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Abstract

Arthritis has significant adverse consequences on musculoskeletal tissues and often other organs 

of the body. Current methods for clinical evaluation of arthritis are suboptimal, and biomarkers 

that are objective and measurable indicators for monitoring of arthritis disease activity are in 

critical demand. Recently, total-body positron emission tomography (PET) has been developed 

that can collect imaging signals synchronously from the entire body at ultra-low doses and reduced 

scan times. These scanners have increased signal collection efficiency that overcomes several 

limitations of standard PET scanners in the evaluation of arthritis, and they may potentially 

provide biomarkers to assess local and systemic impact of the arthritis disease process. This 

article reviews current results from using total-body PET in the assessment of common arthritic 

conditions, and it outlines future opportunities and challenges.
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Arthritis impacts an estimated one in four to five adults worldwide.1,2 Common arthritic 

conditions include rheumatoid arthritis (RA), psoriatic arthritis (PsA), and osteoarthritis 

(OA). Arthritis commonly results in severe functional limitations and significant societal 

costs (e.g., direct, indirect, intangible, and comorbid).3 Having arthritis also increases the 

risk of other health conditions4 and causes considerable psychosocial burden and detriment 

to quality of life.5 Furthermore, arthritis appears to have a significantly higher prevalence 
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in individuals with other common health conditions such as heart disease, diabetes, and 

obesity,1 and some arthritic conditions such as RA and OA disproportionately affect 

women.6,7

Assessment of arthritis disease burden and severity and, consequently, rapid intervention 

with optimized treatment, are critical if clinical remission or at least low or minimal disease 

activity is to be achieved. However, current clinical evaluation primarily relies on a physical 

examination that is subjective and lacks sensitivity.8,9 Therefore, there is critical demand for 

biomarkers that are objective and measurable indicators of disease activity and aid in (1) 

identifying subtypes of arthritis and guiding treatment decisions based on individual patient 

characteristics10,11; (2) early detection and prediction of disease progression, allowing for 

timely intervention and personalized treatment strategies12; and (3) serving as surrogate end 

points in clinical trials, facilitating the evaluation of treatment efficacy and the development 

of new therapies.13

Imaging plays an important role in the assessment of arthritis. Conventional radiography 

remains the most commonly used imaging technique, but known limitations include 

projection imaging (therefore superposition of structures of interest) and the lack of 

soft tissue contrast. Magnetic resonance imaging (MRI) and ultrasonography (US) have 

demonstrated usefulness in overcoming these limitations and providing the ability to image 

both bone findings and soft tissue abnormalities including synovitis.14 MRI visualizes bone 

lesions and has also shown promise for early detection of articular cartilage damage.15 

Both MRI and US are also able to assess vascular pathology16 that may be associated 

with angiogenesis. However, these modalities have notable limitations. US performance 

is operator dependent, may vary with anatomical location, and its sensitivity may be 

limited to assess axial involvement or deeply located tissues.17 Evaluation of multiple joints 

and associated musculoskeletal (MSK) features may be subjective and time consuming.18 

Standard MRI is limited to the selected field of view (FOV), and it may be useful if local 

joint tissues are of interest, such as in OA; however, multiple scans may be needed to 

evaluate autoimmune arthritis, which is typically systemic, or to assess contralateral joints, 

for example in the context of asymmetric arthritis.19 Whole-body MRI methods have been 

implemented to overcome this limitation, but their spatial resolution, especially for distal 

peripheral sites, is low, and reliability is limited.20,21 MRI may be challenging in individuals 

with prostheses. Moreover, US and MRI have limited ability for evaluating the molecular 

targets along the pathogenesis of arthritis (e.g., the proliferative-inflammatory cascade in RA 

or PsA).22,23

Positron emission tomography (PET) uses targeted radiotracers and can interrogate 

molecular interactions and pathways of significance to arthritis.24-34 Commonly available 

PET scanners, typically with an axial FOV < 25 cm, can assess local PET signals, such 

as for the knees. However, images of the entire body, of importance to assess systemic 

arthritis disease activity, can only be acquired with serial imaging at multiple bed positions. 

In this configuration the signal collection efficiency is very low; only ~ 1% of the photons 

emitted from a human body are actually detected.35 This results in the need for a higher 

injected dose and/or longer scan times. Furthermore, sizable information available from 

Chaudhari et al. Page 2

Semin Musculoskelet Radiol. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characterizing the temporal biodistribution of the radiotracer (e.g., dynamic imaging and 

radiotracer kinetic parameters) is limited to only one region of the body at a time.

Recently, long axial FOV PET scanners (axial FOV: 106–194 cm), called total-body 

PET scanners, have been constructed and evaluated. The first of these systems is the 

uEXPLORER PET/computed tomography (CT) scanner36 constructed by University of 

California, Davis, investigators in collaboration with United Imaging Healthcare. The PET 

subsystem has a 194-cm axial FOV and can scan the whole adult body at once.37 A second 

system, PennPET EXPLORER, was built by University of Pennsylvania investigators in 

collaboration with Philips Healthcare, with an axial length of 140 cm.38 A third system, 

Biograph Vision Quadra, was built by Siemens Healthcare and has a 106-cm axial FOV.39 

These systems have a spatial resolution of 3 to 4mm. Several human imaging studies that use 

these systems have been recently published,36,40-46 and two of these systems (uEXPLORER 

and Biograph Vision Quadra) are being utilized for clinical imaging.

In December 2019 our group initiated a prospective observational study with research 

grant funding from the National Institutes of Health to assess the utility of total-body PET 

(using the uEXPLORER system) in the context of RA. Subsequently, the National Psoriasis 

Foundation provided us grant support to extend these studies to imaging of PsA and OA. 

Across these studies we used an ultra-low-dose protocol consisting of a ~ 78 MBq (2.1 mCi) 

injection of the 18F-fluorodeoxyglucose (18F-FDG) radiotracer (an approximately four to 

five times lower injected dose compared with that utilized in routine clinical PET imaging) 

and ultra-low-dose CT (~ 1 mSv effective dose). In this review we discuss our initial 

findings from total-body PET/CT imaging of these arthritides and outline challenges and 

future opportunities.

Total-body Positron Emission Tomography of Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a common systemic autoimmune disorder that leads to 

joint destruction, functional disability, and impaired health status. Immune-mediated 

joint inflammation is considered the hallmark of RA, and synovitis is a bellwether for 

downstream joint destruction, pain, and disability.47 Consequently, a vast number of 

existing and new therapeutics target RA synovitis.48 Methods that provide a sensitive and 

objective assessment of systemic synovitis burden therefore would naturally be appropriate 

to quantify RA disease activity and treatment response. 18F-FDG PET has shown the 

ability to assess inflammatory activity of RA synovitis33,34,49 and, using standard scanners, 

the utility of 18F-FDG-based PET/CT for RA evaluation and therapeutic monitoring has 

been demonstrated.31,50-57 The limitations of these studies are the higher ionizing radiation 

exposure, limited spatial resolution for small joints, and inability to perform kinetic analysis 

across tissues of interest across the body.

Total-body PET images in RA participants typically showed characteristic symmetrical 

involvement of the large (e.g., shoulder and knee) and small (e.g., hands) joints (Fig. 

1). Zoomed-in images of joints of interest, such as those of the wrist and hand, can be 

extracted directly from the same total-body scans (Fig. 1). Erosive changes and associated 

synovial pathology can also be visualized (Fig. 2). Concurrent rheumatologic assessment 
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in our studies included the Disease Activity Score-28 (DAS28), a composite clinical 

metric that incorporates swelling and/or tenderness on clinical evaluation, C-reactive protein 

assessments, and a participant’s assessment of their disease activity and pain.58 On a joint-

by-joint basis (28 joints per participant), ~ 70% of the joints showed concordant findings 

between DAS28 and PET assessments. However, an additional 20% joints were negative 

on DAS28 evaluation but were positive on PET. This finding suggests the ability of PET 

to assess subclinical inflammation that may fall below the sensitivity of the DAS28 exam. 

About 10% of joints were positive on the DAS28 examination but negative on PET. Most of 

these joints (>90%) were tender joints. These finding are consistent with those from other 

imaging modalities and support the observation that inclusion of tender joints in clinical 

scoring may contribute to misleading information about RA inflammatory activity.59-61 

We evaluated three consolidated PET measures over the 28 joints, the total positive joint 

count, average PET positivity scores, and average maximum standardized uptake value 

(SUVmax).62 The Spearman rank correlations of these scores with the DAS28 were in the 

moderate category, ranging from 0.40 to 0.60 (p<0.05). We conducted dynamic PET scans 

in a subset of study participants, where we captured imaging data over 60 minutes following 
18F-FDG injection. A comparison between images in a late static time window versus one 

demonstrating the 18F-FDG influx rate via kinetic modeling is shown in Fig. 3. Additionally, 

total-body PET images provided means to visualize other pathologies beyond joints, such as 

arterial wall alterations (Fig. 4), a known consequence of RA.

Our findings to date support the following: (1) total-body PET was able to ascertain the 

symmetrical distribution of joint involvement in RA; (2) an ultra-low-dose protocol provided 

adequate image quality to visualize alterations in glucose metabolism, hence inflammation, 

from the total body down to a single small joint; (3) there is initial evidence to support 

the capability of total-body PET to assess subclinical joint activity that may contribute to 

improved disease staging and therapeutic selection; (4) there is opportunity to assess PET 

signals in other organ systems concurrently with joint involvement to better understand 

systemic burden of RA; and (5) total-body dynamics of the radiotracer can be tracked in 

participants with RA to derive additional measures (kinetic parameters) that may provide 

insights into RA disease activity.

Total-body Positron Emission Tomography of Psoriatic Arthritis

PsA is another systemic autoimmune form of inflammatory arthritis.63 It is a highly 

heterogeneous disease that may lead to MSK outcomes that are at least as severe if 

not more detrimental than RA. Six clinical domains are frequently involved in PsA 

that must be evaluated: arthritis of the large and small joints, enthesitis, dactylitis, axial 

arthritis, and nail and skin pathology.64,65 Access to diverse anatomical sites and the 

ability to palpate sites physically may vary significantly; therefore, physical examination 

by a rheumatologist/dermatologist is suboptimal.66 As a consequence, PsA is often 

underdiagnosed or misclassified as other forms of arthritis and treated ineffectively.67-70 

PET imaging has been used to assess joint pathology in PsA.71,72 However, much like 

RA, limitations due to ionizing radiation exposure, inability to derive detailed radiotracer 

kinetic parameters, and spatial resolution have been noted. Many of the clinical domains 
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encompass small structures, further substantiating the need for improved sensitivity and 

spatial resolution.

Total-body PET images from participants with PsA in our studies demonstrated the ability to 

scan all MSK tissues of the body in a single snapshot (Fig. 5). Images showed characteristic 

asymmetry of joint involvement, significant joint uptake, and generalized systemic enthesitis 

(Fig. 5), consistent with multi-domain PsA pathology.63 Other features visualized from 

total-body PET included nail matrix pathology, spinal involvement, active sacroiliitis, and 

dactylitis.

In comparing PET signals with standardized clinical outcome measures of joint (Disease 

Activity in Psoriatic Arthritis [DAPSA]), entheseal (Leeds Enthesitis Index [LEI]) and 

nail pathology (Nail Psoriasis Severity Index [NAPSI]), the concordance was 72 to 78%. 

Total-body PET was positive for an additional 15% of joints, entheses, or nails that were 

negative on the standardized assessments. Much like RA, this is suggestive of subclinical 

inflammation that may fall below the sensitivity of the clinical examination. Most joints (> 

90%) that exhibited clinical positivity but were PET-negative showed tenderness without any 

swelling. Again, as in RA, these results are consistent with those from other modalities73 

and support the premise that tenderness may be influenced by factors other than local 

inflammation.

Total-body Positron Emission Tomography of Other Arthritic Conditions

OA is a prevalent condition, particularly in older individuals, and similar to RA and PsA, 

biomarkers are needed to aid in its diagnosis and prognosis.74 There is fairly mature 

published literature on utilizing MRI-based approaches for OA assessment.74,75 PET studies 

in OA patients have primarily used 18F-FDG to assess glucose metabolism and acute-phase 

cellular response in joint tissues or 18F-sodium fluoride (18F-NaF) for evaluating regional 

subchondral bone remodeling.76 A compelling case for OA assessment can be made for 

combining molecular information from PET with structural information from MRI.76,77

In most cases, however, OA impact is limited to local joint structures. Therefore, although 

total-body PET can visualize OA disease activity (Fig. 6), so can standard PET scanners, 

and the motivation for using total-body PET is not that strong. Exceptions perhaps could be 

made when utilizing radiotracers requiring kinetic modeling that may benefit from having 

large vessels in the FOV alongside MSK tissue, or when other organ systems must be 

studied in addition to the OA joint. Arthritic conditions such as ankylosing spondylitis, 

systemic lupus erythematosus, axial spondyloarthritis, and reactive arthritis with a possible 

systemic component are perhaps better suited to capitalize much more on the benefits of 

total-body PET.

From the experience of nuclear medicine physicians at our institution when assessing 

total-body PET scans of clinical oncology patients, 18F-FDG patterns consistent with 

OA are frequently encountered. Anecdotally, we have also seen elevated uptake in joints 

presenting with anatomical anomalies on CT consistent with OA when using the radiotracer 
18F-fluciclovine,78 used primarily for prostate cancer imaging. However, dedicated clinical 
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diagnosis or evaluation for OA was not available in these cases, and a prospective study is 

needed to establish the significance of the imaging measures.

Challenges and Opportunities

Total-body PET represents a potential paradigm shift in PET imaging technology toward 

lowering dose and scan time, and enabling synchronous signal collection from the entire 

body (in the same phase of radiotracer uptake). In the context of RA and PsA, our initial 

results demonstrate the feasibility of assessing systemic alterations in glucose metabolism, 

hence sites of inflammation along with inflammatory burden, across tissues and organ 

systems, and the potential to differentiate between the arthritides (e.g., compared with 

RA, the dominant pathology in PsA appears to be enthesitis) and identify subclinical 

involvement. Studies to track response to autoimmune arthritis therapy are ongoing with 

total-body PET. To date, our observations support the need for evaluating total-body PET 

in larger studies for assessing the role of the modality for diagnosis, staging to optimize 

therapeutic selection, and monitoring of therapy.

The performance of total-body PET systems has yet not been compared with that of US 

or MRI for arthritis imaging. A growing number of long axial FOV PET systems are now 

being installed, and studies comparing imaging modalities will be necessary to better define 

the future role and strengths and limitations of each modality for arthritis evaluation. In our 

studies, we compared PET measures across standardized rheumatologic outcome measures 

such as DAS28, DAPSA, LEI, and NAPSI. It is noteworthy that although these scoring 

systems are used for research studies, their use is not uniform across clinical practice. For 

example, a 68-joint evaluation needed for DAPSA takes a significant amount of physician 

time over standard targeted evaluation. That makes comparison with imaging challenging. 

Furthermore, physician evaluation is currently conducted in the clinic, whereas an imaging 

examination may be a separate appointment for the patient and could add delays to a 

clinical workup. In this regard, the onus will be on radiologists and imaging specialists to 

demonstrate the value of imaging, and in the context of this review, total-body PET, over and 

above what can be gleaned from the physical examination.

The focus of our initial studies was on using the widely available 18F-FDG radiotracer. 

Published literature has shown the usefulness of PET imaging of macrophage activity 

(11C-(R)-PK1119525, 18F-fluoro-PEG-folate26), choline metabolism (11C-Choline24), 

cyclooxygenase-2 (COX-2) upregulation,27 integrin expression,28,29 vascular adhesion 

protein-1 activity,30 and bone turnover (18F-NaF31,32), especially for RA assessment. 

Several other targets along the proliferative-inflammatory cascade underlying autoimmune 

arthritis have been radiolabeled.79 Another promising area is using PET for assessing pain.80 

In these areas, total-body PET may provide platform technology for performing more 

comprehensive studies to better guide the utility of PET radiotracers in arthritis assessment.

The optimal trade-off between injected dose and acquisition time for total-body PET 

scanning in arthritis is yet to be determined. On the one hand, dose reduction is considered 

critical in the paradigm of monitoring chronic arthritides such as RA and PsA, and using 

total-body PET as an adjunct to current diagnostic tools or for assessing response to therapy. 
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On the other hand, to maintain signal-to-noise ratio, the scan time may need to be extended, 

which may not be well tolerated by arthritis patients. Then there is a question of scan start 

times. Early dynamic data from 18F-FDG may add information over and above that from late 

scans. However, long scan times (e.g., 1- to 2-hour dynamic PET acquisition with 18F-FDG) 

may be challenging for patients, especially those with arthritis. Furthermore, the uptake and 

acquisition time selected for optimal joint assessment may be unfavorable for other regions 

of interest in the body, such as for visualizing arterial wall pathology.

Imaging of small structures, such as joints and tendons critical to assessment of some of the 

arthritides, on total-body PET may need improvements. The spatial resolution of total-body 

PET scanners is in the 3- to 4-mm range and may be suboptimal for quantifying PET 

signal in small tendons of the digits or at the nail bed; the contrast recovery coefficient for 

a 10-mm sphere with 4-to-1 source-to-background ratio and using standard manufacturer-

provided reconstruction method on the uEXPLORER is just ~ 50%.37 It is possible that 

advanced image reconstruction methods for total-body PET81 may address this challenge. 

Furthermore, virtual pinhole PET technology that improves the local spatial resolution 

by incorporating high-resolution PET detectors that can operate inside total-body PET 

scanners82 may offer a potential solution. Another challenge for imaging small structures 

is intra-scan motion that often can cause image blurring and artifacts. Impact of motion 

could be mitigated by hardware-driven immobilization62 but may not be well tolerated in 

some patients such as those with significant joint deformities. Shortening image acquisition 

time would be helpful, but maintaining the signal-to-noise ratio may require increase in 

the injected dose. Retrospective temporal binning of the data into shorter frames and either 

software-driven motion correction or choosing frames with the least intra-scan motion83 

may be options but need to be evaluated carefully for the arthritis imaging application.

A concern with total-body PET technology is its accessibility, partly driven by cost. There is 

therefore strong motivation to better understand how knowledge from total-body PET-based 

evaluation may become useful to design protocols for standard PET scanners. In some 

arthritides, tissues of interest for evaluation may be anatomically clustered (such as joints 

of the hands or foot), and that would motivate focused protocols utilizing standard PET 

scanners. Collection of dynamic PET data on total-body PET could help create a library 

of input functions and delay corrections84 that could enable more sophisticated analyses on 

standard PET scanners. This would definitely be an area for future research.

Several arthritic conditions have an adverse impact on other systems of the body. For 

example, autoimmune arthritis consequences may involve vascular, hepatic, and neurologic 

alterations.85,86 Even though the arthritic conditions themselves may not be systemic, such 

as OA, they may impact or be influenced by abnormalities in other organ systems. Total-

body PET systems are able to measure signals synchronously from multiple organs. The 

data sets acquired, especially with dynamic total-body PET, may provide novel means to 

understand the interconnection between organ systems and support a holistic approach to 

better understand arthritis. At this time, however, we have barely scratched the surface 

regarding processing the vast amounts of data produced by these scanners. We strongly 

believe that important insights could be provided into the arthritis disease process via 

total-body molecular and metabolic imaging.
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Summary

Initial results from total-body PET of arthritis clearly demonstrate the potential utility of the 

technology to assess arthritis disease activity in MSK tissues and concurrent pathology 

in other organ systems. The ability to use ultra-low-dose protocols, short scan times, 

and dynamic total-body imaging may especially benefit arthritis patients. The total-body 

PET technology is in its early stages of implementation; therefore, several challenges 

must be addressed to capitalize opportunistically on the vast amount of data produced by 

the scanners. Larger, carefully planned studies in collaboration with rheumatologists and 

orthopaedists are needed to inform how best to utilize the technology for improving arthritis 

clinical decision-making.
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Fig. 1. 
Total-body positron emission tomography (PET) with the fluorine-18 fluorodeoxyglucose 

(18F-FDG) radiotracer in a 49-year-old woman with rheumatoid arthritis (RA) at one fifth 
of the standard PET injected dose. (a) Maximum intensity projection (MIP) through the 

PET scan of the entire body imaged in a single shot, showing areas of increased, rather 

symmetrical, radiotracer uptake (elevated glucose metabolism) in multiple bilateral joints 

(arrows). (b) Zoomed-in PET/computed tomography of the right hand extracted from the 

same scan in (a), showing involvement of the wrist, metacarpophalangeal, and proximal 

interphalangeal joints, classic in RA. The coronal image is a MIP; the sagittal and axial 

images are cross-sectional images along the axes indicated in the coronal MIP. The axial 

slice shows the classic ring-like pattern of RA synovitis.
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Fig. 2. 
Erosive changes in small joints were visualized by total-body positron emission tomography 

(PET) in a 51-year-old man with an established diagnosis of rheumatoid arthritis. 

PET radiotracer uptake (consistent with synovitis) was noted around the left fifth 

metatarsophalangeal joint (b), co-localized with erosive changes on computed tomography 

(arrows) (a).
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Fig. 3. 
Kinetic parameters of fluorine-18 fluorodeoxyglucose (18F-FDG) from total-body positron 

emission tomography (PET). (a) Standardized uptake value image of the body and hand 

(extracted from 40- to 60-minute static frame data). (b) Map of kinetic parameter K1, 

indicating transport of 18F-FDG from plasma to tissue estimated via compartmental 

modeling. Some lesions showed high K1 (suggestive of active angiogenesis; red 

arrowheads); others showed high glucose metabolism but low K1 (likely local perfusion 

alteration; blue arrowhead).
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Fig. 4. 
Assessment of likely arterial wall pathology in rheumatoid arthritis (RA) using total-body 

positron emission tomography (PET). Axial slice showing (a) computed tomography (CT), 

(b) zoomed-in overlay of PET (color), on computed tomography (gray scale), and (c) PET 

alone. Images indicate areas of focal activity in the posterolateral aspect of the descending 

thoracic aorta (arrow) and in the ascending aorta (arrowheads).
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Fig. 5. 
Systemic pathologies in a 33-year-old man with psoriatic arthritis. (a) Total-body positron 

emission tomography (PET) maximum intensity projection (MIP) showing scattered areas 

of rather asymmetric increased radiotracer uptake (elevated glucose metabolism) across 

multiple joints (arrows). (b–e) Fused PET/computed tomography MIP images of the hands 

(b, c) and feet (d, e). (f–i) Single sagittal slice of a representative digit. Abnormal fluorine-18 

fluorodeoxyglucose (18F-FDG) uptake across the terminal extensor tendon and nail matrix 

of the right fifth finger (b, arrowhead) that is better demonstrated in sagittal view (f, 

arrowhead). The left thumb demonstrates an active interphalangeal (IP) joint (c and g, 

dashed circles) in addition to extensor tendon activity extending beyond the IP joint 

(arrowheads). Additional nail activity is seen across multiple other fingers (b and c, arrows). 

The right foot demonstrates active first metatarsophalangeal (MTP) and IP joints (d and h, 

dashed circles) with activity distal to the IP joint (arrowheads, d and h). Similarly, the left 

fifth toe has active MTP and proximal IP/distal IP (dashed circles, e and i) joint activity. 

Less prominent 18F-FDG uptake is seen distally, likely representing extensor insertion and 

nail matrix involvement (arrowheads, e and i).
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Fig. 6. 
Total-body positron emission tomography (PET) in osteoarthritis. (a) Maximum intensity 

projection (MIP) through total-body PET. (b) Fused coronal views of PET and computed 

tomography across the knees showing joint space narrowing of the medial compartment 

bilaterally with increased fluorine-18 fluorodeoxyglucose PET activity at the anatomical site 

of the cruciate ligament(s) of the right knee.
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