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Abstract

Several recent advances in the field of magnetic resonance imaging (MRI) may transform the
detection and monitoring of rheumatoid arthritis (RA). These advances depict both anatomic and
molecular alterations from RA. Previous techniques could detect specific end products of
metabolism /n vitro, or were limited to providing anatomic information. This review focuses on
the novel molecular imaging techniques of hyperpolarized carbon-13 (13C) MRI, MRI with iron
labeled probes, and fusion of MRI with positron emission tomography. These new imaging
approaches go beyond the anatomic description of RA and lend new information into the status of
this disease by giving molecular information.

INTRODUCTION

Relatively new magnetic resonance imaging (MRI) techniques have the potential to
transform the workup and management of patients with rheumatoid arthritis (RA). These
MRI techniques detect or localize molecular imaging probes. This work opens up new
directions for the evolution of MRI as this imaging technique moves beyond anatomic to
molecular characterization of disease processes.

The detection of disease severity and treatment monitoring in RA would benefit from more
sophisticated non-invasive strategies. Current clinical imaging relies on the depiction of
anatomic changes from RA in and around the joints using conventional radiography,
ultrasound, computed tomography, and MR1.1-3 However, these imaging strategies tend to
show later stages of disease, which may translate into a delay in treatment.

Current clinical strategies for detecting disease also have limitations. Clinical measures of
improvement are often subjective—sometimes relying on clinical opinion alone—and can
take months to years for changes to be detectable in the patient. Although the clinical
response to the treatment is often measured by comparing the average improvement for each
of the outcomes measured, such methods may fall short when considering conditions where
all patients improved modestly, or where half of patients improved markedly with the other
half improving little at all.>
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Several clinical trials have shown the efficacy of early and aggressive treatment,®7 and
imaging approaches that identify patients for early intervention could potentially reduce
functional deterioration and improve long-term outcome.89 In addition, efficacy of therapy
has been inconsistent, and have relied mainly on detecting the endpoints of autoimmune
pathological processes to treat disease.19 Disease relapse is common and medications are
often expensive and associated with marked toxicities.

There is great potential for more accurate diagnosis and improved monitoring during
treatment. One strategy that has received much attention and effort has been to detect serum
biomarkers.11 Other metabolic imaging methods are available, but until recently, none have
demonstrated widespread clinical use.3

HYPERPOLARIZED 13C MRI

Hyperpolarized carbon-13 (13C) MRI represents a new and still relatively uncharted area for
molecular characterization of disease processes. Preliminary data suggest that this technique
may be promising for RA.1213 While conventional MRI primarily depicts anatomic
structures with exquisite resolution and tissue contrast, hyperpolarized 13C MRI detects and
localizes carbon based imaging probes. These 13C imaging probes are typically injected into
the bloodstream. MRI detects the localization and metabolism of the probe. The imaging of
the 13C probe can also be fused with anatomic/conventional (proton=1H) MRI for further
disease characterization.

Prior to refinement of the hyperpolarization method, magnetic resonance spectroscopic
imaging (MRSI) of 13C compounds had been plagued by low sensitivity due to the low
polarization of nuclei at thermal equilibrium. With 1H imaging, the low sensitivity is
compensated by the abundance of 1H in biological tissues. Without the use of
hyperpolarization 13C imaging is restricted by both the low gyromagnetic ratio and low in
vivo abundance of 13C.14.15 Hyperpolarization techniques have now been developed in the
solid state to increase polarization by five orders of magnitude,16 allowing for spectroscopic
measurements using a 13C probe to achieve spectral resolution of the chemical shifts of the
probe along with its metabolic products. The fusion of conventional anatomic and novel
molecular imaging presents a new non-invasive imaging strategy to probe normal biologic
and disease processes.

Hyperpolarization by Dynamic Nuclear Polarization

Nuclear magnetic resonance (NMR) utilizes the interaction of atomic nuclei that have a non-
zero nuclear spin with an external magnetic field. In the past, increases in magnetic field
have been used to enhance polarization. However, higher fields present problems with
limited depths of radiofrequency penetration and alterations in tissue contrast. Dynamic
nuclear polarization (DNP) solves this through transferring the high polarization of electron
spins to coupled nuclear spins by subjecting samples to a high magnetic field at cryogenic
temperatures.16 The frozen sample is then rapidly dissolved to create a hyperpolarized liquid
with a signal that decays with the molecular 7; constant as the nuclei return to their
equilibrium polarization.

The hyperpolarized nuclei are typically introduced intravenously to the subject and the
nuclei elaborate radiofrequency (RF) signal that is detected by the MRI scanner. This allows
for direct visualization, and quantification of the probe and its metabolites, where signal is
directly proportional to the concentration of the agent.1 This imaging scheme is possible on
clinical 3 Tesla systems after implementation of hardware and software modifications,
including dedicated or dual *H/3C coils, broadband capability, and dedicated pulse
sequences for 13C spectral imaging. Additionally, due to the low natural abundance of 13C
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in the human body, hyperpolarized 13C images enjoy the benefit of minimal background
signal, with a signal to noise ratio (SNR) of greater than 10,000 times that of non-polarized
samples.16:17

Limitations of Hyperpolarized Imaging Agents

The utilization of hyperpolarized imaging agents comes with a few restrictions. Current
techniques rely on hyperpolarization of the probe outside the subject since the ideal
conditions for preparation require low temperature and microwave irradiation.1’
Furthermore, the longitudinal relaxation rate 7; of the imaging agent must also be
sufficiently long in biological fluids to allow for the substance to be distributed to the target
organ before the hyperpolarization effects have vanished, restricting the time window for
clinical diagnostic imaging to two to three times the 7;. As with many emerging
technologies, the technique relies on sophisticated technology with limited availability
requiring expensive resources and expert personnel.

APPLICATIONS OF HYPERPOLARIZED 13C MRI FOR RA

13C Pyruvate as a Molecular Probe

To date the most extensively examined 13C imaging probe has been 13C-pyruvate and initial
data suggest that hyperpolarized MRI with 13C-pyruvate may be applicable for arthritis
detection (Figure 1). Pyruvate has many properties that make it an ideal candidate as a non-
invasive imaging biomarker of inflammatory arthritis. Pyruvate is an endogenous molecule
with a low toxicity profile and can be rapidly hyperpolarized with a relatively long 7;
relaxion of ~60 seconds in solution and 30-40 seconds in vivo.

Pyruvate occupies a key intersection in several metabolic pathways as an intermediary in
energy metabolism in living cells. Because inflamed tissues have increased energy demands,
differentiation between normal and diseased tissues is possible. Levels of pyruvate are
elevated in joints affected by osteoarthritis!® and the amount of lactic acid, a metabolic
product of pyruvate, is elevated in the synovial fluid of patients with rheumatoid arthritis.19
Inhibitors of pyruvate metabolism downregulate inflammation.20 Proton (H) NMR studies
have also demonstrated elevated lactate in the synovial fluid and synovium of patients with
rheumatoid arthritis and in rodent models of inflammatory arthritis.21-24

The technique of hyperpolarized 13C MR relies on obtaining spectroscopic information of
the imaging probe (pyruvate) and its subsequent conversion into metabolites such as lactate
(Figure 2). The molecular information can be readily combined with anatomic data on
conventional MRI (Figure 1). This fusion imaging pinpoints disease location and may
provide a quantifiable measurement of traditionally qualitative values of disease severity.12

The ability of hyperpolarized 13C MRI to measure a treatment response has yet to be tested.
If this technique finds clinical utility, the imaging findings using 13C-pyruvate will likely
need to be placed in context of the treatment regimen. Steroids used to treat RA also alter
pyruvate/glucose metabolism, thus the subgroup of patients on steroid treatment will likely
have a unique metabolism profile depicted on MRI.

Clinical potential for hyperpolarized MRI with 13C-pyruvate is already showing promise.
This technique is attractive for human translation because hyperpolarized 13C-pyruvate has
FDA IND approval and a phase | clinical trial using this imaging strategy in prostate cancer
patients has just been successfully completed. Given this groundwork, if pilot studies for RA
in animal models continue to be successful, this potential clinical application should
progress quickly for patients with RA.
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Additional Molecular Probes

Several additional 13C probes have been tested in disease models and several may be helpful
in RA. These probes are largely biomolecules with altered metabolism in disease states.2°
Although these compounds are conceivable for application to RA, they are currently not as
far along in development as 13C-pyruvate, and further investigation remains necessary to
promote their use.

The hyperpolarization technique also allows for the simultaneous injection of multiple 13C
compounds. Multi-metabolite polarization has been explored to circumvent the long
polarization times of DNP. Polarization of multiple metabolites may give a greater scope of
measureable parameters, such as perfusion using 13C urea, and metabolism using 13C
pyruvate.28 Additionally, polarization of multiple metabolites from separate or related
enzymatic pathways during the same imaging session may provide additional disease
specific information. This would usher in a new era using a single /77 vivo scan that is either
utilized for several diseases or provides more combined specific information of any one
particular disease.

IMAGING RA WITH SPIONs

Superparamagnetic iron oxide nanoparticles (SPIONSs) are well-tested contrast agents that
have been applied primarily in animal models to image a broad range of diseases and
conditions such as atherosclerosis, cancer, multiple sclerosis, spinal cord injury, and
stroke.2” Research has also pointed to a potential clinical application for RA.28-32 SPIONs
are biocompatible due to their organic coating and iron in the SPION core can be
incorporated into the plasma iron pool where it is used in the normal metabolic pathways of
the body and secreted.32 Importantly, because SPIONSs can be targeted to specific cellular
processes for imaging, RA may be detected and quantified in its early stages.

MRI detection of SPIONs

SPIONSs create contrast on MRI by greatly shortening T relaxation times, thus SPION
probes show up as areas of low to absent signal intensity on MR imaging. The basic
structure of a SPION is an iron oxide core surrounded by a surface layer. The core is usually
comprised of magnetite (Fe3O4) or maghemite (y-Fe,O3), where the former's
biocompatibility has already been proven.3* In superparamagnetism, the magnetic domains
formed by ferrous (Fe2*) and ferric (Fe3*) ions of the core align to an applied external
magnetic field; the resultant magnetic moment and magnetic susceptibilities are greater than
those of paramagnetic materials such as gadolinium chelates.3® With a higher magnetic
moment and susceptibility, SPIONs create larger disturbances in the local magnetic field and
therefore are more efficient at dephasing the spins of surrounding water protons in the tissue.
Thus, SPIONs shorten T1 and T2/T2* relaxation times more than gadolinium-based contrast
agents.33 Like paramagnetic materials, SPIONs lose their magnetization with removal of the
external magnetic field.

Tissue Specific Targeting

SPIONs can be designed to target a wide variety of tissues. Encapsulating the core, the
hydrophilic surface layer—made of polymers or organic molecules—prevents the
aggregation of SPIONSs /n vivo®® and also facilitates targeting.3” Nanoparticle size and
surface coatings of tissue-specific ligands or specific molecular precursors direct the particle
to areas of interest3’ through distinct means: size passively directs SPIONSs via naturally
guided physiological processes, whereas surface layer modifications actively direct SPIONs
via targeting against specific molecules.38
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Distinguished by their hydrodynamic diameter, the three general classes of SPIONs are oral
SPIONSs (300 nm-3.5 um), standard SPIONs (50-150 nm), and ultrasmall SPIONSs (<50
nm).39 Oral SPIONS are ingested; because they are too large to be absorbed, distribution
occurs throughout the Gl tract for imaging of the abdomen.33 Standard SPIONSs are quickly
taken up by the hepatic and splenic cells of the mononuclear phagocyte system (MPS) upon
intravenous administration, while ultrasmall SPIONs have a longer blood half-life and so are
able to accumulate in the lymph nodes and bone marrow.33

Active targeting is accomplished through several approaches. In intracellular trapping, 40
conjugation of receptor-specific ligands to the nanoparticle coating allows for directed
uptake of SPIONSs by the cells of interest.38 Another related method for targeting utilizes
streptavidin-conjugated SPIONSs. Biotinylated antibodies are administered intravenously and
localize to the desired imaging site. Because streptavidin has an extraordinarily high binding
affinity for biotin, the streptavidin-conjugated SPIONS are directed to the desired area.*!
Beyond targeting of SPIONSs to specific areas for imaging, SPIONs may facilitate detection
of enzymatic activity /77 vivo. In the presence of particular enzymes, SPIONSs can self-
assemble thereby causing a decrease in spin-spin relaxation time.31

Rationale for SPION in Rheumatoid Arthritis

SPIONSs are an attractive molecular imaging strategy for use in RA for several reasons.
Because SPIONs are phagocytosed by macrophages, sites of inflammation can be
pinpointed in RA patients. The amount of signal loss created by SPIONs may correlate with
the degree of inflammation in the patient. In one study, the magnitude of T, signal reduction
was found to correlate with macrophage content in atherosclerotic plaque.#2 This has
implications for RA because the abundance of macrophages in the inflamed synovium is
indicative of RA severity.28 Additionally, Beckmann et al. showed that signal loss also
correlates to a treatment effect; particularly, with dexamethasone treatment of antigen-
induced arthritic rats, signal attenuation was seen in the synovium, which was not detected
in placebo-treated arthritic rats.28

Several SPIONs have been designed with targeting ligands that localize to sites of
inflammation. Examples of these ligands are hyaluronic acid which target activated
macrophages;*3 a peptide sequence that binds endothelial vascular adhesion molecule-1
(VCAM-1), a protein on the endothelium upregulated in inflammation? and implicated in
RA disease processes;** and an antibody specific for E-selectin, another adhesion molecule
expressed on the endothelium under inflammatory conditions.32 The lack of ionizing
radiation also makes this approach attractive for repeated monitoring.

Presently, gadolinium-based contrast agents are used for RA monitoring and help
characterize synovitis.*> However, this method detects changes on a macroscopic level and
presumably at later stages when irreversible arthritic damage has already occurred.2? Since
SPIONSs target the cellular and molecular level, 30 it is conceivable that more subtle arthritic
changes may be detected and monitored.

Specific SPIONs for RA

SPIONs have been used to image various aspects of inflammation: macrophages in antigen-
induced arthritis;28-30 expression of E-selectin;32 and myeloperoxidase activity, an enzyme
implicated in inflammation.3! Ferumoxtran (Combidex®, Sinerem®) is an ultrasmall
SPION that was used in the first study imaging a murine RA model with SPIONSs. It has a
mean diameter of approximately 20-30 nm and a coating of dextran. The stabilizing dextran
coating confers an increased plasma half-life, which is reported to be 24-36 hours in
humans.2” Because of their coating and ultrasmall size, ferumoxtran has a wide
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biodistribution allowing for nanoparticle phagocytosis by monocytes and macrophages
outside the MPS.%6 In that first study, nanoparticles were found to accumulate in greater
amounts in the arthritic synovium compared to controls with intraarticular injection of
SPIONSs; hence, more SPIONs were phagocytosed by cells of the arthritic synovium than in
the control.29 This resulted in a marked signal loss in the joint of arthritic mice compared to
control mice.

Lutz et al. applied this same SPION in a rabbit model of RA (Figure 3). The authors showed
that both perfusion characteristics and macrophage presence in the synovium could be
monitored in arthritic joints of rabbits.3? The above studies lay the foundation for SPIONs
utilization in patients to assess RA disease levels through detection and monitoring of the
synovium for macrophage activity.

Further specificity for inflammation may be conferred when SPIONSs are crosslined to anti-
E-selectin monoclonal antibodies or substrates of myeloperoxidase (MPO). The antibody
targets SPIONS to sites of inflammation where E-selectin is upregulated: an adhesion
molecule on vascular endothelial cells that helps circulating leukocytes migrate into
inflamed tissues.*’ SPION labeled anti-E-selectin antibodies localize to sites of
inflammation and are visible on MR1.32 Another approach that uses enzymatic activity to
detect inflammation is with SPIONs conjugated to serotonin, a substrate of MPO. In this
presence of MPO these SPIONSs produce tyrosyl radicals forming o0,0-dityrosine crosslinks
between nanoparticles thereby self-assembling in solution; aggregations of these particles
alter T, relaxation times and are visible on MRI.31

Challenges for SPION Imaging in RA

Although SPIONS likely have low toxicity,33 further safety testing in humans will be
necessary to understand the potential side-effects. In vitro studies suggest that SPION may
cause DNA damage, oxidative stress, and epigenetic effects.*® Furthermore, SPIONs may
present a logistical problem in clinical practice. After intravenous administration,
localization of the probe takes at least 24 hours, so pre-and post-injection imaging requires
two imaging sessions spaced at least 24 hours apart and co-registration of the pre- and post-
contrast enhanced images can be challenging.

COMBINED MRI AND PET

Recent technological advances have merged MRI and positron emission tomography (PET)
into a single imaging system. This promising combination of anatomic and molecular
imaging is available in the clinic and currently undergoing testing for RA. The near
simultaneous acquisition of molecular PET and anatomic MRI information is attractive since
disease activity on PET may be correlated with bone and joint changes on high-resolution
MRI (Figure 4). One rationale for this approach is that molecular processes precede
anatomical changes in RA, therefore PET may better depict and quantify early disease.

18F_fluorodeoxyglucose (18F-FDG) is the most widely used and available molecular probe
for PET, and it has already shown utility in identifying sites of inflammation. PET with 18F-
FDG reveals leukocyte activity and accumulates at sites of infection?® and synovitis in
RA.50 The pannus formation of synovitis typically precedes cartilage and bone destruction
visible on radiography.1—3 Leukocytes including macrophages localize at sites of
inflammation and have increased energy demands. This localization and increased glucose
utilization favors accumulation of 18F-FDG and subsequent depiction on PET.

The power of dual MRI-PET is the ability to create a map of inflammation. Regions of 18F-
FDG uptake are co-registered with the underlying changes in morphology on conventional
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MRI: pannus formation, bone marrow edema, erosions, and cartilage loss. However, PET
can detect picomolar fluctuations in radiotracer concentration® and offers a detection
sensitivity orders of magnitude higher than MRI.

Several additional molecular probes beyond 18F-FDG are in development, including
radiolabeled receptor ligands, peptides, antibodies, and cells.>2 These probes target other
important pathological processes that may be of utility in patients with RA, such as hypoxia
and angiogenesis,>3:54

Another important component of the probe that is amenable for modification in PET is the
radioisotope label. The 110 minute half-life (t1/») of 18F is practical for clinical applications:
the isotope remains around long enough to allow for probe localization and imaging and
subsequently decays, thus minimizing exposure to ionizing radiation. Other radioisotopes,
such as 150 (t/,=122 seconds), 11C (t1/,=20 minutes) or 54Cu (t1/,=12.7 hours), further
expand the range of options by weighing the benefits of fast scan times and reduced
radiation dose versus signal quality and practicality.

Although one benefit of MRI is the higher spatial resolution (< 1 mm) far above that
afforded by high-resolution clinical PET systems (~2—-3 mm), the primary advantage of MRI
is its exquisite tissue contrast: MRI depicts alternations in cartilage, bone, fluid, muscle,
tendon, and soft tissue,1~3 whereas PET and PET/CT are much more limited in tissue
contrast. The anatomic changes of RA are also well depicted on conventional MRI.1-3

The MRI-PET approach can help overcome a few limitations of conventional MRI in RA
patients. First, RA patients have an increased prevalence of renal insufficiency,® which
would preclude the use of gadolinium due to the potential association with nephrogenic
systemic fibrosis.>® Contrast-agent-free MRI fused with PET may provide a viable option
for measuring disease activity in these patients. Sites of inflammation can be studied on a
joint-by-joint basis or throughout the body using whole body MRI techniques®’:>8 and
quantitative measurements may be performed on multiple lesions.>?

MRI alone presents several challenges in quantitative analysis. Spatial and temporal
variations in signal intensity owing to factors such as RF inhomogeneity and gradient non-
linearity can compromise MRI contrast quantification.8%-61 This becomes a critical issue
especially in a longitudinal setting. Also, dynamic contrast enhanced imaging with MRI is
challenging with variations in heart rate, tissue temperature and disease status.62:63 The
addition of PET measurements may help minimize these inherent limitations as well as
validate promising quantitative MRI techniques.

Current evidence for use of dual MRI-PET in RA

Several lines of evidence suggest that a dual imaging approach may help with RA disease
detection and monitoring. Although the role of PET is well established in the field of
oncology, several studies have demonstrated the utility of PET for RA. PET can depict and
quantify synovitis,>0:64.65 hone marrow edema,®® and inflammation.57.68

PET systems used in those studies were conventional and designed to image large organs or
the whole human body. While they are suitable for scanning joints like the knee, shoulder or
the spine in RA patients, their quantification ability is limited when imaging small joints
such as those in the hands and feet.5®> Extending the capabilities of PET to small joints will
be critical given the propensity of RA to affect the small joints.59

Early attempts at a multimodality approach have demonstrated some success in the dual
imaging approach for small joints. One system targeted the extremities of RA patients and
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was capable of combined high resolution PET and computed tomography.’%71 Pilot studies
have confirmed the feasibility of combining information on high-resolution extremity PET/
CT with subsequently co-registered of MRI data.”2 The PET and MR images were fused
using immobilizing equipment and co-registration software based on the intermediate CT
providing anatomical correlation.”® The spatial resolution of the PET component for this
system was ~2.5 mm as opposed to the 5-6 mm afforded by conventional systems. This
system provides a combined 3D map of the anatomic and molecular status of the disease
with metabolic activity depicted by PET and adjacent erosions and bone marrow edema
depicted by MRI (Figure 4).

PET systems have recently been introduced to operate inside conventional MRI systems as
“inserts' and perform truly simultaneous MRI-PET imaging.>1:74.75 A recent report by Miese
et al.”® used the newly available MR-compatible BrainPET insert (Siemens Healthcare,
Erlangen, Germany) to perform simultaneous imaging of the hand in an RA patient. The
MRI field strength used was 3.0T and the PET spatial resolution was ~3 mm. Several other
manufacturers are beginning to introduce whole-body MRI-PET systems, but to date, fusion
imaging with clinical systems has yet to be reported in a cohort of patients with RA. For this
to be accomplished however MRI-PET systems must produce quantitatively accurate
images, a problem that currently remains challenging.’”:"8

Dual MRI-PET Applications for RA

The complementary molecular and anatomic information provided by dual MRI-PET may
benefit early therapeutic monitoring for RA. The availability of this powerful non-invasive
imaging tool coincides with several new treatment options.”® Since predicting remission is
important but currently limited to score-based methods89 and timing of treatment affects
prognosis,8! dual MRI-PET may benefit RA patients by providing a rapid and detailed
assessment of disease status and treatment response.

Initial clinical evidence suggests that 18F-FDG-PET imaging of the wrist and hand may help
predict early response (in < 5 weeks) to treatment before clinical score changes.”1:82 The
clinical scoring based on a physical examination is typically performed at three months after
initiation of treatment. PET therefore may stratify responders from non-responders at early
time-points compared to other imaging techniques or physical examination and hence
potentially improve treatment outcome.

MRI has established scoring systems for the manifestations of RA,83 in addition to
providing anatomic localization of radiotracer activity (Figure 4). Metrics derived from
MRI-PET have potential to become surrogate markers for rapid evaluation of existing and
new drugs.”276 But this and the test characteristics for dual MRI-PET compared to either
MRI or PET alone need further study.

The quantitative aspects of MRI-PET make it suitable for staging RA and hence determining
the optimal therapeutic regimen. Assessment of multiple joints in the extremity can provide
a unique snapshot of disease severity. The whole-body MRI-PET systems can interrogate
the entire body and produce a total score similar to a physician exam.>’ The benefits of
extremity and whole-body scanning may be complementary, but the advantages must be
traded off with data acquisition time and cost of these systems. Scanners acquiring PET and
MRI data simultaneously will have an advantage in this area, but are likely to be more
expensive than their separate PET/CT or MRI counterparts.

The most interesting application from a basic science standpoint is that of improving our
current understanding of the pathology at the target tissue in RA /n vivo and the
pathogenesis of the disease. High-resolution PET systems will be useful in this regard since
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they offer improved visualization and quantification of molecular events.”284 The ultimate
goal may be to implement high-resolution imaging on both PET and MRI over the whole
body.

Challenges for Dual MRI-PET

Major considerations associated with the clinical implementation of MRI-PET imaging are
the use of radioactive probes and high cost. Improved detection systems and strategies have
enhanced image quality in the past decade with equal amounts of radiation doses and
relatively short scan times. Imaging protocols that reduce overall radiation burden and
discomfort to the patient must be designed. This is particularly important when repeatedly
scanning using MRI-PET. Methods to correlate identical sites of inflammation over time on
longitudinal studies will be important. Increased spatial resolution over the whole body as
described above is also an unmet goal. Despite these limitations, dual MRI-PET presents
unique opportunities and the possibility of improved diagnosis and treatment monitoring for
RA patients.

CONCLUSION

This is an exciting time for the field of MRI with several emerging molecular imaging
strategies in development for application in RA. MRI with hyperpolarized carbon-13
compounds may yield new insight into disease metabolism and treatment monitoring. Both
iron-based particles and dual MRI-PET may help better define areas of inflammation and
signal disease severity and treatment response. All three of these non-invasive imaging
strategies have strengths as well as weaknesses and more work is needed before they prove
useful in patients with RA. The promise is earlier detection and better monitoring of disease
and response to treatment.
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Figure 1.

Quantitative metabolic maps in an arthritic rat after injection of hyperpolarized 13C-pyruvate
show increased lactate production in the arthritic right paw as measured by the lactate-to-
pyruvate ratio (Lac/Pyr). The color bar indicates relative levels of Lac/Pyr. Red color is the
maximum signal intensity for 13C-pyruvate = 1485 au, 13C-lactate = 674 au, and Lac/Pyr =
1.03. 1H-MRI shows soft tissue swelling in the arthritic right (R) paw in comparison to the
control left (L) paw and the region of interest analysis applied for the metabolic maps.
T=tail, au=arbitrary units. Reproduced with permission from MacKenzie JD, et al.
Radiology 2011.12
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Spectroscopic profiles from single 2.5 x 2.5 x 10 mm voxels in control and arthritic tissues
in one rat. Increased 13C-lactate production is demonstrated in the plantar surface of the
arthritic right paw (lactate-to-pyruvate ratio = 0.70) in comparison to the control left paw (=
0.57), tail (= 0.37), and tissues away from the site of arthritis induction in the dorsal right
paw (= 0.57). Arrow indicates alanine production in the control left paw, but no alanine is

observed in the arthritic paw. Reproduced with permission from MacKenzie JD, et al.

Radiology 2011.12
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Figure 3.
Transverse T2*-weighted fast gradient-echo images (1000/15; flip angle, 25°) show T2*
effects at USPIO-enhanced MR imaging of macrophage activity in antigen-induced arthritis
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in rabbits. (a) Precontrast image shows joint effusion (arrow) that is surrounded by a
thickened synovium (arrowhead). (b) Postcontrast image (24 hours after USP10
administration) shows susceptibility effects (arrow) within the synovium (arrowhead),
representing USPIO uptake in phagocytic-active macrophages. Signal intensity of bone
marrow (*) is decreased in comparison to that in a, which is caused by USPIO uptake by the
mononuclear phagocyte system within the bone marrow. Reproduced with permission from
Lutz AM, et al. Radiology 2004.30
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Figure 4.

Fusion of high-resolution 18F-FDG-PET with MRI for an RA therapy responder. Images
were generated using the clinical MRI and high resolution PET/CT sequential scanning
approach.” The top row shows images from baseline while the bottom row depicts images
at 4 weeks after the initiation of treatment. Figures (a) and (c) depict representative axial
sections from a pre-contrast T1-weighted MR image of the patient's wrist, (b) and (d) show
the same section from the T1-weighted MR image acquired post-administration of a
gadolinium-based contrast agent, and (c) and (f) demonstrate the MRI-PET fusion images of
the same section. Red arrows show synovitis in the carpal region, green arrows indicate
inflammation at sites of erosions while the blue arrows indicate inflammation at the base of
the thumb (corresponding to osteoarthritis). Dramatic reductions in synovitis and metabolic
activity at sites of erosions were measured from MRI-PET at 4 weeks and correlated with
the rheumatologist's score obtained at the patient's 3-month standard-of-care visit.
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