9-2.7] 0.536

Lymph nodes 1.0 [0.6-2.1] 1.6 [1.2-2.4] 0.343

Quantitative tissue uptake of 89Zr-rituximab on whole body PET in responders vs. non-responders. SUV 
of body organs like liver, spleen and vertebrae showing that there is no (significant) difference between 
responders and non-responders in organ uptake of 89Zr-rituximab.
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objectives
Excessive bone formation is an important hallmark of AS. Recently it has been dem-
onstrated that axial bony lesions in AS patients can be visualized using [18F]Fluoride 
PET-CT. This study aimed to assess whether [18F]Fluoride uptake in clinically active 
AS patients is related to focal bone formation in spine biopsies and is sensitive to 
change during anti-TNF treatment.

methods
Twelve anti-TNF-naïve AS patients [female 7/12; age 39 years (SD 11); BASDAI 
5.5 ± 1.1] were included. [18F]fluoride PET-CT scans were performed at baseline 
and in two patients, biopsies were obtained from PET-positive and PET-negative 
spine lesions. The remaining 10 patients underwent a second [18F]Fluoride PET-CT 
scan after 12 weeks of anti-TNF treatment. PET scans were scored visually by two 
blinded expert readers. In addition, [18F]Fluoride uptake was quantified using the 
standardized uptake value corrected for individual integrated whole blood activ-
ity concentration (SUVAUC). Clinical response to anti- TNF was defined according 
to a 20% improvement in Assessment of SpondyloArthritis international Society 
criteria at 24 weeks.

results
At baseline, all patients showed at least one axial PET-positive lesion. Histological 
analysis of PET-positive lesions in the spine confirmed local osteoid formation. PET-
positive lesions were found in the costovertebral joints (43%), facet joints (23%), 
bridging syndesmophytes (20%) and non-bridging vertebral lesions (14%) and 
in SI joints (75%). After 12 weeks of anti-TNF treatment, [18F]Fluoride uptake in 
clinical responders decreased significantly in the costovertebral (mean SUVAUC -1.0; 
P < 0.001) and SI joints (mean SUVAUC -1.2; P = 0.03) in contrast to non-responders.

Conclusions
[18F]Fluoride PET-CT identified bone formation, confirmed by histology, in the spine 
and SI joints of AS patients and demonstrated alterations in bone formation during 
anti-TNF treatment.
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[18F]fluoride PET during anti-TNF treatment in AS

IntroduCtIon

A hallmark of AS is new bone formation, resulting in the formation of syndesmo-
phytes in the vertebral column and ankylosis of the SI joints and causing functional 
disability (1, 2). Although anti-TNF treatment successfully decreases inflammatory 
activity in AS and recent studies support an inhibitory effect on bone formation, 
data on the inhibition of bone formation are controversial (3-5).

To date, conventional X-rays still play an important role in determining and 
monitoring structural bone damage in AS patients, but irreversible changes are only 
visible after about five years of complaints (6, 7). The highest sensitivity for imaging 
structural bone changes is provided by CT, in particular high-resolution CT (HRCT). 
Recently HRCT revealed progression of osteophytes in SpA and PsA patients despite 
treatment with MTX or anti-TNF (8). However, a major limitation of HRCT is its 
limited field of view, which only allows for evaluation of part of the axial skeleton 
within a single imaging session.

In contrast to CT, PET allows for whole-body imaging of changes in tissue func-
tion at a picomolar level (9). Potentially PET can be used for early detection of 
disease activity, even before anatomic changes appear. In addition, this technique 
makes it possible to quantify disease activity, which is essential for monitoring 
therapeutic effects (10, 11). Recently it has been demonstrated that PET-CT using 
the bone tracer [18F]Fluoride was able to identify multiple lesions in the spine and 
SI joints of clinically active AS patients (12-16). For imaging AS disease activity, 
[18F]Fluoride performed better than either 18F-fluorodeoxyglucose (FDG) or the 
macrophage tracer (R)-[11C]PK11195 (12). [18F]Fluoride uptake in bone reflects 
regional osteoblastic activity, as it is taken up by hydroxyapatite crystals that make 
up the mineral fluoroapatite within bone, especially at sites of bone remodeling 
(17, 18). As such, [18F]Fluoride PET visualizes sites of bone formation and may of-
fer new perspectives of imaging disease activity and structural damage in AS as 
compared with MRI and conventional X-ray examinations. Pilot data have suggested 
that [18F]Fluoride PET visualizes more lesions in the axial skeleton of AS patients 
than MRI (12). In addition, as a result of its high sensitivity, [18F]Fluoride uptake 
was seen in anterior vertebral corners two years before syndesmophytes were 
observed on conventional radiographs (14, 19).

This study aimed to assess the specificity of bone formation imaging by compar-
ing [18F]Fluoride PET accumulation in bone with histological data obtained from 
CT-guided biopsies of the vertebral column. Secondly, to investigate whether bone 
formation before and after 12 weeks of anti-TNF therapy can be detected using 
[18F]Fluoride PET-CT.
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mAterIAl And methods

Patients and study design

Between 2013 and 2015, 12 AS patients (between 18 and 70 years of age) who ful-
filled the modified New York criteria (20) were recruited. Patients had high disease 
activity (BASDAI score ≥4) (21) and were candidates for anti-TNF therapy according 
to standard clinical care. Clinical disease activity was assessed at baseline, including 
determination of CRP levels, BASDAI (21), BASMI (22) and Ankylosing Spondylitis 
Disease Activity Score (ASDAS) (23). Exclusion criteria were pregnancy, lactation 
or treatment with investigational drugs within the previous three months. Stable 
doses of NSAIDs were continued if used at inclusion.

At baseline, before the start of anti-TNF treatment, all patients underwent an 
[18F]Fluoride PET-CT scan of the total spine and SI joints. In two AS patients, bone 
biopsies were obtained of both PET-positive and PET-negative sites in the verte-
bral column. These patients were excluded from follow-up PET-CT scans because 
of potential interference of the biopsy with clinical follow-up and outcome. In the 
remaining 10 patients, the [18F]Fluoride PET-CT scan was repeated after 12 weeks. 
Clinical response to anti-TNF treatment was defined according to a ≥20% improve-
ment in Assessment of SpondyloArthritis international Society criteria (ASAS20) 
(24) at 24 weeks.

The study protocol was approved by the Medical Ethics Review Committee of the 
VU University Medical Center. All patients gave written informed consent prior to 
participation in the study.

[18f]fluoride Pet-Ct scan

PET-CT scans were performed using Gemini TF or Ingenuity TF (Philips Healthcare, 
Andover, MA, USA) PET-CT scanners. Thirty-minute dynamic scans of the chest 
(covering the left ventricle and thoracic vertebral column) were acquired, starting 
at the time of i.v. injection of [18F]Fluoride. After injection, the administration device 
was flushed with 20 ml of sodium chloride 0.9%. Subsequently, residual activity 
was measured to obtain the actual amount of radioactivity injected. Per patient, a 
mean of 111 MBq (S.D. 6) of [18F]Fluoride was injected. At 45 min post-injection, 
whole-body scans of 5 min per bed position were acquired, covering the spine and 
SI joints as described previously (12).

Imaging analysis

All PET-CT data were independently assessed for PET-positive lesions (dichoto-
mous) by two nuclear medicine specialists (O.S.H. and P.R.) blinded for clinical data 
and time sequence (i.e., baseline or 12 weeks) using standard 3D image viewing 
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software. The low-dose CT was used as an anatomical reference for the localiza-
tion of PET findings. Standardized scoring sheets for the spine and SI joints were 
used based on previous [18F]Fluoride PET findings in AS patients (see Appendix 
A). Discrepant readings were resolved in a consensus session in the presence 
of an adjudicator (C.J.L.), who also was blinded to the clinical data, but this time 
sequence-paired for baseline and 12 weeks. AS-like lesions were distinguished 
from OA lesions by radiologist expert opinion on low-dose CT and/or computed 
radiography (consensus J.C.J.B, B.J.H.B.). Lesions were regarded as degenerative if 
there no signs of AS were present close to the lesions. For example, facet joints with 
sclerosis but also signs of ankylosing and an open joint space were regarded as AS-
like lesions and not OA lesions (25, 26).

After visual scoring of the scans, volumes of interest (VOIs) were drawn manu-
ally on top of visual PET-positive lesions for quantitative assessment of the tracer 
uptake using data analysis software that was developed in-house (27). Correction 
for background uptake (mean uptake value of the center of three visually unaf-
fected vertebrae) was incorporated in the VOI analysis. Standardized uptake values 
of [18F]Fluoride in VOIs, corrected for both body weight and individual integrated 
whole blood activity concentration (SUVAUC) were used for quantitative analysis. 
Derived from a direct comparison with full kinetic modeling, SUVAUC was the most 
representative semi-quantitative outcome measure for monitoring the focal tracer 
uptake during intervention with anti-TNF therapy in our cohort of clinically active 
AS patients (data not shown).

Bone biopsy procedure

In two patients, CT-guided bone biopsies were taken from PET-positive lesions in 
the spine on baseline [18F]Fluoride PET-CT. Patients with clear PET positivity in the 
anterior corners of the spine were eligible. A total of four biopsies per patient were 
taken from these lesions at the anterior side of the vertebra. In addition, two control 
biopsies were taken contralaterally from the unaffected side of the same vertebra 
(PET-negative, uptake similar to background).

Patients were positioned prone, head first, and a high- resolution diagnostic CT 
scan (220 mAs; SOMATOM Sensation 64, Siemens Medical Solutions, Forchheim, 
Germany) was obtained with 1 mm slices of the region of interest. Subsequently, 
under local anesthetic, sterile conditions and CT guidance, samples were obtained 
using a 14 G bone biopsy needle.

Analysis of bone samples

Bone biopsy samples were immediately snap frozen in liquid nitrogen and fixed 
in 10% formaldehyde and according to standard protocols. Samples were embed-
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ded in methyl methacrylate and 5 mM sections were cut for histological analysis, 
primarily hematoxylin and eosin (H&E) staining. Osteoclasts were identified by 
tartrate-resistant acid phosphatase staining and new bone formation (i.e., osteo-
blast activity) by Goldner’s Masson trichrome staining. Goldner’s Masson trichrome 
staining discriminates between mineralized bone (green) and immature new bone 
matrix (red). Pathologists blinded for PET-CT results interpreted the bone samples.

statistical analysis

Statistical analyses were performed using SPSS version 22.1.1 for Windows (IBM, 
Armonk, NY, USA). Continuous variables are summarized using mean (S.D.) or as 
median and interquartile range (IQR) in case of variables that are not normally 
distributed. Interreader variability of PET scans was calculated using Cohen’s k. 
Dichotomous variables are summarized as frequencies relative to the total number. 
Results at the patient level were compared between responders and non-responders 
using the Mann-Whitney test or Fisher’s exact test and between time points using 
the Wilcoxon signed rank test.

Mean [18F]Fluoride tracer uptake at baseline and after 12 weeks of anti-TNF 
therapy and differences in changes in mean [18F]Fluoride tracer uptake over time 
were compared in the total group using generalized estimating equations with scan 
moment as the only independent variable. Models included time of scan (baseline 
or 12 weeks), response group and their interaction. A significant interaction was 
taken as an indication that changes in uptake during treatment differed between 
responders and non-responders. In case the interaction was not significant, a sim-
pler model was fitted with only the time of scan and response status to see whether 
mean uptake differed between responders and non-responders. An exchangeable 
correlation structure was used to account for multiple lesions per patient. Similarly, 
robust standard errors were used to account for possible misspecification of the 
correlation structure.

A P-value <0.05 was regarded as statistically significant, and a 95% CI lower 
bound of >0.3 was used to identify at least moderate correlations and standardized 
regression coefficients.

results

Visual interpretation of baseline [18f]fluoride scan

PET-CT scans of patients (n = 2) that were subjected to spine biopsy

PET-CT scans of the two patients who underwent biopsies showed 16 and 20 
PET-positive lesions in the spine, respectively, and one of them also had bilaterally 
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enhanced [18F]Fluoride uptake in the SI joints. These patients were HLA-B27+ with 
a BASDAI of 5.1 and 4.1, respectively.

PET-CT scans of patients (n = 10) with follow-up during anti-TNF therapy

Baseline demographics of the remaining 10 patients who underwent serial PET 
imaging are summarized in Table 1, and no parameters were found to be differ-
ent between responders and non-responders (based on the ASAS20 response at 
24 weeks). The ASAS20 response at 12 weeks did not correlate with the ASAS20 
response at 24 weeks. With regard to concomitant medication use, 9 of 10 patients 
used stable dosages of NSAIDs and none used DMARDs during the study.

table 1. Patient characteristics
Characteristic Group

(n=10)
responders
(n=5)

non-responders
(n=5)

Females, % 70 80 60

HLA-B27 positive, % 90 100 80

Age, mean (S.D.), years 36.7 (10.6) 41.0 (10.4) 32.6 (10.0)

Disease duration since diagnosisa, median (IQR), 
years

5.0 (2.0-9.3) 5.0 (5.0-15.0) 2.0 (1.3-5.5)

Disease duration of symptomsb, median (IQR), 
years

8.0 (4.0-15.0) 10.0 (5-32) 5.0 (4-10)

BASDAI (0-10), mean (S.D.) 5.7 (1.1) 5.4 (1.3) 5.9 (1.0)

ASDAS (0-10), mean (S.D.) 3.5 (0.5) 3.4 (0.4) 3.6 (0.7)

BASMI (0-10), median (IQR) 2.0 (1.8-4.0) 3.0 (1.5-4.0) 2.0 (1.5-4.5)

CRP, median (IQR), mg/ml 9.0 (3.5-18.5) 5.0 (3.0-26.5) 10.0 (5.0-19.0)

Response is defined as ASAS20 response after 24 weeks of anti-TNF therapy. aDuration since definite AS 
diagnosis according to the modified New York criteria. bDuration of symptoms (years) from the start of 
inflammatory back pain.

At baseline, all 10 patients showed at least one axial PET-positive lesion in the 
spine and/or SI joints and 6 of 10 patients had both PET-positive lesions in both 
the spine and SI joints. In total, 84 PET-positive lesions were observed in the spine 
of 6 of the 10 AS patients for whom follow-up scans were available (e.g., Fig. 1A). 
In 7 of the 84 PET-positive lesions, signs of OA were observed, as identified by 
experienced radiologists. In the spine, PET-positive lesions were found (in order of 
frequency) in the costovertebral joints (43%), facet joints (23%), bridging syndes-
mophytes (20%) and non-bridging vertebral lesions (14%). The greatest number 
of PET-positive lesions was found in the thoracic spine (Table 2). SI joints showed 
[18F]Fluoride PET positivity in at least one SI joint in 9 of 10 patients, with a total 
of 15 of 20 PET-positive SI joints. Interobserver variability was good, with a k = 0.7 
(95% CI 0.657, 0.795).
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Bone biopsy histology

Biopsies were taken from the base of the syndesmophytes in Th12 of one patient 
and from L2 of the other. H&E staining showed the area of bone at the conjunction 
with connective tissue (anterior longitudinal ligament), with infiltration of inflam-
matory cells in a ‘PET-positive biopsy’ as demonstrated in Fig. 2A-C. Goldner’s Mas-
son trichrome staining confirmed bone formation in all four PET-positive lesions of 
the two patients by showing osteoid near cortical bone with areas of osteoblast-like 
cells and an area of woven bone directly on the inside of the cortex (Fig. 2C), indicat-

figure 1. Axial and sagittal PET images before and 12 weeks after the start of anti-TNF ther-
apy. (A) Baseline PET scan with 18F-fluoride accumulation throughout the spine. (B) After 12 
weeks there was a heterogeneous effect of anti-TNF therapy on [18F]Fluoride uptake: part of 
the AS lesions show a decrease (solid arrow) and others an increase (dashed arrow). Accu-
mulation in the lumbar facet joints was regarded as OA (solid arrow head).

table 2. [18F]Fluoride PET-positive lesions per axial region
lesion location lesions, n Patients, n

Cervical 12 2/10

Thoracic 55 6/10

Lumbar 16 4/10

Sacral 1 1/10

SI joint 15/20 9/10
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ing rapid bone formation. In addition, the area of bone and connective tissue with 
inflammation revealed calcium deposits (Fig. 2C) and tartrate-resistant acid phos-
phatase staining depicted a few osteoclasts in biopsies of PET-positive lesions. In 
contrast, control biopsies of PET-negative lesions did not show osteoid or calcium 
deposits in one patient and only minor ones in the other. In addition, no osteoclast 
or inflammatory cells were observed.

[18f]fluoride uptake during anti-tnf treatment

Quantitative analysis of all PET-positive lesions in the spine and SI joints, pooled for 
the 10 included patients, revealed heterogeneity in [18F]Fluoride uptake changes 
over time in axial lesions both between patients and between PET-positive lesions 
within patients. The mean SUVAUC of all 84 spine lesions and SI joints at baseline 
and at 12 weeks and the change in the SUVAUC are tabulated separately for clini-
cal responders and non-responders after 24 weeks in Table 3. No correlation was 
found between PET outcome and the ASAS20 response after 12 weeks of anti-TNF 
treatment.

figure 2. H&E and Goldner stained histology images of vertebral bone biopsies (A) H&E 
staining overview of a PET-positive bone biopsy with the conjunction of connective tissue 
and bone matrix (20x). H&E staining (detailed view of a PET-positive lesion; 200x) with cell 
infiltration in connective tissue. (C) Goldner staining of the same area with osteoid deposi-
tions (red) in areas with inflammation (40x). (D) Goldner staining of a PET-negative bone 
biopsy with minor osteoid depositions.
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Spine

Grouping all lesions of the spine for all patients, the mean [18F]Fluoride uptake as 
measured by the SUVAUC did not change during 12 weeks of anti-TNF therapy [mean 
change in SUVAUC: -0.3 (95% CI -1.3, 0.7); P = 0.5]. Moreover, the mean change in the 
SUVAUC was similar for responders and non-responders (group by time interaction P 
= 0.4). Interestingly, 34 of 54 (63%) of the lesions at the thoracic level were located in 
costovertebral joints and responders showed a significant decrease in [18F]Fluoride 
uptake in costovertebral joints (P < 0.001), in contrast to a non-significant decrease 
in non-responders (Table 3). Other lesion types, such as bridging syndesmophytes, 
non-bridging vertebral lesions and facet joints, showed a heterogeneous response 
to anti-TNF treatment (e.g., Fig. 2B). Pooling SUVAUC results of all facet joints, bridging 
syndesmophytes and non-bridging vertebral lesions showed stable [18F]Fluoride 
accumulation during of the vertebral column12 weeks of anti-TNF therapy [mean 
change in SUVAUC 0.04 (95% CI -0.9, 0.9); P = 0.9]. Lesions identified as OA showed 
either stable or slightly increased [18F]Fluoride uptake over time (Fig. 2B).

SI joints

There was no significant change in tracer uptake over time at the group level when 
pooling responders and non-re- sponders (mean change in SUVAUC -0.6 (95% CI -1.5, 

table 3. [18F]Fluoride SUVAUC for spine and SI joints of AS patients
[18f]fluoride accumulation in: Baseline, mean

(95% CI)
12 weeks, mean
(95% CI)

Change, mean
(95% CI)

Spine

Responders 3.9 (3.6, 4.1) 4.0 (3.7, 3.2) 0.1 (-0.3, 0.4) 

Non-responders 4.5 (4.0, 4.9) 3.9 (2.9, 4.8) -0.6 (-1.9, 0.8)

Total group 4.2 (3.8, 4.7) 3.9 (3.4, 4.5) -0.3 (-1.3, 0.7)

Spine: thoracic level only

Responders 3.9 (3.4, 4.4) 3.4 (3.1, 3.6) -0.5 (-0.8, -0.2)

Non-responders 4.9 (3.8, 5.9) 4.5 (3.2, 5.9) -0.3 (-2.0, 1.4)

Total group 4.4 (3.7, 5.2) 4.0 (3.2, 4.9) -0.3 (-1.1, 0.5)

Spine: costovertebral at the thoracic level

Responder 4.1 (4.0, 4.3) 3.1 (3.0, 3.2) -1.0 (-1.3, -0.7)

Non-responders 4.5 (3.5, 5.4) 4.1 (3.1, 5.1) -0.4 (-2.3, 1.6)

Total group 4.3 (3.7, 4.9) 3.7 (2.9, 4.5) -0.7 (-1.8, 0.5)

SI joints

Responders 5.6 (4.7, 6.5) 4.3 (3.6, 5.0) -1.2 (-2.3, -0.2)

Non-responders 5.2 (4.6, 5.7) 5.6 (4.0, 7.1) 0.4 (-0.6, 1.4)

Total group 5.4 (4.9, 6.0) 4.9 (4.0, 5.8) -0.6 (-1.5, 0.3)
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0.3); P = 0.2]. However, clinical responders showed a sig- nificant decrease in SI 
[18F]Fluoride uptake [mean change in SUVAUC -1.2 (95% CI -2.3, -0.2); P = 0.03; group 
by time interaction P = 0.02], whereas non-responders showed a non-significant 
increase in SUVAUC [mean change in SUVAUC 0.4 (95% CI -0.6, 1.4; P = 0.4].

dIsCussIon

This study provides data that support [18F]Fluoride PET as a novel monitoring tech-
nique to visualize and quantify axial lesions with bone formation in clinically active 
AS patients before and after anti-TNF treatment. Specific imaging of bone formation 
using this PET approach is supported by unique pilot histologic data of the anterior 
spine. The study presents novel data showing the ability of [18F]Fluoride PET-CT to 
monitor changes in bone formation in AS patients during anti-TNF treatment. Part 
of the lesions (costovertebral lesions and SI joints) with identified bone formation 
on [18F]Fluoride PET-CT at baseline decreased during 12 weeks of anti-TNF therapy 
in clinical responders but not in non-responders. Other lesion types, including 
typical OA lesions and advanced bridging syndesmophytes, did not alter during 
treatment at a group level.

The histological data in this study support in vivo identification of bone formation 
activity in active AS lesion sites by [18F]Fluoride PET even though in this study his-
tological analysis was descriptive and obtained in only two patients. Although this 
is the first study describing the histological substrate of [18F]Fluoride PET-positive 
lesions in AS, similar findings have been reported in multiple myeloma patients. 
In those patients, [18F]Fluoride uptake correlated highly with the mineral apposi-
tion rate in iliac bone marrow biopsies, which is the gold standard for investigating 
bone formation (28). Our study indicates that [18F]Fluoride uptake is also a valid 
method for quantification of osteoblastic activity in AS patients. PET-CT-guided 
bone biopsies could further provide opportunities for pathogenetic research on 
AS, in particular with regard to the relationship between inflammation and bone 
formation. It could reveal novel targets for new treatments that inhibit or ultimately 
prevent the disabling bone formation of AS.

The present findings of multiple axial [18F]Fluoride PET- positive lesions in the 
axial skeleton of clinically active AS patients are in concordance with most results of 
previously performed cross-sectional studies (12-16). These studies demonstrated 
that [18F]Fluoride PET-CT showed more axial lesions than [18F]FDG and macrophage 
targeting (12), [18F]Fluoride PET-CT outcomes were associated with clinical param-
eters such as BASDAI (13) and the technique has promising diagnostic test values 
(sensitivity, specificity) for detecting sacroiliitis (15, 16). One study investigated the 
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value of baseline [18F]Fluoride PET-CT in predicting anti-TNF response in suspected 
SpA patients. In this study, no predictive value was found, which may be related to 
the inclusion of a heterogeneous population, because these patients did not meet 
the ASAS classification criteria and had a negative MRI of SI joints. In addition, the 
study did not include follow-up monitoring with [18F]Fluoride PET-CT to investigate 
the response of lesions to anti- TNF treatment (29). A potential confounder for the 
detection of AS lesions by [18F]Fluoride imaging may be the co-presence of OA, since 
degenerative changes may also cause a positive [18F]Fluoride signal (30, 31). In the 
present study, 7 of 84 PET-positive lesions showed definite signs of OA as identified 
by two expert radiologists. By excluding these lesions from part of the analyses, it 
was possible to analyze the impact of anti-TNF in typical AS lesions further.

Interestingly, [18F]Fluoride uptake in definite OA lesions showed an increasing 
trend during anti-TNF treatment, while typical AS lesions, in particular costoverte-
bral lesions and SI joints of responders, showed a decrease in [18F]Fluoride uptake 
during treatment. An increase in 18F-fluoride accumulation in OA lesions was also 
observed by Kobayashi et al. (32), with significantly greater uptake in advanced 
OA lesions than in early OA lesions. In AS, lesions with more advanced structural 
changes, such as syndesmophyte bridges and facet joints, responded heteroge-
neously to anti-TNF treatment. The latter is probably also dependent on the stage 
of reversibility of the bone formation at these sites. This indicates that [18F]Fluoride 
PET monitoring of anti-TNF in AS may be most valuable in early AS lesions when 
structural changes are still limited.

To date, there is still debate about the relationship between inflammation and 
bone formation in AS (33, 34). In large clinical trials with follow-up data after up 
to 2-4 years of anti-TNF treatment, no effect was found on bone formation despite 
successful suppression of inflammation in the majority of AS patients (35, 36). This 
raised the question whether inflammation and bone formation are TNF-linked 
processes or regulated by different pathways. Although the present biopsy data 
from PET-positive lesions suggest that inflammation and bone formation can 
both be found at the site of enthesis in anterior spine lesions, their linkage and 
involved molecular pathways need further investigation. Recent data have shown 
that early and continuous anti-TNF treatment for up to 8 years seems to arrest new 
bone formation (4, 5). This suggests that suppression of inflammation by anti-TNF 
treatment may result in a decrease in bone formation if the treatment is applied 
at an early phase of AS disease, that is, before substantial structural changes are 
present. For assessing the effects of AS therapies such as anti-TNF and other re-
cently introduced biologics on bone formation, sensitive imaging techniques such 
as [18F]Fluoride PET-CT may be helpful in monitoring changes of bone formation in 
an early stage of treatment.
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With regard to the radiation burden of PET-CT, the effective radiation dose for 
one [18F]Fluoride PET-CT scan is about 5 mSv, compared with 10-11 mSv for a diag-
nostic CT of the abdomen; in the near future this could be lowered because of new 
developments in hybrid imaging techniques, such as optimization of low-dose CT 
scans and also the development of PET-MRI (37). Conventional radiography does 
not provide a means to study short-term therapeutic effects on bone formation 
since changes in bone formation usually only become apparent after two years of 
treatment (35). Moreover, our data also showed that the 12-week changes in bone 
formation in specified lesions on [18F]Fluoride PET-CT correlated with the clinical 
evaluation later in time, at 24 weeks. In contrast, clinical findings at 12 weeks did 
not correlate with later therapeutic outcome. This underlines the distinctive value 
of [18F]Fluoride PET-CT to discriminate clinical responders from non-responders at 
12 weeks of treatment, based on the efficacy of (molecular) bone formation.

ConClusIons

[18F]Fluoride PET-CT visualizes (changes in) axial lesions with bone formation in 
the spine and SI joints of AS patients, which is supported by histological signs of 
osteoid formation at PET-positive sites. ASAS20 responders at 24 weeks showed a 
significant reduction in [18F]Fluoride uptake in costovertebral lesions and SI joints 
after 12 weeks of anti-TNF treatment. The technique, therefore, holds promise for 
the diagnosis and therapy monitoring of AS, and PET-CT-guided bone biopsies could 
further provide opportunities for pathogenetic research of AS. These preliminary 
results with [18F]Fluoride PET-CT in 10 AS patients are promising but need to be 
validated in future studies with larger cohorts of AS patients.
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Antibody fragment F8- mediated Interleukin 10 (IL10) delivery is a novel treat-
ment for rheumatoid arthritis (RA). F8 binds to the extra-domain-A of fibronectin 
(ED-A). In this study, in-vivo biodistribution and arthritis targeting of radiolabeled 
F8-IL10 were investigated in RA patients, followed by further mechanistic stud-
ies in animals. Therefore, three RA patients (DAS28 >3.2) received 0.4 mg, 30-74 
megabecquerel [124I]I-F8-IL10 for PET-CT and blood sampling. In visually identified 
PET-positive joints target-to-background were calculated. Healthy mice, rats, and 
arthritic rats were injected with iodinated F8-IL10. The KSF antibody is specific 
to hen egg lysozyme and was used as a negative control antibody. Various organs 
were excised, weighed and counted for radioactivity. Tissue sections were stained 
for fibronectin ED-A.
In RA patients, [124I]I-F8-IL10 cleared rapidly from the circulation. PET-CT showed 
targeting in 38 joints (11-15 per patient) and high uptake in liver and spleen. Mean 
target-to-background ratios of PET-positive joints were 2.5±1.2, and 50% higher 
for clinically active than clinically silent joints. Biodistribution of radioiodinated 
F8-IL10 in healthy mice showed no effect of radioiodination method. [124I]I-F8-IL10 
joint uptake was also demonstrated in arthritic rats, ~14 fold higher than control 
antibody [124I]I-KSF-IL10 (p< 0.001). Interestingly, liver and spleen uptake was 
twice as high in arthritic than in healthy rats and was related to increased fibro-
nectin ED-A expression (~7x). In conclusion, [124I]I-F8-IL10 uptake was found in 
arthritic joints in RA patients and unexpected high liver and spleen uptake and fast 
blood clearance were observed. Animal experiments revealed increased expression 
of fibronectin ED-A in liver and spleen in arthritic rats most likely due to systemic 
inflammation. These insights can inform on potential sites of concern for side ef-
fects or aid in optimizing dosing schedules for targeted therapies.
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IntroduCtIon

Rheumatoid arthritis (RA) is a chronic inflammatory and destructive joint disease 
(1) for which treatment options currently include chemical and biological dis-
ease modifying anti-rheumatic drugs (DMARDs) (2, 3). Nevertheless, 30-40% of 
patients are refractory to these treatments leaving an unmet need for alternative 
therapies (4). Targeted delivery of cytokines at the site of disease is an emerging 
novel approach to treat chronic inflammation, especially RA (5) and has also been 
successfully investigated in the cancer setting over the last few years (6-9). Immu-
nocytokines (cytokine-antibody fusion proteins) represent a class of therapeutic 
agents that have previously shown their usefulness for targeting antigens at the 
site of inflammation followed by local activity of the cytokine (5). Along these lines, 
target specificity and dose mediated therapy response can be achieved, especially 
at synovium in RA.

Interleukin 10 (IL10) is an anti-inflammatory cytokine, produced by activated 
monocytes and T cells, and is involved in the regulation of inflammatory responses 
and immune reactions (10, 11). In the clinic, combination therapy of IL10 and 
methotrexate in a multicenter, placebo-controlled study in RA patients revealed 
clinical American College of Reumatology 20 responses in 50-60% of patients 
compared with 10% for placebo (12). Despite the anti-inflammatory properties 
of IL10, systemic administration in RA patients generated insufficient responses 
to pursue further development. However, when IL10 is fused with the single-
chain antibody variable domain (Fv) fragment of antibody F8, targeted delivery 
of IL10 can be achieved locally especially at RA synovium. Antibody fragment F8 
binds to the extra-domain A (ED-A) of fibronectin, selectively expressed at sites of 
inflammation in RA (13) and in tumors (14) in humans as well as in animals (15). 
Previously, high levels of fibronectin ED-A have been demonstrated in the target 
tissues of arthritic as well as tumor-bearing animal models (15, 16). Besides, F8-
IL10 displayed clear localization at sites of arthritis in a collagen-induced arthritis 
mouse model (16). Recently, encouraging early signals of the therapeutic benefit 
of F8-IL10 were demonstrated in RA patients in a phase I study, underscoring the 
therapeutic potential of this new approach (17). Positron emission tomography 
(PET) can provide unique whole-body molecular information about targeting and 
in vivo biodistribution of new therapeutic agents (18, 19). For imaging of antibod-
ies, isotopes with long half-lives as Iodine-124 (124I) and Zirconium-89 (89Zr) allow 
imaging of targeting and in vivo biodistribution over several days (20-22). The pur-
pose of the present translational study was to investigate the in vivo distribution 
and arthritis targeting of [124I]I-F8-IL10 in RA patients, followed by mechanistic 
studies in animal models.
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mAterIAl And methods

Patients

Three RA patients (aged ≥ 18 years) who fulfilled the American College of Reumatol-
ogy 1987 classification criteria for rheumatoid arthritis (23) were included during 
2013 and 2014. Patients had to had a high disease activity score across 28 joints 
(DAS28) of ≥3.2 and ≥2 clinically inflamed joints in hands. Exclusion criteria con-
sisted of: any haematologic, liver or renal function test abnormalities, concurrent 
active infections/ autoimmune disease or severe (malignant) diseases (other than 
RA), immunodeficiency or human immunodeficiency virus positivity, (history of) 
heart problems or insufficiency, uncontrolled hypertension, pregnancy or breast-
feeding, major surgery within the previous 4 weeks, or any other treatment with 
investigational drugs within the previous three months. Stable doses of DMARDs 
and/or non-steroidal anti-inflammatory drugs (NSAIDs) were continued if used at 
inclusion. All clinical data were obtained by an experienced research nurse blinded 
to the imaging data.

Animals

Wistar rats, male, 150-200 grams, Charles River International Inc, Sulzfeld, Ger-
many) and healthy mice, 6-8 weeks female, Envigo, Horst, NL) were provided with 
standard food (16% protein rodent diet, Harlan Laboratories Inc., Madison, WI, 
USA) and water ad libitum. Rats were housed in conventional cages and mice in 
filter top cages (in groups of 3-6 per cage) and kept in a room with a 12-hour light/
dark cycle and constant room temperature (21°C) and humidity level (55±10%).

For arthritis induction, Wistar rats were immunized systemically and addition-
ally received 4x intra-articular methylated bovine serum albumin injections, 4 or 5 
days apart in the arthritic (right) knee, with the contralateral (left) knee serving as 
a control, as described previously (24).

tracer synthesis

Tracer synthesis for administration to RA patients

F8-IL10 obtained from Philogen (Zurich, Switzerland) was first rebuffered to phos-
phate buffer saline (PBS) using PD-10 size exclusion chromatography. Hereafter 20 
µL Sodium Iodide (NaI) in 20 mM sodium hydroxide (NaOH) was mixed with 280 
µL 20 mM NaOH, containing the required amount of 124I and 10 µL of a 1.41 mg/mL 
ascorbic acid solution. After 5 minutes 120 µL 0.5 M phosphate buffer pH 7.1 and 
1.6 mL F8-IL10 in PBS (~1 mg) were added, followed by 30 µL of a freshly prepared 
0.66 mg/mL Iodogen solution (20 µg). After 3 minutes the reaction was stopped by 
the addition of excess of ascorbic acid (100 µL of 25 mg/mL). After 10 minutes pu-
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rification was performed using PD10 size-exclusion chromatography (eluent: 5 mg/
mL ascorbic acid in 0.9% Sodium Chloride (NaCl) (pH 5.0)). The radiolabeling yield 
was (mean±SD) 65.2±17.2%. Finally [124I]I-F8-IL10 was formulated with native 
F8-IL10 and 5 mg/mL ascorbic acid in 0.9% NaCl for human administration. The 
radiochemical purity was >95% according to Instant Thin Layer Chromatography 
(iTLC) and High-performance liquid chromatography (HPLC). The immune reactive 
fraction was determined by measuring binding to a serial dilution of ED-A coated 
beads and was 91.0±4.9% at the highest resin concentration.

Tracer synthesis for administration to animals

Radiolabeling of F8-IL10 and control antibody KSF-IL10 with 124I was applied in 
all experiments with rats essentially according to Tijink et al. (25). In contrast, 
radiolabeling of F8-IL10 with 131I (for comparison with [124I]I-F8-IL10 labeling 
according to chloramine-T, see below) was applied for experiments with healthy 
mice. For both species the Iodogen method was applied. Briefly, F8-IL10 obtained 
from Philogen (Zurich, Switzerland) was first rebuffered to PBS using PD-10 size 
exclusion chromatography. Hereafter, 3 µL 131I in 20 mM NaOH (20 megabecquerel, 
(MBq)) were mixed with 12 µL water and 285 µL 20 mM NaOH. After 5 minutes 
120 µL 0.5 M phosphate buffer pH 7.1 and 1.6 mL F8-IL10 in PBS (~1 mg) were 
added, followed by 30 µL of a freshly prepared 0.66 mg/mL Iodogen solution (20 
µg). After 3 minutes the reaction was stopped by the addition of an excess of ascor-
bic acid (100 µL of 25 mg/mL). After 10 minutes purification was performed using 
PD10 size-exclusion chromatography (eluent: 5 mg/mL ascorbic acid in 0.9% NaCl 
(pH 5.0)). The radiolabeling yield was 56.4±3.2% in case of [131I]I-F8-IL10, while 
radiolabeling yields of [124I]I-F8-IL10 and [124I]I-KSF-IL10 were 61.7±9.3% and 
69.8±5.4%, respectively. Finally 131I-F8-IL10 was formulated with native F8-IL10 
and 5 mg/mL ascorbic acid in 0.9% NaCl for in vivo administration. The radiochemi-
cal purity was >95% according to iTLC and HPLC. The immune reactive fraction was 
determined by measuring binding to a serial dilution of ED-A coated beads and was 
85.2% at the highest resin concentration. The radiochemical purity of all conjugates 
was >95% and immunoreactivity of 91.4±5.9% for [131I]I-F8-IL10, and 91.2±1.5% 
and 92.2±0.1% for [124I]I-F8-IL10 and [124I]I-KSF-IL10, respectively.

Formulation for in vivo experiment: 75 µg F8-IL10 ~ 30 kBq 150 µL/mouse with 
buffer A: 25 mM NaH2PO4*H2O (3.900 g), 10 mM NaOH (0.400 g), 30 mM NaCl 
(1.753 g), 2 mM KCl (0,149 g), 50 mM Mannitol (9.109 g), 5 mM EDTA (1.461 g), 1%, 
10 mL glycerol (D=1.2613 g/mL) dissolved in 1 L water. For irrigation the solution 
is filtered through a 0.22 filter with a measured of pH: 6.44.
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For the study in healthy mice, apart from labeling of F8-IL10 with 131I according to 
Iodogen method (see above), F8-IL10 was also labeled with 124I according to the 
Chloramine-T method used earlier by Philogen (26). In this method, 67 µL 124I in 10 
M NaOH was mixed with 1.523 mL buffer A. Hereafter 0.25 mL (4 mg/mL) F8-IL10 
and 0.25 mL (0.5 mg/mL) chloramine-T in buffer A were added. After 45 sec the 
reaction was stopped by the addition of 0.25 mL (40 mg/mL) ascorbic acid in buf-
fer A, pH 6.0 and immediately purified using PD10 size-exclusion chromatography 
(eluent: buffer A), followed by the addition of 40 mg/mL to arrive at a concentra-
tion of 4 mg/mL ascorbic acid in buffer A. The radiolabeling yield was 52.48±3.2%. 
Finally[124I]I-F8-IL10 was formulated with native F8-IL10 and 40 mg/mL ascorbic 
acid in buffer A for in vivo administration (final concentration of ascorbic acid ~ 
4 mg/mL). The radiochemical purity was >95% according to iTLC and HPLC. The 
immune reactive fraction was determined by measuring binding to a serial dilution 
ED-A coated beads and was 98.4±3.7% at the highest resin concentration.

[124I]I-f8-Il10 Pet-Ct of rA patients

Before PET-CT scanning, patients received prophylaxis to block the thyroid by ad-
ministration of 400 mg potassium perchlorate 48, 24 and 1 hour(s) before infusion 
of [124I]I-F8-IL10 and 1 hour before PET-CT scanning at 24 hours and 72 hours. Next, 
a total of 3 whole body PET-CT scans per patient and detailed images of wrists/
hands were obtained, and blood samples were withdrawn at 5 minutes, 30 minutes, 
90 minutes, 3 hours, 24 hours and 72-hours post-injection (p.i.).

PET-CT scans were performed using both Gemini-64 and Ingenuity-128 PET-CT 
scanners (Philips Healthcare, Cleveland, USA). After intravenous (i.v.) injection of 
a single dose of [124I]I-F8-IL10 (0.4 mg (~6 µg/kg), 59±25 MBq), patients were 
scanned at 1, ±24 and ±72 hours p.i. (in dialogue with patients agendas). The ad-
ministration system was flushed with 20 mL of 0.9% NaCl and, after administration 
of the tracer, residual activity in the injection device was measured to determine 
the net injected dose. Subsequently, whole body scans from skull to symphysis 
pubis were acquired with 5 minutes/field of view. In addition, detailed images of 
wrists/hands were obtained (1 field of view, 6 frames of 5 minutes each). PET scans 
were preceded by a 30 mAs low-dose CT for attenuation correction and anatomical 
localization of the PET signal.

PET data were normalized and corrected for attenuation, decay and scatter. All 
scans were reconstructed according to international guidelines (27).

Image Analysis

An experienced nuclear medicine physician (O.S. Hoekstra) qualitatively interpreted 
PET-CT data for whole body biodistribution and joints with visually enhanced tracer 
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uptake (PET-positive joints). For quantitative comparison of tracer uptake, volumes 
of interest (VOIs) were drawn using software developed in-house (28) with the 
corresponding low dose CT as an anatomical reference. For biodistribution, VOIs 
were drawn over lungs, liver, spleen, kidneys, heart (blood pool) and vertebrae and 
results were presented as percentage of the injected dose (%ID).

For analysis of visually defined PET-positive joints, VOIs were drawn on top of 
joints with clear focal tracer enhancement using thresholds exceeding local back-
ground uptake (e.g., PET negative joints). In addition, for PET-negative hand joints, 
standardized spherical VOIs were drawn on wrists (~60 mL), metacarpophalangeal 
joints 1-5 (8 mL) and (proximal) interphalangeal joints 1-5 (2.0 mL) centered in 
the middle of the joints (n=22 joints per patient). Standardized uptake values were 
calculated by dividing the PET tracer tissue concentration by the activity injected 
(MBq) per body weight (kg). Tracer uptake in targets is presented as SUVpeak which 
is defined as the highest average uptake within a sphere of 1.2 mL within the VOI 
(29, 30). In addition, spherical VOIs of 0.5 mL in the second metacarpal bone were 
used as background to calculate target to background target-to-background ratios.

mechanistic studies in animals

In vivo biodistribution of [124I/131I]I-F8-IL10 in healthy mice comparing radio-iodination 

methods

Healthy mice (n=14) were injected with either [124I]I-F8-IL10 (Chloramine-T 
method) or [131I]I-F8-IL10 (Iodogen method) at 10 minutes and 24 hours. In both 
cases, the F8-IL10 protein dose was 3 mg/kg. Each mouse received ~3.5 MBq 
[124I]I-F8-IL10 or [131I]I-F8-IL10.

At the end of the study, all mice were sacrificed, and blood and various tissues 
were excised, rinsed, dipped dry and weighed. The amount of tissue radioactivity 
was determined using an LKB 1282 Compugamma CS gamma counter (LKB, Wallac, 
Turku, Finland). Results were expressed as a percentage of the injected dose per 
gram tissue (%ID/g) (24).

Ex vivo biodistribution of [124I]I-F8-IL10 in healthy and arthritic rats

Six days after the last intra-articular injection of methylated bovine serum albumin, 
all rats received ~ 3.5 MBq tracer injection, with a different set-up as presented in 
table 1. Twenty-four hours post tracer injection, all rats were sacrificed, and knee 
joints, as well as various tissues, were removed and analyzed as described above in 
the mice experiment.
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Immunofluorescence of liver and spleen of arthritic versus healthy rats

Tissues (liver and spleen) of arthritic rats (n=4) and healthy rats (n=4) were snap 
frozen in liquid nitrogen and stored at −80°C. Sections of 8 µm were cut and stained 
with hematoxylin and eosin (HE), whereas staining of splice isoforms of fibronectin 
ED-A was performed by F8-small immunoprotein (SIP) (Philogen, Siena, Italy) 
or isotype control antibody. Tissues were embedded in a suitable medium (OCT; 
SKU4583, Tissue-Tek, Netherlands), cut using a cryotome cryostat (−20°C) (Leica, 
Netherlands) and placed on Superfrost (4951PLUS4, ThermoFisher, Netherlands) 
glass slides for immunofluorescence staining.

For immunostaining, frozen tissue sections were first brought to room tempera-
ture for 30 minutes. The sections were fixed in acetone (439126, Sigma-Aldrich, 
Netherlands) for 10 minutes at −20°C and air dried for 10 min at room temperature. 
Sections were marked with DAKO pen (S2002, DAKO, Santa Clara, CA, USA). After 3x 
washing with PBS on a shaker, sections were treated with 100% fetal bovine serum 
(FBS) for 30 minutes at room temperature to avoid non-specific binding and then 
washed again with PBS (3x5 minutes). Thereafter, sections were incubated with 
F8-small immunoprotein (SIP) (2 µg/ml) in 10% FBS/PBS for 24 hours at 4°C or 
with 10% FBS/PBS. After a washing step (3x5 minutes in PBS on a shaker), sec-
tions were incubated with rabbit anti-human IgE 1:1000 in 10% FBS/PBS (DAKO, 
A0094, Santa Clara, United States) for 60 minutes at room temperature. After a final 
washing step, sections were incubated with goat-anti-rabbit Alexa 488 (A-11008, 
ThermoFisher Scientific, Netherlands) in 10% FBS/PBS), air dried and mounted (2 
µL of MOWIOL mounting medium (81381, Merck, Zwijndrecht, The Netherlands).

Microscopy and image analysis of immunofluorescent tissue sections

The slides were imaged with a Zeiss Axiovert 200M Marianas™ inverted micro-
scope, (40X oil-immersion lens) equipped with a motorized stage (stepper-motor 
z-axis increments: 0.1 μm), and a turret of four epifluorescence cubes (Fluorescein 
isothiocyanate, Cy-5, Cy-3, Aminomethylcoumarin as well as a differential interfer-
ence contrast bright field cube). A cooled charge-coupled device camera (Cooke 
Sensicam SVGA [Cooke Co., Tonawanda, NY, USA], 1,280 × 1,024 pixels) recorded 
images with true 16-bit capability. The camera was linear over its full dynamic 

table 1. Animal experiment design.
tracer dosage

Group A: Healthy rats (F8-IL10low; n=4) [124I]I-F8-IL10 0.34 mg/kg

Group B: Arthritic rats control (KSF-IL10; n=6) [124I]I-KSF-IL10 0.34 mg/kg

Group C: Arthritic rats (F8-IL10low; n=6) [124I]I-F8-IL10 0.36 mg/kg

Group D: Arthritic rats (F8-IL10hgh; n=6) [124I]I-F8-IL10 12.9 mg/kg



127

7

[124I]I-F8-IL10 guided translational study in RA

range (up to intensities of over 4,000) with dark/background currents (estimated 
by the intensity outside the cells) of typically <100. Exposure, objective, montage, 
and pixel binning were automatically recorded and stored with each image (Dell Di-
mension workstation: Quad-core processor, 16GB RAM). The microscope, camera, 
and data processing were controlled by SlideBook™ software (SlideBook™ version 
6, Intelligent Imaging Innovations, Denver, CO, USA) (31).

All images obtained in 2D were first deconvolved (no neighbour), in order to im-
prove the signal to noise ratio. The arthritic and healthy liver/spleen images were 
segment masked (using background from negative liver/spleen sections). There-
upon, mask statistics were performed on the entire mask, and the sum intensities 
were recorded. Sum intensities of all multiple representative images from arthritic 
and healthy rat liver/spleen were averaged (±SD).

Histology images were captured using a Leica 4000B microscope and a Leica 
digital camera DC500 (Microsystems B.V. Rijswijk, The Netherlands).

statistical Analysis

PET data of RA patients were reported in a descriptive manner because of the small 
sample size. Quantitative human and RA-rat model data are presented as mean 
± standard deviation (SD) or as median and interquartile range [IQR] in case of 
skewed distribution. Mann-Whitney U (exact) tests were performed to analyze dif-
ferences in tissue distribution and fibronectin ED-A staining between different rat 
groups (A-D). A p-value <0.05 was considered as statistically significant. Statistical 
analyses were performed using SPSS version 22.0 for Windows (SPSS, Chicago, IL, 
USA).

results

Clinical data of rA patients

Clinical characteristics of the three patients included are summarized in table 2.
All patients had high disease activity despite stable doses of DMARDs, with a 

DAS28 >4.0. Out of 66 evaluated hand/wrist joints of RA patients, 25 were clinically 
tender and/or swollen (38%), i.e., 5, 15 and 5 in patients 1, 2 and 3, respectively. 
Clinical symptoms of arthritis (tenderness and/or swelling) were present in wrists 
(5/66; 8%), metacarpophalangeal joints (15/66;22%) and proximal phalangeal 
joints (5/66; 8%). [124I]I-F8-IL10 was injected without any side effects occurring 
during the observation period.
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table 2. Baseline patient demographics, clinical and functional characteristics.
Patient 1 Patient 2 Patient 3

Sex M/F F F M

Age (years) 53 50 18

Weight (kg) 86.3 74.0 65.0

IgM RF positivity yes yes yes

Anti-CCP positivity yes yes no

Disease duration (years) 8 1 1

DAS28 4.8 4.1 5.3

Swollen joint count (DAS28) 7 3 12

Tender joint count (DAS28) 8 9 7

VAS (0-100) 70 70 80

CRP (mg/L) 28 <2.5 25

ESR (mm/h) 8 4 11

DMARDs yes yes yes

NSAIDS no yes no

Joint targeting of [124I]I-f8-Il10 in rA patients

Detailed images of wrists/hands showed evident targeting in joints. The highest 
uptake and target-to-background ratios were determined at 24 hours p.i. Within 
the one field of view of the hands, a total of 57 hand joints across the 3 patients 
could be imaged using [124I]I-F8-IL10, and a cumulative number of 38 PET-positive 
joints were observed (11 to 15 joints per patient (Figure 1b)). Out of 38 [124I]I-F8-
IL10 PET-positive joints, 19 were also clinically swollen and/or tender (50%). In 
addition, there was enhanced uptake in 19 hand joints that lacked clinical signs of 

figure 1. A) [124I]I-F8-IL10 PET scan of RA patient #1 showing clear tracer uptake in liver 
and spleen. %ID= percentage of the injected dose. B) Example of a [124I]I-F8-IL10 PET-CT 
scan of the hands of RA patient #3 with clinically active disease.
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arthritis. The remaining 19/57 joints were PET-negative of which 17 (89%) joints 
were also clinically negative.

Mean standard uptake values of PET-positive joints was 0.25±0.15 and mean 
target-to-background ratio 2.5±1.2. PET-positive joints that were also clinically 
active had 1.5 fold higher target-to-background ratios than clinically silent PET-
positive joints (i.e., subclinical joints) (target-to-background ratios 2.6±1.2 vs. 
1.6±0.8, respectively).

whole body distribution of [124I]I-f8-Il10 in rA patients

Blood sample analysis in RA patients indicated very fast clearance of [124I]I-F8-IL10 
from the circulation after i.v. injection of the drug. In fact, after 5 minutes less than 
~1% of the injected dose was detected in blood (Figure 2). Another remarkable 
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figure 2. Pharmacokinetic analysis of [124I]I-F8-IL10 in (A) whole blood and (B) plasma of 
three RA patients.
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finding was high uptake of [124I]I-F8-IL10 in liver (48.0±3.5% of the injected dose, 
%ID) and, to a lower extent, spleen (5.3±3.5%ID), as seen in the whole body PET-CT 
scans performed at one hour p.i. (Figure 1A). Thereafter, [124I]I-F8-IL10 liver uptake 
decreased from 48.0 (%ID) to 13.4 (%ID) at 72 hours p.i. (Table 3).

To further understand the high uptake in liver and spleen, animal experiments 
were performed.

table 3. Organ uptake of [124I]I-F8-IL10 expressed as a percentage of injected dose respec-
tively 1 hour and 72 hours post-injection.

%Id at 1hour p.i. %Id at 72hours p.i.

mean±sd mean±sd

Bloodpool (heart) 0.005±0.002 0.001±0.0007

kidneys 1.5±0.4 0.5±0.3

liver 48.0±3.5 13.4±2.7

spleen 5.3±3.5 1.4±1.5

Bone marrow 0.2±0.1 0.004±0.001

the effect of radioiodination on the in vivo biodistribution of f8-Il10 in 
healthy mice

To investigate whether radioiodination affected F8-IL10, resulting in increased 
uptake in liver and spleen, healthy mice were analyzed for biodistribution after i.v. 
injection of F8-IL10 labeled according to the Chloramine-T ([124I]I-F8-IL10) and 
Iodogen method ([131I]I-F8-IL10), respectively (Figure 3). At 10 minutes p.i., both 
tracers had comparable blood levels of 16-25%ID/g, decreasing to low values 
<0.3%ID/g at 24 hours p.i.. Biodistribution in various organ tissues was also similar 
over time, with no accumulation in liver or spleen at 24 hours. All tissues showed 
clearance of both tracers within the time span of 24 hours. Urine excretion was 
similar.

Ex vivo biodistribution of [124I]I-f8-Il10 in arthritic rats

After arthritis induction, all rats showed macroscopic thickening of the right, 
arthritic knee compared with the contralateral knee (data not shown). None of 
the rats showed any adverse effects, and no major changes in body weight were 
observed. Similar to observations in RA patients, uptake in arthritic knee joints was 
found in the F8-IL10low group. In this group, uptake in the arthritic knee joint of 
[124I]I-F8-IL10 was ~2x higher than (p<0.01) in the (right) knee joint of a healthy 
(non-arthritic) rat (Figure 4). Specificity of uptake was demonstrated by a ~14 fold 
increased uptake of F8-IL10 in the arthritic knee joints as compared with uptake of 
the control antibody KSF-IL10 (p<0.001). Interestingly, up to two times higher up-
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take of F8-IL10 was also observed in liver and spleen of arthritic rats as compared 
with that in healthy rats, while uptake in other organs was comparable between 
arthritic and healthy rats. (Figure 4). When the dose of F8-IL10 was increased 
significantly (F8-IL10high group), [124I]I-F8-IL10 uptake decreased in several tissues 

0

5

10

15

20

25

30

%
 ID

/g
 (±

SD
) 

¹³¹I-F8-IL10 (10 mins)

¹³¹I-F8-IL10 (24 hrs)

¹²⁴I-F8-IL10 (10 mins) 

¹²⁴I-F8-IL10 (24 hrs) 

figure 3. Ex vivo tissue distribution (%ID/g) of healthy mice with [131I]I-F8-IL10 (Iodogen) 
and [124I]-F8-IL10 (Chloramine-T) at 10 minutes and 24 hours. The results are expressed as a 
percentage of the injected dose per gram (%ID/g ± SD).

figure 4. Ex vivo tissue distribution (%ID/g) at 24 hr p.i. in healthy rats: [124I]I-F8-IL10low 
(white bars), and in arthritic rats: [124I]I-KSF-IL10-control (black bars), [124I]I-F8-IL10 (light 
grey bars) and [124I]I-F8-IL10high (dark grey bars). The results are expressed as percentage 
injected dose per gram (%ID/g ± SD).
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with a pronounced decrease in arthritic knee joints, liver and spleen (p<0.01) while 
blood levels were comparable at 24 hours p.i.

Investigation of the effect of the disease rA on liver and spleen expression of 
fibronectin ed-A

Increased expression of fibronectin ED-A in liver and spleen was observed in 
arthritic rats compared with healthy rats (Figure 5). In Figure 5 the white pulp 
(histology, Figure 5A) with fibronectin ED-A expression in the spleen of healthy 
(Figure 5B) and arthritic (Figure 5C) rats is shown. Fibronectin ED-A expression 
in spleen was ~8x (p<0.001) increased in arthritic rats compared with healthy rats 
(Figure 5D). Further, fibronectin ED-A expression in liver (hepatocytes) (histology, 

figure 5. Histopathology and immunofluorescence images of fibronectin ED-A stainings on 
arthritic and healthy rats, spleen and liver sections. A, HE staining of spleen (10 x magnifica-
tion). B, C fibronectin ED-A staining (40 x magnification) of healthy spleen (B) and arthritic 
spleen (C). D, The total fluorescence intensity of healthy spleen vs the arthritic spleen (Total 
Fluorescence intensity E+06 ± SD); E, HE staining of liver (10x magnification); F,G fibronectin 
ED-A staining (blue channel: nucleus, green channel: fibronectin ED-A) of healthy (F) and ar-
thritic liver (G); H, The total fluorescence intensity of healthy liver vs. the arthritic liver (Total 
Fluorescence intensity E+06 ± SD).
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Figure 5E) of healthy rats (Figure 5F) and arthritic rats (Figure 5G) was observed. 
Fibronectin ED-A expression in liver was ~7x (p<0.001) increased in arthritic rats 
compared with healthy rats (Figure 5H).

dIsCussIon

In this study, both targeting performance and in vivo biodistribution of the potential 
F8-IL10 anti-rheumatic drug were investigated using a translational approach. First 
of all, a feasibility PET-CT study in RA patients demonstrated that F8-IL10 targets 
clinically inflamed joints and also subclinically affected joints. Similarly, targeting 
was also found in arthritic joints of rats. The RA patient PET study revealed unex-
pected in vivo biodistribution. Very rapid blood clearance (less than 1% detectable 
in less than 5 minutes) and high liver and spleen uptake on PET-CT (within 1-hour 
p.i. of [124I]I-F8-IL10), were observed . Subsequent animal experiments showed that 
increased tracer uptake in liver and spleen is associated with increased, arthritis 
related, expression of fibronectin ED-A in in liver and spleen. The latter may be the 
main cause of local accumulation of the tracer in RA patients. In addition, a lower 
F8-IL10 administration dose (microdose of F8-IL10 administered in RA patients) 
may also result in relatively high uptake in liver and spleen, although our experi-
ments did not allow definite conclusions for this mechanism.

Although our targeting data of F8-IL10 in arthritic joints were found in a small 
study of only 3 RA patients, these observations were supported by our arthritic rat 
data and are in line with targeting results previously found in a collagen-induced 
mouse model (16). This provides further evidence of the feasibility of targeted 
delivery of IL10 by binding to fibronectin ED-A in arthritic joints, also reflected by 
the promising initial phase Ib therapeutic efficacy data of F8-IL10 in RA patients 
(17, 32).

The observed high uptake in liver (and to some extent in spleen), as well as the 
fast blood clearance of [124I]I-F8-IL10 in RA patients, was unexpected. In previous 
experiments in tumor-bearing mice, no increased F8-IL10 uptake in liver and 
spleen was observed, and blood clearance was clearly slower shortly after i.v. injec-
tion (15). There are several potential explanations for the observed differences: 1) 
the use of different radioiodination methods (i.e., chloramine-T method in tumor-
bearing mice and Iodogen in RA patients), 2) effect of the RA disease on fibronectin 
ED-A expression in liver and spleen, 3) different injected doses of F8-L10 and 4) 
species differences.

Firstly, the potential effect of the radioiodination method on the ex vivo biodis-
tribution was addressed in healthy mice. F8-IL10 can potentially be modified by 



134 Chapter 7

oxidation during the radioiodination procedure, which could result in rapid blood 
clearance and uptake in the mononuclear phagocyte system (liver/spleen) (33). 
However, no differences in liver and spleen uptake of F8-IL10 were found between 
both radioiodination methods. In fact, in healthy mice, liver and spleen uptake at 
24 hours p.i. were low, regardless of the radioiodination method. In addition, initial 
blood clearance was much slower (in line with previous observations in tumor-
bearing mice ref) with 15-25%ID/g present at 10 minutes p.i. in healthy mice as 
compared to < 1% ID/L in the blood compartment of RA patients at 5 minutes p.i.

Secondly, hepatic and splenic F8-IL10 uptake of arthritic rats was more than 
twice as high as that in healthy rats. A high dose of F8-IL10 significantly decreased 
liver and spleen uptake of [124I]I-F8-IL10 in rats with experimental arthritis, indicat-
ing specific binding in these tissues. To explore whether this observation could be 
explained by increased fibronectin ED-A expression and hence increased F8-IL10 
binding in arthritic rats, further immunohistochemical analyses were performed. 
Indeed, in arthritic rats significantly higher fibronectin ED-A expression was found 
in liver and spleen as compared with healthy rats.

Third, a microdose of i.v. administered agent may directly accumulate in high 
antigen expressing and well accessible organs upon the first passage through these 
organs (liver/spleen). This so-called antigen sink theory has also been observed by 
others in B-cell lymphoma patients injected with radiolabeled rituximab (34). The 
RA patients were injected with a 500-fold lower dose of F8-IL10 than healthy mice 
(0.006 mg/kg versus 3 mg/kg F8-IL10), where no accumulation of radioactivity in 
liver and spleen was observed. Thus, in the patient study liver and spleen may have 
acted as antigen sinks for the low dosage of i.v. administered F8-IL10, which could 
explain the fast blood clearance and relatively low uptake in arthritic joints. Upon 
increase of the F8-IL10 dose, liver and spleen may become saturated, resulting in 
higher plasma concentration, thereby leaving relatively more F8-IL10 available to 
bind to inflamed joints. To investigate this antigen sink theory, a high dose of F8-
IL10 (~2000-fold higher than that in humans) in arthritic rats was compared with 
the lowest feasible F8-IL10 dose for administration in rats (~50-fold fold higher 
than in humans). Indeed, a significantly lower uptake of radiolabeled F8-IL10 in 
the liver/spleen of the F8-IL10high group was seen than in the F8-IL10low group. 
However, uptake of radioactive F8-IL10 in several other tissues was decreased as 
well (data not shown), which presumably was, at least in part, related to blockade 
of local F8-IL10 binding sites. Therefore, these results could not definitely prove or 
rule out a possible role of liver and spleen as antigen sink in case of F8-IL10low dose.

Finally, species differences between animals and humans cannot be ruled out. 
Findings in animals can be highly suggestive, but extrapolation to humans should 
be made with care. In the present study, direct dose comparisons were not possible 
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since lowering the F8-IL10 dose (< 0.3 mg/kg) in rats to allow for a direct compari-
son with the dose in RA patients (0.006 mg/kg) was technically not possible. Apart 
from tissue observations, differences in pharmacokinetics, stability of the tracer 
and targeting between animals and patients may also play a role.

ConClusIons

In conclusion, the imaging study demonstrates that PET-guided drug development 
may provide significant information on the targeting potential of a new anti-
rheumatic drug, although observations were made in a small group of 3 RA patients. 
[124I]I-F8-IL10 PET revealed promising targeting in arthritic joints in RA patients. 
In addition, PET whole body biodistribution data may point at tracer accumula-
tion at other non-target sites, for F8-IL10 likely related to disease induced antigen 
expression at these sites and possibly related to antibody dosing. These insights 
can add to optimal dosing schedules for targeting sites of interest as well as inform 
on potential sites of concern for side effects. So far, the human phase 1b data have 
not revealed major side effects. F8-IL10 was generally well tolerated up to a dose of 
600 μg/kg (32).
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ABBreVIAtIons

RA – Rheumatoid arthritis, DMARD – disease-modifying anti-inflammatory drugs, F8 – F8 antibody 
fibronectin , IL10 – Interleukin 10, PET-CT – Positron Emission Tomography – Computed tomography, 
SD – standard deviation, ID/g – injected dose/ gram, %ID- percentage of injected dose, %ID/L - percent-
age injected dose per litre, ED-A – extra-domain-A of fibronectin, p.i. – post injection, iTLC – Instant Thin 
Layer Chromatography and HPLC – High-performance liquid chromatography.

deClArAtIons

ethics approval and consent to participate

The study protocol was approved by the VU University Medical Center Medical Ethics Review Commit-
tee. All patients gave written informed consent prior to participation in the study.

All animal experiments were performed in accordance with the European Community Council Directive 
2010/63/EU for laboratory animal care and the Dutch Law on animal experimentation. The experi-
mental protocol was approved by the local committee on animal experimentation of the VU University 
Medical Center.

fundInG

This work was funded by the FP7-Health Innovation and was part of the grant ‘Profiling Responders In 
Antibody Therapies’ (PRIAT).

trIAl reGIstrAtIon

EudraCT n°: 2010-023114-32. Registered 28-9-2010 (to local authority VUMC 25/08/2010)

ACknowledGments

We gratefully acknowledge Thijs Nell and Ricardo Vos for labeling. Ricardo Vos, Mariska Verlaan and 
Elise Mantel for excellent technical support and animal experiments. Jeroen Kole for helping with data 
acquisition and analysis of the immunofluorescence data. Maqsood Yaqub for help with quantification 
of PET scans.



137

7

[124I]I-F8-IL10 guided translational study in RA

referenCes

 1. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med. 2011; 365(23): 
2205-19.

 2. Smolen JS, Landewe R, Breedveld FC, Dougados M, Emery P, Gaujoux-Viala C, et al. EULAR recom-
mendations for the management of rheumatoid arthritis with synthetic and biological disease-
modifying antirheumatic drugs. Annals of the Rheumatic Diseases. 2010; 69: 964-75.

 3. van Schouwenburg PA, Rispens T, Wolbink GJ. Immunogenicity of anti-TNF biologic therapies for 
rheumatoid arthritis. Nat Rev Rheumatol. 2013; 9(3): 164-72.

 4. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. The Lancet. 2016; 388: 2023-38.
 5. McInnes IB, Liew FY. Cytokine networks--towards new therapies for rheumatoid arthritis. Nat 

Clin Pract Rheumatol. 2005; 1(1): 31-9.
 6. Sauer S, Erba P, Petrini M. Expression of the oncofetal ED-B – containing fibronectin isoform 

in hematologic tumors enables ED-B – targeted 131 I-L19SIP radioimmunotherapy in Hodgkin 
lymphoma patients. Blood. 2009; 113: 2265-74.

 7. King DM, Albertini MR, Schalch H, Hank JA, Gan J, Surfus J, et al. Phase I clinical trial of the immu-
nocytokine EMD 273063 in melanoma patients. Journal of Clinical Oncology. 2004; 22: 4463-73.

 8. Mårlind J, Kaspar M, Trachsel E, Sommavilla R, Hindle S, Bacci C, et al. Antibody-mediated delivery 
of interleukin-2 to the stroma of breast cancer strongly enhances the potency of chemotherapy. 
Clinical Cancer Research. 2008; 14: 6515-24.

 9. Pedretti M, Verpelli C, Mårlind J, Bertani G, Sala C, Neri D, et al. Combination of temozolomide 
with immunocytokine F16-IL2 for the treatment of glioblastoma. British Journal of Cancer. 2010; 
103: 827-36.

 10. Ip WKE, Hoshi N, Shouval DS, Snapper S, Medzhitov R. Anti-inflammatory effect of IL-10 medi-
ated by metabolic reprogramming of macrophages. Science. 2017; 356: 513 LP - 9.

 11. Murray PJ. The primary mechanism of the IL-10-regulated antiinflammatory response is to 
selectively inhibit transcription. Proceedings of the National Academy of Sciences of the United 
States of America. 2005; 102: 8686-91.

 12. Weinblatt M, St Clair E, Breedveld F, Moreland L, Keystone E, Lee S, et al. rHUIL-10 (TENOVIL) 
PLUS METHOTREXATE (MTX) IN ACTIVE RHEUMATOID ARTHRITIS (RA): A PHASE I/II STUDY. 
Arthritis & Rheumatism. 1999; 42: S170.

 13. van Beers JJ, Willemze A, Stammen-Vogelzangs J, Drijfhout JW, Toes RE, M Pruijn GJ. Anti-
citrullinated fibronectin antibodies in rheumatoid arthritis are associated with human leukocyte 
antigen-DRB1 shared epitope alleles. Arthritis Research & Therapy. 2012; 14: R35.

 14. Rybak JN, Roesli C, Kaspar M, Villa A, Neri D. The extra-domain A of fibronectin is a vascular 
marker of solid tumors and metastases. Cancer Research. 2007; 67: 10948-57.

 15. Villa A, Trachsel E, Kaspar M, Schliemann C, Sommavilla R, Rybak JN, et al. A high-affinity human 
monoclonal antibody specific to the alternatively spliced EDA domain of fibronectin efficiently 
targets tumor neo-vasculature in vivo. International Journal of Cancer. 2008; 122: 2405-13.

 16. Schwager K, Kaspar M, Bootz F, Marcolongo R, Paresce E, Neri D, et al. Preclinical characterization 
of DEKAVIL (F8-IL10), a novel clinical-stage immunocytokine which inhibits the progression of 
collagen-induced arthritis. Arthritis Research & Therapy. 2009; 11: R142.

 17. Galeazzi M, Bazzichi L, Sebastiani GD, Neri D, Garcia Gonzalez E, Ravenni N, et al. A phase IB clini-
cal trial with dekavil (F8-Il10), An immunoregulatory ???armed antibody??? for the treatment of 
rheumatoid arthritis, used in combination with methotrexate. Israel Medical Association Journal. 
2014; 16: 666.



138 Chapter 7

 18. Mammatas LH, Verheul HMW, Hendrikse NH, Yaqub M, Lammertsma AA, Menke-van der Houven 
van Oordt CW. Molecular imaging of targeted therapies with positron emission tomography: the 
visualization of personalized cancer care. Cellular Oncology. 2015; 38: 49-64.

 19. Mankoff DA, Farwell MD, Clark AS, Pryma DA. Making Molecular Imaging a Clinical Tool for Preci-
sion Oncology: A Review. JAMA Oncol. 2017; 3(5): 695-701.

 20. Robinson MK, Doss M, Shaller C, Narayanan D, Marks JD, Adler LP, et al. Quantitative immuno-
positron emission tomography imaging of HER2-positive tumor xenografts with an iodine-124 
labeled anti-HER2 diabody. Cancer Res. 2005; 65(4): 1471-8.

 21. Van Dongen GAMS, Huisman MC, Boellaard R, Hendrikse NH, Windhorst AD, Visser GWM, et al. 
89Zr-immuno-PET for imaging of long circulating drugs and disease targets: Why, how and when 
to be applied? Quarterly Journal of Nuclear Medicine and Molecular Imaging. 2015; 59: 18-38.

 22. van Dongen GAMS, Visser GWM, Lub-de Hooge MN, de Vries EG, Perk LR. Immuno-PET: A Naviga-
tor in Monoclonal Antibody Development and Applications. The Oncologist. 2007; 12: 1379-89.

 23. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, et al. The American Rheuma-
tism Association 1987 revised criteria for the classification of rheumatoid arthritis. Arthritis and 
rheumatism. 1988; 31: 315-24.

 24. Chandrupatla DMSH, Weijers K, Gent YYJ, De Greeuw I, Lammertsma AA, Jansen G, et al. Sus-
tained macrophage infiltration upon multiple intra-articular injections: An improved rat model 
of rheumatoid arthritis for PET guided therapy evaluation. BioMed Research International. 2015; 
2015.

 25. Tijink BM, Perk LR, Budde M, Stigter-Van Walsum M, Visser GWM, Kloet RW, et al. 124I-L19-SIP 
for immuno-PET imaging of tumour vasculature and guidance of 131I-L19-SIP radioimmuno-
therapy. European Journal of Nuclear Medicine and Molecular Imaging. 2009; 36: 1235-44.

 26. Erba PA, Sollini M, Orciuolo E, Traino C, Petrini M, Paganelli G, et al. Radioimmunotherapy with 
Radretumab in Patients with Relapsed Hematologic Malignancies. Journal of Nuclear Medicine. 
2012; 53: 922-7.

 27. Boellaard R, Delgado-Bolton R, Oyen WJ, Giammarile F, Tatsch K, Eschner W, et al. FDG PET/CT: 
EANM procedure guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging. 2015; 
42(2): 328-54.

 28. Boellaard R, Oyen WJG, Hoekstra CJ, Hoekstra OS, Visser EP, Willemsen AT, et al. The Netherlands 
protocol for standardisation and quantification of FDG whole body PET studies in multi-centre 
trials. European Journal of Nuclear Medicine and Molecular Imaging. 2008; 35: 2320-33.

 29. Krak NC, Boellaard R, Hoekstra OS, Twisk JWR, Hoekstra CJ, Lammertsma AA. Effects of ROI 
definition and reconstruction method on quantitative outcome and applicability in a response 
monitoring trial. European Journal of Nuclear Medicine and Molecular Imaging. 2005; 32: 
294-301.

 30. Vanderhoek M, Perlman SB, Jeraj R. Impact of the definition of peak standardized uptake value on 
quantification of treatment response. J Nucl Med. 2012; 53(1): 4-11.

 31. Verbrugge SE, Al M, Assaraf YG, Kammerer S, Chandrupatla DMSH, Honeywell R, et al. Multifacto-
rial resistance to aminopeptidase inhibitor prodrug CHR2863 in myeloid leukemia cells: down-
regulation of carboxylesterase 1, drug sequestration in lipid droplets and pro-survival activation 
ERK/Akt/mTOR. Oncotarget. 2016; 7: 5240-57.

 32. Galeazzi M, Sebastiani G, Voll R, Wollenhaupt J, Viapiana O, Dudler J, et al. OP0099 Safety, toler-
ability and initial signs of efficacy of the fully human immunocytokine DEKAVIL (F8IL10): a novel 
therapeutic approach for rheumatoid arthritis. Annals of the Rheumatic Diseases. 2017; 76: 92 
LP - 3.



139

7

[124I]I-F8-IL10 guided translational study in RA

 33. Sobal G, Resch U, Sinzinger H. Modification of low-density lipoprotein by different radioiodin-
ation methods. Nucl Med Biol. 2004; 31(3): 381-8.

 34. Muylle K, Flamen P, Vugts DJ, Guiot T, Ghanem G, Meuleman N, et al. Tumour targeting and radia-
tion dose of radioimmunotherapy with 90Y-rituximab in CD20+ B-cell lymphoma as predicted by 
89Zr-rituximab immuno-PET: impact of preloading with unlabelled rituximab. European Journal 
of Nuclear Medicine and Molecular Imaging. 2015; 42: 1304-14.





ChAPTER 8
Discussion & Future perspectives





Discussion & Future perspectives 143

8

dIsCussIon

This thesis outlines different potential aspects in which positron emission tomog-
raphy (PET) could have additional value in the field of inflammatory rheumatic dis-
eases. From the year 1995 onwards, an increasing number of PET studies have been 
published. The review presented in chapter 2 was the base for further research 
presented in this thesis. To image arthritis, most of these studies used the tracer 
[18F]FDG, which is a glucose analog that accumulates in metabolically active cells. 
Although fairly non-specific, [18F]FDG PET revealed a good sensitivity in different 
studies to visualize arthritic joints, with an estimated sensitivity of 56-77% (1). 
With regard to specificity, [18F]FDG showed more PET-positive joints in rheumatoid 
arthritis (RA) patients than in the control group with osteoarthritis (OA) (29% and 
6%, respectively). However, PET outcome measures were not able to distinguish 
reliably between RA and osteoarthritis (2). To improve specificity in PET imaging, 
tracers targeting more specific molecular pathways are needed and should be 
investigated in future studies, as presented in this thesis.

One of these potential new pathways for RA is targeting macrophages to their 
translocator protein (TSPO; formerly known as benzodiazepine receptor). Macro-
phages infiltrate in synovium as RA develops and continue to be a good biomarker 
during treatment in later phases of the disease, regardless of the choice of therapy 
(3). Previous studies (4, 5, 6)) suggested that new generation TSPO tracers with 
lower levels of background binding may be useful in arthritis, as was also observed 
in neurology brain studies targeting cerebral inflammation (7-11). Therefore, 
the next step in macrophage-targeted PET imaging was to investigate these new 
generation TSPO tracers in an animal arthritis model. In this preclinical arthritis 
setting the new TSPO tracers indeed revealed better imaging characteristics than 
(R)-[11C]PK11195 (12). Building on these results, two new generation TSPO PET 
tracers [11C]DPA-713 and [18F]DPA-714 were investigated in RA patients (chapter 
4). These new TSPO tracers did show joint targeting in clinically active RA patients, 
and both tracers performed well with lower background compared to the previ-
ously investigated macrophage tracer (R)-[11C]PK11195. Highest target uptake was 
obtained with [11C]DPA-713. The new generation TSPO tracers, therefore, provide 
new opportunities for early diagnosis and therapy monitoring of RA disease activity.

In search of potential tracers for imaging AS, three different radioactive tracers 
were explored in a stepwise approach (chapter 3). The previously mentioned 
[18F]FDG and (R)-[11C]PK11195, which perform well in RA, seem less favorable for 
imaging sites of disease activity in AS. (R)-[11C]PK11195 imaging did not reveal 
inflammatory sites, which may in part be explained by high background uptake 
in vertebral column and pelvis. [18F]FDG performed better with a few sites with 
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enhanced tracer accumulation. Most optimal imaging results were obtained with 
[18F]Fluoride PET scans of the spine, imaging sites of new bone formation which is a 
hallmark of AS. [18F]Fluoride PET demonstrated more AS-like lesions than [18F]FDG 
(glucose metabolism) and also more than magnetic resonance imaging (MRI) (total 
AS-like lesions 17 vs. 3 vs. 9, respectively). A potential confounder for detection of 
AS lesions by [18F]Fluoride imaging may be the co-presence of OA, since degenera-
tive changes may also cause a positive [18F]Fluoride signal (13-15). Nevertheless, 
the findings in PET-positive lesions at anatomical locations corresponding to typical 
AS lesions suggest that AS activity was better reflected by bone formation on PET 
than by inflammation. This idea was strengthened by the finding of bone formation 
at the junction of enthesis and bone in histological evaluations of PET-positive le-
sions in the spine (chapter 6). The results of this study show the potential value of 
[18F]Fluoride PET in AS by imaging bone formation as expression of disease activity.

In addition to application studies of PET for diagnostics of RA and AS, there is 
a clinical need to increase the therapeutic efficacy of expensive biologic agents in 
both RA and AS. Earlier studies showed that PET might be able to predict treatment 
early in the course of treatment, potentially even at baseline. In RA for instance, two 
studies comparing [18F]FDG PET data of RA patients at baseline and a few weeks 
after treatment found significant correlations between early changes of [18F]FDG 
uptake in the arthritic joints and DAS28 score up to 22 weeks (19, 20). In this 
thesis another novel approach was investigated, using the radioactive labeled drug 
(89Zr-) rituximab, which targets B-cells, and using PET to predict clinical response 
to rituximab after 24 weeks already at baseline (chapter 5). Clinical responders at 
24 weeks had significantly higher 89Zr-rituximab uptake in PET-positive hand joints 
than non-responders. In addition, in an exploratory analysis, the positive predictive 
and negative predictive value for clinical response was 90% and 75% respectively, 
at a specific T/B ratio cut-off value of 4.0. In contrast, clinical and laboratory pa-
rameters at baseline were not able to differentiate potential responders from non-
responders. Therefore, quantitative PET imaging could add to treatment efficacy by 
selecting potential responders to a (new) rituximab therapy. This may also apply to 
other therapies.

In addition, in AS about 70% of patients respond to anti-TNF α therapy and data 
on the effects of anti-TNF on inhibition of bone formation are controversial (16). In 
this thesis we presented the ability of [18F]Fluoride PET to monitor anti-TNF treat-
ment effects on bone formation in AS patients over 12 weeks (chapter 6). Clinical 
responders at 24 weeks already showed significantly reduced [18F]Fluoride uptake 
in costovertebral lesions and SI joints after 12 weeks of anti-TNF treatment. The 
potential application of PET in therapy monitoring has also been addressed by our 
group (6, 17, 18), and others in several RA studies (chapter 2) (19). These studies 
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discovered a decline of tracer uptake in arthritic joints after drug interventions and 
PET outcome was in agreement with changes in disease activity scores or C-reactive 
protein (CRP) for instance after 4 weeks and 12 weeks of treatment (1). Therefore, 
PET may also hold promise for monitoring therapies in AS and RA.

One of the strengths of PET compared to other imaging techniques is the ability 
to provide unique whole-body molecular information in a relatively small amount 
of time (~45 minutes). The collection of whole body information can be valuable for 
new drug development. For example, in oncology whole body “immuno-PET” stud-
ies with labeled monoclonal antibodies (mAbs) have successfully been applied in 
combination with 89Zr-labeled rituximab for imaging and radioimmunotherapy of 
CD20 positive B-cell lymphomas (21). Interestingly, in these studies, it was observed 
that the spleen might serve as “sink” for mAbs during first passage in circulation 
causing lower tracer availability in target tissue (21, 22). In line with this, chapter 
7 of this thesis whole-body PET revealed that the iodine labeled drug called F8-IL10 
accumulated unexpectedly high in the liver and spleen. Accordingly, blood analyses 
showed fast blood clearance of [124I]I-F8-IL10. Subsequent animal experiments 
revealed increased expression of fibronectin in liver and spleen in arthritic rats 
compared to control healthy rats. In addition, a possible dose-targeting relation 
also played a role suggesting a potential “sink like” effect. This translational study 
demonstrated the value of in-vivo biodistribution imaging of new and potentially 
new anti-rheumatic drugs by PET-CT.

future PersPeCtIVes

The unique characteristics of PET imaging like quantification, sensitive whole-body 
imaging and potentially high specificity by using tissue-specific tracers opens 
multiple opportunities within the field of rheumatology. Potential (pre-)clinical 
applications are visualization of (subclinical) disease activity for early diagnostics 
and disease monitoring in clinical remission, treatment monitoring or prediction of 
therapeutic outcome, PET-guided research of disease pathways and/or PET-guided 
drug development in RA and AS. Although promising data have already been pub-
lished and described in this thesis, more steps need to be taken to implement PET 
in clinical practice of rheumatology.

The possibility of imaging IA with PET was first demonstrated as a coincidental 
finding in oncology patients with arthritic joints on whole body [18F]FDG PET. 
After that multiple studies strengthened the potential of PET in arthritic diseases. 
However, results to date are preliminary with small groups of study subjects and 
heterogeneous outcome parameters. Additionally, the rheumatologic field exhibits 
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multiple disease entities and almost certainly there is not one single covering tracer 
that performs optimally in all these different disease entities. Therefore, the search 
for and development of optimal tracer(s) to address specific clinical needs is ongo-
ing and a different clinical question may request a different tracer. An optimal tracer 
binds specifically to a cell or part of the pathogenesis and shows no or low uptake 
in normal physiological processes, thus obtaining high target-to-background ratios. 
For RA we showed that macrophage targeting by either (R)-[11C]PK11195or the new 
generation of TSPO tracers [18F]DPA-714 /[11C]DPA-713 has promise and warrants 
further investigation. The latter tracers performed well in an explorative setting 
in RA patients as presented in this thesis. Future larger studies have to prove their 
value in RA. In AS however, we showed that [18F]FDG or targeting macrophages is 
most likely not successful for monitoring AS disease activity and that the [18F]Fluo-
ride tracer has more potential for AS imaging. More therapy monitoring (also in 
comparison with other imaging modalities) and image-guided biopsy studies are 
needed to further determine the role of [18F]Fluoride PET in AS.

Besides the use of different tracers, the first proof-of-concept studies (includ-
ing studies presented in this thesis) had a limited number of included patients 
and heterogeneous PET outcome parameters. To proof the value of PET in clinical 
decision making, validation studies should be performed in larger cohorts. This 
should be done both in patients that are in an early stage of disease or that are 
prone for developing definite RA or AS disease, as well as in established patients 
for the evaluation of various treatments. Healthy/non-IA control groups need to be 
included and preferably uniform outcome measures should be used. For this pur-
pose, it is needed to develop standardized PET analysis methods especially when 
(international) multicenter studies will be planned. A practical approach would be 
to use the already available international standardized guidelines for PET imaging 
and PET response in oncology.

The major disadvantages of PET are the poor spatial resolution and the use of 
radioactivity. First, the spatial resolution of a typical PET scanner is ~4mm, which 
may impede quantitative analysis of small joints, important in arthritis imaging. 
Because of the limited resolution of PET, partial volume effects, which are defined 
as the loss of radioactivity in small objects, can occur. As seen in our studies, uptake 
values in larger joints like wrists or MCP-joints are higher than in PIP joints. To 
improve the performances of arthritis PET imaging, future PET systems should 
improve the spatial resolution by optimizing hardware as well as acquisition and 
reconstruction methods. This could also be achieved by optimizing the PET scanner 
to specific IA applications like hand/feet scanners. Currently, new total body PET 
machines are developed encompassing the entire patient, thereby increasing the 
geometric coverage. This increases the sensitivity of PET images by a factor ~ 40 for 
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total-body imaging or a factor of approximately 4–5 for imaging a single area (24). 
The new hybrid imaging technique PET-MRI is another helpful technological evolu-
tion which has been introduced recently. PET-MRI combines functional imaging 
with superior, high-resolution, anatomic details in soft tissue. This is interesting for 
inflammation in synovial tissue or visualizing bone edema without the additional 
radiation burden of CT. Preliminary PET-MRI fusion images of RA patients have 
already been published (25, 26) and although availability is limited, this new hybrid 
imaging modality might bring PET a major step closer to implementation in daily 
rheumatologic practice.

Regarding the use of radioactivity, patients are often exposed to effective doses 
of 7 -10 milliSievert (mSv) including a low-dose whole-body attenuation CT. This 
radiation burden is 4–5 times (e.g., 500 chest radiographs) the yearly natural 
background dose according to the United Nations (27), and comparable to a diag-
nostic CT scan of the abdomen (27). In future PET imaging in IA however, radiation 
exposure can (and will) be diminished due to several (technical) improvements. 
The availability of radioisotopes with a short half-life, for instance the new TSPO 
tracer [11C]DPA-713 (half-life 20 minutes), exposes patients to lower radiation 
doses and makes repetitive scanning for therapy monitoring possible. Technical 
improvements as mentioned above will allow use of lower injection doses of tracer, 
optimization of scanning protocols, post-processing and finally the use of PET-MRI 
will decrease radiation burden for patients in PET imaging.

Finally, PET will only be interesting for clinical practice if it addresses unmet clini-
cal needs and/or increases cost-effectiveness. Currently, PET imaging is relatively 
expensive. It is expected though that when clinical application rises PET facilities 
become more available and radiopharmaceuticals become commercially available 
at lower costs (e.g., no need for own cyclotron). Cost-effectiveness is already proven 
in oncology (23). This could also be true in IA when PET aids to achieve tailored 
treatment in IA patients (e.g., tapering or image-guided treatment intensification) 
thereby increasing therapeutic efficacy, lowering use of biologic agents and sav-
ing costs. Optimally PET is able to prevent the onset of (destructive) IA with less 
socio-economic costs. Additionally, dynamic and kinetic PET analysis can help in 
the effective testing of newly developed drugs as seen in chapter 5.

This thesis shows that PET imaging has the potential to become of additional 
value in the field of rheumatology. Application in most interesting for assessing sub- 
or preclinical (RA and AS) disease activity, treatment monitoring or even prediction 
of therapeutic outcome. Combined with the possibility to develop disease-specific 
PET-tracers and the (recent) technological improvements, PET imaging in IA may 
finally aid in achieving personalized treatment for RA and AS patients.
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summAry

Inflammatory arthritis (IA) is a group of heterogeneous diseases primarily charac-
terized by inflammation of the joints, although often other tissues are also involved. 
This group of inflammatory arthritis includes Rheumatoid Arthritis (RA) and 
Ankylosing Spondylitis (AS), amongst others. Early and appropriate treatment can 
prevent (progression of) structural bone changes and disability in these diseases. 
Therefore, sensitive detection of (changes of) disease activity is essential. This may 
be achieved by application of Positron emission tomography (PET). PET is a highly 
sensitive and potentially specific molecular whole-body imaging technique. In this 
thesis, the value of PET for early diagnostics and therapy monitoring of RA and AS 
is investigated.

In chapter 2, a systematic review including 18 studies is presented which 
provides an overview of PET imaging in peripheral IA, in particular in RA. Despite 
heterogeneous outcome and the use of different PET-tracers, these studies indicate 
that PET can visualize (subclinical) inflamed joints and monitor treatment outcome. 
Some results even suggest that PET ultimately is able to predict therapeutic efficacy 
and may contribute to individualized therapy. To date, an increasing number of 
studies is published on the application of PET in inflammatory arthritis, in particu-
lar on RA and AS.

Part I of this thesis consists of two chapters in which different PET-tracers per 
disease are investigated to select the most optimal tracer(s) to image disease activ-
ity of AS and RA. Chapter 3 describes the use of PET with three different tracers to 
image patients with active AS disease, in comparison with MRI and conventional 
radiographs PET images with the bone metabolism tracer [18F]Fluoride show more 
uptake in AS-like lesions than “inflammation” tracers [18F]FDG (glucose metabo-
lism) and (R)-[11C]PK11195 (macrophage targeting) and even more than MRI. These 
data suggest that AS activity on PET is reflected by bone activity (formation) rather 
than inflammation. Additionally, these findings also indicate that PET could add to 
unravel pathophysiological pathways of disease by use of different tracers.

In RA patients, two second-generation Translocator Protein (TSPO) PET-tracers 
([11C]DPA-713 and [18F]DPA-714) binding to activated macrophages are inves-
tigated and presented in chapter 4. Previously, these tracers showed improved 
imaging characteristics in arthritic mouse models compared to the formerly tested 
macrophage tracer (R)-[11C]PK11195. In an explorative setting, the three tracers 
show comparable uptake values in PET-positive joints with slightly higher absolute 
uptake and an almost two-fold higher contrast ratio with background for [11C]DPA-
713 than [18F]DPA-714 and (R)-[11C]PK11195, but overall the differences between 
the tracers are small. Fortunately, the presence of a specific genetic homozygous 
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TSPO polymorphism does not alter the results in the RA patients that possess 
this polymorphism, as this polymorphism may negatively affect target binding of 
second-generation TSPO tracers. Therefore, TSPO tracers provide opportunities for 
both early diagnosis and therapy monitoring of RA. The application of [11C]DPA-713 
can have advantages for monitoring studies (repetitive scanning) due to the short 
half-life and hence lower radiation burden. The use of [18F]DPA-714 is interesting 
because there is no need for a (local) cyclotron/ PET-tracer producing facility and 
therefore a good candidate for commercial distribution.

In part II the potential value of PET for treatment monitoring is explored in three 
studies. In chapter 5 it is hypothesized that there may be an association between 
the biodistribution of zirconium-89 labeled (89Zr-) rituximab PET-CT before initia-
tion of rituximab treatment and later clinical response in RA patients treated with 
rituximab. Clinical responders actually do have significantly higher 89Zr-rituximab 
uptake in PET-positive hand joints than non-responders (median almost twofold 
higher). In an explorative analysis, the positive and negative predictive values of 
89Zr-rituximab PET-CT for clinical response at 26 weeks of rituximab treatment are 
90% and 75%, respectively. In addition, quantitative 89Zr-rituximab uptake in ar-
thritic hand joints at baseline correlates with B-cell count decreases in lymph node 
tissues obtained with biopsies after rituximab treatment, supporting the specificity 
of B cell imaging on PET. Therefore, 89Zr-rituximab holds promise for prediction of 
efficacy of B-cell therapy in RA and possibly also in other B-cell driven autoimmune 
diseases.

The therapeutic effects of anti-TNF on bone formation in AS patients are in-
vestigated with [18F]Fluoride PET in chapter 6. The aim of this study is to assess 
whether [18F]Fluoride uptake in clinically active AS patients is sensitive to detect 
early (12 weeks) changes in bone during anti-TNF treatment. In a small subgroup, 
spine biopsies were obtained to investigate the relation between PET signal and 
focal bone formation. At baseline, all patients reveal at least one axial PET-positive 
lesion and histological analysis of PET-positive lesions in the spine confirm local 
osteoid formation. After 12 weeks of anti-TNF treatment, [18F]Fluoride uptake in 
clinical responders decreases significantly in the costovertebral and SI joints in con-
trast to non-responders. [18F]Fluoride PET-CT is therefore an interesting technique 
to visualize early bony changes during the course of the disease and/or during 
therapy. This is in contrast to conventional X-rays, which depict changes in bone 
formation only after two years. Moreover, PET-CT guided bone biopsies may add 
value in pathogenetic AS research.

In chapter 7 PET with radiolabeled F8-IL10 visualizes the in vivo biodistribution 
and targeting of this potential new drug for RA. F8 binds to the extra-domain-A (ED-
A) of fibronectin, which is overexpressed in inflammation, allowing for local delivery 
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of the anti-inflammatory cytokine IL10. With [124I]I-F8-IL10 PET inflamed joints of 
clinically active RA patients are depicted on PET images. Half of these PET-positive 
joints are clinically active, the other half most likely represent subclinically inflamed 
joints. The majority of PET-negative joints are also clinically silent. Interestingly, 
high uptake in the liver and the spleen is observed, and blood analysis reveals a 
rapid decline of the tracer from the blood circulation (~1% within 5 minutes left). 
To figure out this unexpected high uptake in liver and spleen, animal experiments 
were performed which show that liver and spleen uptake are twice as high in ar-
thritic than in healthy rats. An unexpected high liver and spleen uptake is observed 
which is related to increased fibronectin ED-A expression (~7x) in arthritic rats, 
most likely due to systemic inflammation. This translational study demonstrates 
the ability of PET to visualize the in-vivo biodistribution and targeting of drugs, 
and may therefore be interesting for its use in the evaluation of biodistribution of 
current anti-rheumatic drugs, and in the development of new anti-rheumatic drugs.

In chapter 8 the results and most important findings of the chapters are sum-
marized and discussed. In conclusion, this thesis shows that PET imaging allows 
for highly sensitive assessment, monitoring and even prediction (of treatment 
outcome) of RA or AS by application of PET-tracers that are specific for targets that 
are expressed in these diseases. By these means, PET can be useful in clinical prac-
tice to address unmet clinical needs as early clinical diagnosis and development of 
personalized medicine. Future studies should focus on validation in larger cohorts 
and demonstration of cost-effectiveness in various clinical settings.
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nederlAndse sAmenVAttInG

PosItron emIssIe tomoGrAfIe Voor VroeGdIAGnostIek 
en therAPIe monItorInG VAn reumAtoïde ArtrItIs en 
sPondylItIs AnkyloPoëtICA

Reumatoïde artritis (RA) en spondylitis ankylopoëtica (AS; ook wel bekend als de 
ziekte van Bechterew) behoren tot de meest frequent gediagnostiseerde chronisch in-
flammatoire reumatische ziekten. Vroege en adequate behandeling van RA en AS kan 
ernstige (progressie van) gewrichtsschade en toenemende functionele beperkingen 
voorkomen. Hiervoor is het van belang dat deze ziekten vroeg opgespoord worden. Een 
definitieve diagnose stellen is echter uitdagend, zeker in de vroege fase. Klachten van 
de patiënt zijn in het begin vaak aspecifiek en bloedonderzoek is niet bij alle patiënten 
bijdragend. Zo zijn bij slechts ongeveer 50% van de RA patiënten auto-antistoffen in 
het bloed aanwezig (zoals gecitrullineerde eiwitten (ACPA)). Beeldvormend onder-
zoek laat in een vroege fase van deze ziekten vaak géén of weinig afwijkingen zien en 
structurele schade bij AS is pas na jaren zichtbaar op röntgenfoto’s. Er blijft dus een 
aanzienlijke groep patiënten waarbij het complex is om tijdig de diagnose te stellen.

De huidige beschikbare therapie tegen RA en AS bestaat naast pijnstilling uit het 
onderdrukken van gewrichtsontstekingen met behulp van klassieke ziekte-onder-
drukkende medicatie (disease modifying anti-rheumatic drugs (DMARDS)), zoals 
methotrexaat in het geval van RA of sulfasalazine in het geval van AS. Daarnaast zijn 
er de zogenaamde biologicals: antistoffen die zich richten tegen natuurlijke eiwit-
ten (bijvoorbeeld tegen tumor necrosis factor alpha (anti-TNF)) of medicatie gericht 
tegen specifieke lichaamscellen (bijvoorbeeld tegen B –cellen, zoals rituximab). Het 
nadeel van deze middelen is dat ze niet bij alle patiënten het gewenste resultaat 
geven, soms gepaard gaan met (ernstige) bijwerkingen en veelal duur zijn. Dit 
hangt waarschijnlijk samen met het feit dat RA en AS heterogeen van karakter zijn. 
Zo kunnen afweercellen en/of ontstekingseiwitten domineren of juist een minder 
belangrijke rol spelen bij verschillende patiënten. Daarom is het belangrijk om de 
ziekteactiviteit van de patiënt tijdens behandeling te vervolgen, zodat de therapie 
indien nodig tijdig aangepast kan worden. In de meest ideale situatie is het mogelijk 
om vóóraf te voorspellen welke patiënt goed zal reageren op specifieke medicatie 
en bij welke patiënten beter voor een alternatief kan worden gekozen.

Sensitieve beeldvormende technieken bieden nieuwe kansen voor vroege opspo-
ring van gewrichtsontstekingen en het ontwikkelen van behandeling op maat van 
de patiënt (individualized medicine).
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Positron emissie tomografie

Positron emissie tomografie (PET) is een sensitieve beeldvormende techniek voor 
het afbeelden van inflammatoire gewrichtsaandoeningen. PET brengt functionele 
weefselveranderingen (pathofysiologie) in beeld op moleculair niveau. Tegenwoor-
dig wordt PET vrijwel altijd gecombineerd met computer tomografie (CT), of zoals 
recent geïntroduceerd met magnetic resonance imaging (MRI) voor een meer gede-
tailleerde anatomische referentie (hybride PET-CT/PET-MRI).

Bij PET wordt een licht radioactief middel (tracer) geïnjecteerd in de bloedbaan. 
Via het bloed wordt de tracer verdeeld over het lichaam om vervolgens te binden 
aan cellen of andere specifieke bindingsplaatsen (biodistributie). Na het toedienen 
van de tracer is de PET-scanner in staat om de radioactieve straling uit de patiënt 
op te vangen en daar 3D afbeeldingen van te maken. Bij PET onderzoek zijn er 
verschillende tracers beschikbaar om specifieke bindingsplaatsen/cellen in het 
lichaam af te beelden en zijn er nog veel mogelijkheden om nieuwe tracers te ont-
wikkelen. Door de juiste tracer te kiezen is PET mogelijk in staat om ontstekingen 
of ziekteprocessen vroeg te detecteren, wellicht zelfs voordat klinische of anatomi-
sche afwijkingen ontstaan. Daarnaast is het mogelijk om op een reproduceerbare 
manier de PET-beelden te analyseren en daarbij kwantitatieve uitkomsten te krij-
gen en te vergelijken. Zo kunnen therapeutische effecten van medicatie worden 
gemonitord.

In hoofdstuk 2 is een systematisch overzicht gepresenteerd van de beschikbare 
literatuur over PET bij patiënten met gewrichtsontstekingen in de extremiteiten. 
Tot 2012 waren er slechts 18 studies beschikbaar en de meest gebruikte PET-tracer 
in deze onderzoeken was fluorodeoxyglucose gekoppeld aan radioactief fluor-18 
([18F]FDG). [18F]FDG wordt opgenomen in cellen die veel glucose verbruiken, zoals 
gebieden met ontsteking maar ook in tumoren en veel andere (niet-pathologische) 
processen in het lichaam en is daarmee beperkt specifiek. Daarom zijn in recentere 
studies andere tracers onderzocht die specifieker zouden kunnen zijn voor visualise-
ren van ontstekingen. Goede resultaten in RA zijn onder meer bereikt met de tracer 
(R)-[11C]PK11195. Deze tracer bindt aan macrofagen, ontstekingscellen die volop 
aanwezig zijn in ontstoken gewrichten bij RA. Sommige RA patiënten toonden echter 
ook verhoogde (R)-[11C]PK11195 tracer opname in gewrichten die klinisch niet 
ontstoken waren (subklinische ziekteactiviteit). Dit onderstreept de hoge gevoelig-
heid van PET om ontstekingsverschijnselen op te sporen. Tot op heden is er bij een 
relatief beperkt aantal RA en AS patiënten PET onderzoek verricht maar desondanks 
zijn de beschikbare PET uitkomsten veelbelovend voor “vroegdiagnostiek”, “thera-
pie monitoring” en “predictie van therapie uitkomsten” binnen de reumatologische 
patiëntenzorg.
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Deze thesis is opgesplitst in 2 secties. In deel I wordt een tweetal onderzoeken 
gepresenteerd waarbij gekeken wordt welke tracers geschikt zijn voor het zo spe-
cifiek mogelijk afbeelden van ziekteactiviteit van RA en AS. In deel II worden drie 
studies besproken die de mogelijkheden van PET onderzoeken voor het monitoren 
van therapie bij RA en AS.

deel 1. het afbeelden van rA en As ziekteactiviteit

Hoofdstuk 3 is een verkennende (pilot) PET-CT studie waarbij drie verschillende 
PET-tracers worden onderzocht die de potentie hebben om AS ziekteactiviteit aan 
te tonen. Eerder onderzoek met de tracers [18F]FDG (glucosemetabolisme) en (R)-
[11C]PK11195 (macrofagen) liet zien dat deze tracers geschikt zijn om ontstoken 
gewrichten in RA te visualiseren. AS wordt naast ontsteking echter ook gekarakte-
riseerd door verbening van de wervelkolom en sacro-iliacale gewrichten. Daarom 
werd als derde tracer [18F]Fluoride toegevoegd aan het onderzoek. Deze tracer 
bindt aan jong, net aangelegd bot waardoor botaanmaak kan worden afgebeeld. 
De PET-CT uitkomsten van de 3 verschillende tracers werden vergeleken met MRI 
uitkomsten. De [18F]Fluoride bottracer liet uiteindelijk meer dan 5 keer zoveel 
afwijkingen zien dan de andere twee tracers ([18F]FDG en (R)-[11C]PK11195) en 
ook meer afwijkingen dan MRI. De PET-CT resultaten suggereerden dat AS ziekte-
activiteit beter in beeld kan worden gebracht door het afbeelden van (verhoogde) 
botaanmaak dan door visualisatie van ontsteking. [18F]Fluoride PET-CT gericht op 
beeldvorming van botaanmaak lijkt daarom een geschikte techniek voor detectie 
van AS ziekteactiviteit.

Bij RA was de macrofagen tracer (R)-[11C]PK11195 succesvol voor het afbeelden 
van artritis. De tracer had echter ook een relatief hoge opname in achtergrond 
weefsel waardoor subklinische ziekteactiviteit mogelijk gemist werd. Daarom 
werd in hoofdstuk 4 bij RA patiënten onderzocht of twee meer recent ontwik-
kelde macrofagen tracers ([18F]DPA-714 en [11C]DPA-713) betere resultaten lieten 
zien dan (R)-[11C]PK11195. Beide DPA tracers hadden een lagere achtergrond 
opname dan (R)-[11C]PK11195. Daarnaast had de tracer [11C]DPA-713 een wat 
hogere signaalintensiteit in actieve gewrichten dan de andere tracers en ook het 
hoogste contrast ten opzichte van het achtergrondweefsel (tot wel twee keer hoger 
dan (R)-[11C]PK11195 en [18F]DPA-714). De DPA tracers bieden derhalve nieuwe 
mogelijkheden voor beeldvorming van RA. De [11C]DPA-713 tracer is bijvoorbeeld 
geschikt voor therapie monitoring studies, omdat door een snelle vervaltijd 
van C-11 tracers (halfwaardetijd = ±20 minuten) meerdere scans elkaar kunnen 
opvolgen met behoud van een relatief lage stralingsdosis. Het nadeel is dat er wel 
een productiefaciliteit (cyclotron) beschikbaar moet zijn dichtbij het ziekenhuis. 
F-18 tracers zoals [18F]DPA-714 daarentegen hebben een langere halfwaardetijd 
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(±2 uur) en zijn daardoor geschikter voor (vroeg)diagnostiek omdat deze tracers 
centraal geproduceerd kunnen worden en daarna geleverd kunnen worden aan 
andere medische centra.

deel 2: het monitoren van therapie

Patiënten die geen baat hebben bij de eerste keus behandeling van RA, kunnen in 
aanmerking komen voor behandeling met anti B-cel therapie. Rituximab is succes-
vol in 50-60% van de RA patiënten en er is dus een grote groep patiënten die geen 
baat heeft bij deze anti-B cel behandeling. Om inzicht te krijgen waarom rituximab 
bij de ene RA patiënt goed werkt en bij de andere niet, is in hoofdstuk 5 met behulp 
van PET onderzocht of er verschillen zijn in de lichaamsverdeling (biodistributie) 
en/of opname van deze medicatie in gewrichten van RA patiënten. Daarnaast is er 
bij enkele patiënten een kleine hoeveelheid lymfeklierweefsel onderzocht op het 
aantal aanwezige B-cellen, zowel vóór als tijdens behandeling met rituximab.

Bij het eerste infuus met rituximab bleek er geen verschil in lichaamsverdeling 
van radioactief (Zirconium-89) gelabeld rituximab tussen patiënten die een half 
jaar na start van therapie wél of géén behandeleffect ondervonden. Wel bleek dat 
patiënten met een goed behandeleffect significant meer opname hadden van de 
tracer in PET-positieve handgewrichten (ongeveer 2x hoger) bij het eerste infuus. 
Bij een specifiek afkappunt van de kwantitatieve opname in handgewrichten ten 
opzichte van de opname in achtergrondweefsel (contrastratio) bleek zelfs dat PET 
op dag 1 al met 90% zekerheid kon voorspellen of een patiënt na een half jaar 
goed reageerde op de behandeling. Daarnaast bleek de kwantitatieve opname in 
handgewrichten overeen te komen met de afname van het aantal B-cellen in de lym-
feklierbiopten 4 weken na start van rituximab. Dit ondersteunt de bevinding van 
specifieke B-cel beeldvorming op PET. Ondanks dat deze resultaten gebaseerd zijn 
op een klein aantal patiënten, suggereren deze bevindingen dat PET in de toekomst 
bruikbaar kan zijn om het effect van rituximab al in een vroeg stadium te voorspel-
len, waardoor deze therapie gerichter kan worden ingezet.

In Hoofdstuk 6 werd onderzocht of PET bruikbaar was om anti-TNF te monitoren 
bij AS patiënten die deze biological niet eerder hadden gehad. Anti-TNF remt het 
ontstekingsproces maar het is onbekend of anti-TNF ook structurele botveran-
deringen kan voorkomen. [18F]Fluoride PET-scans werden gemaakt bij aanvang 
van therapie en na 12 weken. Het klinische effect werd beoordeeld na 24 weken. 
Daarnaast zijn er bij enkele patiënten met een positieve PET-scan botbiopten uit de 
wervels afgenomen voor weefselonderzoek.

Voor start van de therapie hadden alle patiënten PET-positieve afwijkingen in 
de wervelkolom en/of in de sacro-iliacale gewrichten van het bekken. De wervel-
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biopten van PET-positieve afwijkingen bevestigden vorming van nieuw, jong bot op 
plekken met ontsteking. In vergelijking, controle biopten van PET-negatieve wervels 
lieten geen verhoogde botaanmaak zien. Op de PET-scan na 12 weken bleek er op 
een aantal PET-positieve locaties in de wervelkolom en het bekken een significante 
afname van de tracer bij patiënten die baat hadden van de behandeling. Patiënten 
die geen of weinig effect bemerkten, hadden na 12 weken behandeling dezelfde 
of soms meer opname van de tracer op de PET-scan. Met behulp van [18F]Fluoride 
PET is het dus mogelijk om het effect van anti-TNF therapie op botaanmaak in AS 
patiënten te meten en te vervolgen, zelfs in de relatief korte periode van 12 weken 
behandeling. Ter vergelijking, met de klassieke röntgenfoto’s is het slechts mogelijk 
om na 2-5 jaar botveranderingen vast te stellen. De techniek lijkt daarom voldoende 
gevoelig om het effect van behandeling op botformatie in een vroeg stadium te be-
palen. Daarnaast kan PET-gestuurd weefselonderzoek in de toekomst meer inzicht 
bieden in het ziekteproces van AS.

Een andere interessante benadering is het radioactief maken en afbeelden van 
potentieel nieuwe medicatie. Op deze manier kan bijvoorbeeld de biodistributie 
worden onderzocht. In hoofdstuk 7 is gekeken naar de biodistributie van F8-IL10 
een mogelijk nieuwe therapie voor RA. F8-IL10 bestaat uit 2 eiwitten die aan elkaar 
gekoppeld zijn: F8 bindt specifiek aan fibronectine dat onder andere aanwezig is 
bij actieve ontsteking en het eiwit interleukine-10 (IL-10) heeft een ontstekings-
remmende werking. In deze PET-studie is onderzocht of F8-IL10 daadwerkelijk in 
ontstoken gewrichten van RA patiënten wordt afgeleverd (door het te koppelen aan 
radioactief jodium, [124I]F8-IL10). Tevens is onderzocht hoe de biodistributie van 
F8-IL10 in RA patiënten is.

[124I]F8-IL10 PET toonde een verhoogde opname van de tracer in gewrichten van 
RA patiënten met actieve ziekte. De helft van de klinisch actieve gewrichten was 
ook afwijkend op de PET-scan en daarnaast was de meerderheid van de klinisch 
niet ontstoken gewrichten ook niet afwijkend op de PET-scan. De biodistributie 
toonde relatief veel [124I]F8-IL10 opname in de lever en milt, met daarbij een snelle 
klaring van de tracer uit het bloed. Binnen 5 minuten was er nog maar ongeveer 1% 
van de geïnjecteerde dosis in het bloed aanwezig. Dit was de aanleiding om extra 
onderzoek te doen in muizen en ratten.

Ratten met artritis lieten ook verhoogde opname van de tracer zien in de lever en 
milt ten opzichte van gezonde ratten. Nadere analyse van lever- en miltweefsel van 
ratten met artritis toonde een tot wel 7x verhoogde expressie van fibronectine aan. 
Deze verhoogde expressie in de lever en milt was waarschijnlijk het effect van sys-
temische ontsteking in de ratten met artritis. In deze studie heeft PET dus enerzijds 
laten zien dat het nieuwe geneesmiddel daadwerkelijk in de ontstoken gewrichten 
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terecht komt. Anderzijds wordt het geneesmiddel onverwacht veel gebonden in de 
lever en milt, wat de effectiviteit van de behandeling kan beïnvloeden en kan bijdra-
gen aan het ontstaan van bijwerkingen. PET-onderzoek kan dus een waardevolle 
bijdrage leveren tijdens de ontwikkelingsfase van nieuwe (RA) biologicals.

ConClusIes & toekomstPersPeCtIef

PET staat binnen het vakgebied van de reumatologie nog in de kinderschoenen, 
gezien het beperkte aantal gepubliceerde RA en AS PET studies in de internationale 
literatuur. De eerste stappen zijn gemaakt door ontstoken gewrichten af te beelden 
met PET en daarbij gebruik te maken van verschillende tracers zoals [18F]FDG en 
(R)-[11C]PK11195. De eerste resultaten zijn echter nog beperkt en de resultaten be-
rusten op onderzoek in kleine groepen patiënten. Daarnaast zijn de uitkomstmaten 
van de studies te heterogeen om ze goed met elkaar te kunnen vergelijken. In de 
toekomst zullen er goed vergelijkbare validatie studies uitgevoerd moeten worden 
om definitief de waarde van PET bij artritis aan te tonen. In de praktijk zou gebruik 
gemaakt kunnen worden van de al bestaande gestandaardiseerde protocollen voor 
PET bij oncologische studies.

Er is een grote verscheidenheid aan ziekte-entiteiten binnen het vakgebied van 
de reumatologie. Naar alle waarschijnlijkheid is er niet één tracer die bruikbaar 
is voor ál deze aandoeningen. Een optimale tracer bindt specifiek aan een cel of 
aan een ontstekingseiwit dat betrokken is in het ziekteproces en een hoog contrast 
heeft met de achtergrond. De zoektocht naar specifiekere tracers gaat verder om 
idealiter zo vroeg mogelijk de diagnose te kunnen stellen, liefst nog voordat er 
klinische klachten aanwezig zijn en om therapie op maat te kunnen bieden. Ver-
schillende toepassingen kunnen vragen om andere tracers. In dit proefschrift zijn in 
RA patiënten nieuwe macrofagen tracers [18F]DPA-714 en [11C]DPA-713 getest met 
goede resultaten. Deze thesis laat echter ook zien dat een succesvolle tracer voor RA 
niet per definitie ook succesvol is voor AS of andere reumatologische ziektebeelden. 
Zo toonde de bottracer [18F]Fluoride PET meer afwijkingen bij AS patiënten dan 
de succesvolle RA tracers [18F]FDG en (R)-[11C]PK11195. Per ziekte-entiteit zal dan 
ook onderzocht moeten worden welke PET tracer de meeste potentie heeft.

Een ander belangrijk aspect is monitoren van (dure) therapieën om op individu-
eel niveau efficiënt te kunnen behandelen. Dit proefschrift toont positieve resultaten 
van zowel [18F]Fluoride PET voor therapie monitoring van AS als ook predictie van 
therapie uitkomst bij RA met zirconium gelabeled rituximab PET. Daarnaast kan 
PET waardevol zijn bij geneesmiddelontwikkeling. Door het radioactief labelen van 
nieuwe medicatie, kan de biodistributie zichtbaar gemaakt worden op de PET-scan.
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Een van de belangrijkste nadelen van PET is de lage spatiële resolutie en het 
gebruik van ioniserende straling. De spatiële resolutie is het onderscheidend 
vermogen van de scanner om twee losse punten ook daadwerkelijk los van elkaar 
af te beelden. De spatiële resolutie van de gemiddelde PET-scanner is ongeveer 
4mm. Dat betekent dat een ontstekingsgebied tenminste 4 mm groot moet zijn om 
zichtbaar te zijn op de PET-scan. Dit kan een probleem vormen voor het afbeelden 
van ontsteking in kleine handgewrichten. Ook is er daardoor meer kans op het 
zogenaamde partial volume effect wat gedefinieerd is als verlies van signaal (radio-
activiteit) in kleine structuren. Deze potentiele problemen voor PET onderzoek bij 
artritis kunnen opgelost worden door het optimaliseren van scan- en reconstructie-
protocollen en eventueel specifieke scanners voor kleinere gewrichten. Ook zijn er 
nieuwe technische ontwikkelingen gaande zoals het combineren van PET en MRI en 
systemen waarbij het mogelijk is om de sensitiviteit van de PET met een factor 40 
te verhogen door direct gebruikt te maken van alle radioactiviteit die in de patiënt 
aanwezig is (total-body scanners).

Het gebruik van radioactieve straling is een ander nadeel van PET. Tijdens PET 
onderzoek worden patiënten vaak blootgesteld aan 4-5 maal de achtergrondstra-
ling die elke persoon gemiddeld in Nederland jaarlijks ontvangt door natuurlijke 
straling. Dit is in de medische diagnostiek vergelijkbaar met 500 röntgenfoto’s van 
de longen en aan één CT scan van de buik. Nieuwe (technische) ontwikkelingen 
binnen PET onderzoek zorgen echter voor verdere afname van de stralingsdosis, 
zoals het gebruik van gevoeligere scanners en het gebruik van radioactieve tracers 
met lagere effectieve doses.

De volgende uitdaging is om de stap te maken richting implementatie van PET 
in de klinische reumatologische praktijk. Daarvoor zullen validatie studies met 
grotere patiënten aantallen moeten plaatsvinden, met oog voor kosteneffectiviteit 
en gezondheidswinst voor de patiënt. Deze facetten zijn binnen de oncologie al be-
wezen door het verhogen van de therapeutische efficiëntie (zoals tijdig afbouwen of 
juist intensiveren van medicatie voor een optimale klinische uitkomst) en daarmee 
besparen van kosten.

De hoofdstukken in dit proefschrift tonen aan dat PET waardevol kan zijn in 
de reumatologische patiëntenzorg voor onder andere vroegdiagnostiek, therapie 
monitoring of voorspelling en het ontwikkelen van nieuwe medicatie. Met name de 
mogelijkheid om ziekte-specifieke tracers te ontwikkelen en de nieuwe technische 
vooruitgangen (PET-MRI en high-sensitivity PET) kunnen een belangrijke bijdrage 
leveren in het bereiken van personalized medicine in RA en AS patiënten.
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