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Abstract: Early detection of musculoskeletal disease leads to improved therapies and patient outcomes, and
would benefit greatly from imaging at the cellular and molecular level. As it becomes clear that assessment
of multiple tissues and functional processes are often necessary to study the complex pathogenesis of
musculoskeletal disorders, the role of multi-modality molecular imaging becomes increasingly important.
New positron emission tomography-magnetic resonance imaging (PET-MRI) systems offer to combine
high-resolution MRI with simultaneous molecular information from PET to study the multifaceted processes
involved in numerous musculoskeletal disorders. In this article, we aim to outline the potential clinical utility
of hybrid PET-MRI to these non-oncologic musculoskeletal diseases. We summarize current applications
of PET molecular imaging in osteoarthritis (OA), rheumatoid arthritis (RA), metabolic bone diseases and
neuropathic peripheral pain. Advanced MRI approaches that reveal biochemical and functional information
offer complementary assessment in soft tissues. Additionally, we discuss technical considerations for hybrid

PET-MR imaging including MR attenuation correction, workflow, radiation dose, and quantification.
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Introduction

Imaging of the musculoskeletal system has benefited
greatly from new technologies to image morphology and
function in many tissues (1,2). This has included significant
advancements in radiographic, computed tomography
(CT), magnetic resonance (MRI), ultrasound, and positron
emission tomography (PET) imaging methods. However,
assessment of multiple tissues and functional processes are
often necessary to study the complex processes in many
musculoskeletal diseases, such that any one modality may
not be optimal for diagnosis. To combine the strengths and
overcome the limitations of various imaging modalities,
hybrid imaging systems have been developed and
introduced into clinical medicine. The most prominent of

these are PET-CT scanners, which utilize high-resolution
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CT to better localize molecular information from PET
imaging (3,4). More recently, hybrid PET-MRI systems
have been introduced which may be an appropriate
alternative to study many musculoskeletal disorders (5,6).
In addition to a lack of ionizing radiation, MRI offers
superior soft tissue contrast to CT, such as in cartilage
and muscle. MRI can also provide additional information
regarding tissue biochemistry, diffusion, and perfusion.
For these reasons, MRI is the preferred imaging modality
over standalone CT for many musculoskeletal disorders.
Emerging PET-MRI systems offer an exciting new
modality to simultaneously acquire numerous functional
information as well as high-resolution morphology to study
the complex pathogenesis in musculoskeletal disorders.
In this review, we summarize PET imaging of molecular
processes in non-oncologic musculoskeletal diseases and
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outline the potential of hybrid PET-MR imaging for these
applications. A background to PET-MRI systems and
technical considerations is included.

Why PET-MRI?

New PET-MRI systems promise to combine high-
resolution morphologic MR imaging with simultaneous
functional information from PET to study the complex
processes involved in numerous musculoskeletal disorders.
PET has incomparable abilities to provide quantitative
information about the molecular and metabolic activity
of tissues but needs the assistance of higher-resolution,
anatomic information to localize these physiologic processes.
In musculoskeletal imaging, many disorders are now being
recognized as affecting the multiple tissues, and can take
advantage of the unique features of hybrid PET-MRI.

Molecular imaging of early disease processes

PET is the only molecular imaging modality with
high sensitivity to several processes that precede these
structural and biochemical changes at the tissue level (6).
The molecular imaging capabilities of PET can provide
vital information about the earliest metabolic changes
in musculoskeletal disorders. This information is highly
complementary to qualitative and quantitative information
from established MRI metrics of tissue health.

Several commercially available PET tracers have already
been applied to study musculoskeletal disease. The two
most widely applied radiotracers for musculoskeletal
imaging are '"F-fluorodeoxyglucose ("*F-FDG) and
"F-sodium fluoride ("*F-NaF). ""F-FDG PET is a widely
used marker for glucose metabolism and is sensitive to areas
of acute phase cellular response (neutrophils or PMNs)
such as inflammation and infection (7). ""F-NaF is a long
recognized bone-seeking agent that is able to probe bony
remodeling (8-10).

F.FDG

"F-FDG, an analog of glucose, is the most widely used
PET radiotracer in clinical practice (11,12). FDG is
taken up by cells through glucose transporters and then
phosphorylated by hexokinase under kinetics similar to those
of glucose. However, the chemistry of the FDG prevents
the metabolism or catabolism of the phosphorylated FDG,
effectively trapping the molecule in the cell. This results
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in a buildup of ""F-FDG in highly metabolic tissues that
consume more glucose in order to sustain their metabolic
activity. Because many tumors are hyperglycemic, FDG PET
is extensively used in oncologic imaging for tumor staging
and grading of several cancers. Additionally, the increased
glucose utilization by activated inflammatory cells makes
"F-FDG PET a useful tool to identify musculoskeletal
inflammation and infection (13). *F-FDG also has some
limitations. High glucose metabolism and consequent
high "*F-FDG uptake are not unique phenomena. As such,
differentiation of the source of high glucose metabolism,
e.g., between inflammation and bone remodeling, may be
difficult and results in false-positive results (14).

'*F.NaF

"F-NaF was first recognized as a bone-seeking agent in
1962 (8) and has been approved for PET imaging by the
Food and Drug Administration (FDA) since 1972. The
mechanism of skeletal uptake of "*F-NaF is based on
ion exchange (15). Bone tissue is continuously renewing
itself through remodeling at the bone surface. "*F ions
exchange with hydroxyl ions (-OH) on the surface of the
hydroxyapatite to form fluoroapatite (16). This exchange
occurs at a rapid rate; however, the actual incorporation of
"F ions into the crystalline matrix of bone may take days
or weeks. Uptake of "F-NaF is a function of osseous blood
flow and bone remodeling. "*F-NaF uptake on PET images
are interpreted as processes that increase exposure of the
surface of bone and provide a higher availability of binding
sites, such as osteolytic and osteoblastic processes (17).

High resolution and functional imaging of soft
tissue

MRI is able to provide multiple different structural and
functional contrasts in soft tissue that are unavailable with
any other imaging modality. In the clinical setting, MRI
is the primary imaging system used to diagnose injuries
in soft tissues such as intervertebral disc injuries; tears in
the menisci, ligaments and tendons; as well as occult bone
injuries. Additionally, MRI is also widely used to study
pathogenesis of many musculoskeletal disorders using
advanced MRI techniques that provide unique functional
information (18,19). T2 and Tl1rho relaxometry as well
as magnetization transfer techniques provide information
about cartilage biochemistry and have been shown to have
significant prognostic value (20,21). Further, arterial spin
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Figure 1 Schematic of integrated PET-MRI systems. (A) Concept for integration of PET and MRI: PET insert placed inside the MRI
scanner, matching the centers of both fields of view. This is made possible by an (B) MRI-compatible PET insert based on APD detectors

which can be positioned inside the magnet. Each (C) detector module consists of a scintillator block, APD array and preamplifier surrounded

by MRI-compatible copper shielding. This model has been expanded using silicon photomultipliers (SiPMs) into 3T whole-body systems

which are now commercially available from several venders. Reprinted by permission from Macmillan Publishers Ltd: Nature Medicine (5)

2008. PET, positron emission tomography; MRI, magnetic resonance; APD, avalanche photodiode.

labeling (ASL) (22) and chemical exchange saturation
transfer (CEST) (23,24) techniques are able to assess muscle
perfusion and energetics, respectively. Although MRI is not
typically associated with bone imaging, tissue diffusion (25)
and ultra-short echo time (WTE) (26,27) methods are able
to provide important information about bone strength and
fracture risk. These methods as well as many other MRI
applications in musculoskeletal imaging are discussed in
numerous review papers on the topic (28-30). Because MRI
can offer novel functional contrasts, its combination with
PET ofters powerful observations of distinct physiological
processes occurring in bone and cartilage at the same time.

Radiation dose reduction

PET-MRI offers reduced radiation dose compared to PET-
CT. Minimizing radiation exposure to patients is critical
to widespread application of nuclear medicine techniques
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to musculoskeletal imaging. As MRI does not produce any
ionizing radiation, replacing CT with MRI can reduce the
radiation dose to patients undergoing hybrid PET imaging
by up to 80% (31). Further, MRI protocols (20-60 minutes)
are often longer than the data collection time in one patient
bed position in clinical PET-CT (3-5 minutes). As current
PET-MR hybrid systems allow all of the MR scan time to
be used to collect PET data, the injected dose of radiotracer
can be significantly reduced. The ability to minimize
radiation dose is vital for imaging of pediatric patients as
well as in reproducibility and longitudinal studies.

PET-MRI systems and technical considerations

Recent advancements have overcome many technical
challenges, including interference between imaging
modalities, to make integrated PET-MR systems possible
(Figure 1) (32,33). The main challenges revolve around
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space constraints when merging the hardware into a single
device, and that photomultiplier tubes (PMTs) used in
conventional PET detectors do not operate properly in the
presence of a magnetic field. The first attempts to solve this
problem used a technically relatively simple approach to
place the MRI and shielded PET components in line with
a similar configuration to PET-CT (34). Unfortunately,
this solution results in long scan times, as it does not
allow for simultaneous acquisitions. While this may be a
viable solution for small-animal imaging, a system capable
of performing simultaneous PET and MRI acquisitions
is optimal. Fortunately, the emergence of robust MRI-
compatible solid state photodetectors such as avalanche
photodiodes (APDs) (35) and more recently silicon
photomultipliers (SiPMs) (36) has made truly simultaneous
PET-MRI possible. These detectors are essentially
insensitive to large magnetic fields, which has allowed for
the integrated PET-MRI systems. Further, these devices
have other desirable resolution properties compared with
PMTs, which has allowed these integrated PET-MRI
systems to feature the most advanced PET acquisitions.

In addition to the integration of hardware components,
there are also several technical considerations for
simultaneous PET-MRI imaging that need to be
addressed. The most pressing of these is how to account
for attenuation of PET photons using MR images, and is
discussed below.

PET attenuation correction (AC)

Besides the complexity to integrate hardware for multiple
imaging modalities, PET-MRI faces challenges with AC
compared to PET-CT. In order to obtain accurate PET
uptake quantification, emission data recorded during a PET
scan must be corrected for tissue and hardware attenuation.
This is performed during reconstruction using an
attenuation map (p-map). Because the mechanism for image
formation in CT is similar to that of PE'T, high-resolution
CT images in a PET-CT can be easily transformed to linear
attenuation maps.

However, as MR images are based on proton density,
MR-based correction of PET photon attenuation (MRAC)
is less established. This is an active area of study and
several methods have been developed for AC based on
MR acquired information (37,38). Most commercial
systems use a segmentation approach to account for PET
attenuation from fat and water tissue using Dixon fat-water
separated images and known AC coefficients. However, this
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segmentation approach does not account for attenuation
due to bone. Cortical bone, which is an important area of
study in musculoskeletal disease, has higher attenuation of
PET photons than soft tissue, but it is difficult to account
for on MRAC due to its lack of signal on conventional MR
images. Methods utilizing fast MRI acquisition techniques
such as uTE and zero echo time (zT'E) have been proposed
to characterize and correct for cortical bone attenuation.
AC for MRI radiofrequency (RF) coils is another challenge
in simultaneous PET-MR imaging systems (39,40). AC of
these hardware components is required as their presence leads
to considerable attenuation of the PET signal (37). Rigid and
stationary MR hardware components, such as the patient
table, are corrected for by integrating CT-based attenuation
templates of these parts at a fixed position in the p-map used
for AC in PET image reconstruction (38). However, flexible
REF coils, which are popular for PET-MR imaging due to their
reduced attenuation of PET photons, are currently disregarded
in MRAC since their position and individual geometry are
unknown in patient scans. Investigations are ongoing to
account for the presence of these coils on MRAC maps.

Workflow considerations for PET-MRI

An important first consideration in PET-MRI workflow is
the time of tracer injection and subsequent time of imaging.
Fluorine-18 (*°F) labeled radiotracers such as ""F-FDG
and "F-NaF have advantageous tracer kinetics, which
have aided in its widespread application. Fluorine-18 has a
favorable half-life of approximately 110 minutes, which does
not require an on-site cyclotron (it can be manufactured
commercially and shipped to imaging centers) but is short
enough to minimize the effective radiation dose to the
subject. "F-FDG PET is typically imaged 60-75 minutes
after tracer injection (41). On the other hand, several unique
characteristics of "F-NaF make it a desirable radiotracer
for imaging of bone. "*F-NaF has minimal binding to serum
proteins, which allows a rapid single-pass extraction and fast
clearance from the soft tissues. This high bone uptake and
faster soft-tissue clearance lead to a higher quality of images
with high bone-to-background ratio and allow for shorter
imaging times. "*F-NaF PET imaging can be performed
less than 1 hour after injection (15).

The total PET-MRI scan time is often limited by MRI
acquisition times and will depend on which areas need to be
imaged. Whole-body protocols, e.g., to study musculoskeletal
pain, have been proposed that acquire 5-6 “bed” positions,
each 3-5 minutes that include a combination of anatomical
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and functional MRI scans (42,43). Designated protocols
where the anatomy of interest is contained in one PET bed,
e.g., for the knee, permit longer MRI protocols and the
duration of scan time to be used to acquire PET data. This
allows for higher SNR PET images as well as a reduction
in radiotracer dose as discussed before. All PET-MRI bed
positions that are scanned need an accompanying scan for
MR-based attenuation correction, and different correction
techniques may be applied to different parts of the body.

Quantification and interpretation of PET signal

PET imaging offers high sensitivity to molecular contrasts,
which can greatly benefit musculoskeletal imaging.
However, proper interpretation of PET signal requires
an understanding of the tracer uptake mechanisms. The
most common way to quantify PET tracer accumulation
is by standardized uptake values (SUV), the tissue activity
concentration normalized by the fraction of the injected
dose/unit weight. SUV provides a semi-quantitative
measure of PET radiotracer uptake. While this method
has been shown to be reproducible and reliable, it can be
affected by several biologic and physical factors (44,45).
Caution should be taken when comparing SUV between
different patient cohorts or in longitudinal evaluation of
musculoskeletal disease.

Kinetic modeling

A more quantitative approach to PET image analysis is
available by imaging during the tracer administration and
reconstructing dynamic frames of the PET acquisition.
Through pharmacokinetic modeling, the dynamic PET
scans can then be used to quantify rate parameters
that describe the movement of tracer between blood,
extracellular and intracellular compartments. These rate
constants can provide more quantitative measures of tissue
uptake as well as additional information about underlying
processes (blood flow versus bone mineralization) that drive
tracer uptake. The tracer rate constants are quantitative
and can be compared between patient populations. The
use of kinetic modeling for *F-FDG and '"*F-NaF in
musculoskeletal systems has been previously reviewed in
several publications (46-48).

The PET-MRI system may better enable kinetic
modeling through more accurate quantification of the
arterial input function (AIF), e.g., the amount of tracer
input in arterial blood. Although some studies have derived
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input functions from large regions of interest such as the
aorta, more targeted vessels are arguably more accurate
(e.g., the popliteal artery for the knee). These vessels may
also be the only ones in the field of view for some PET-
MRI applications. While AIF curves from dynamic PET
images alone may suffer from partial volume problems,
more accurate quantification is available if the vessel volume
is known (e.g., from high-resolution MRI angiograms) (49).
Estimation of an accurate AIF is necessary for quantification
of rate parameters.

Applications

While hybrid PET-MRI musculoskeletal imaging is in
its nascent stages, there are many applications that could
benefit from this multimodal approach. The following
review was compiled to present a broad overview of novel
clinical and basic science applications of MRI and PET to
several, widely prevalent musculoskeletal disorders. A high-
level PubMed search was used to determine both widely
applied techniques as well as novel emerging methods
and applications. Any early applications of hybrid PET-
MRI musculoskeletal imaging were included. As hybrid
PET-MRI is a new and emerging field, we focused on the
potential applications of this multimodal approach without
any biases to specific methods or tracers.

Osteoarthritis (OA)

OA is a chronic degenerative disease affecting all tissues in
the joint. OA remains a leading cause of disability, affecting
more than half the population over the age of 65. Despite its
prevalence, pathogenesis in OA is still poorly understood.
There is great need for imaging biomarkers of early changes
in OA in order to better understand the disease process as
well as to develop new therapies (50,51).

MRI has long been utilized to non-invasively study and
understand many of the complex disease processes involved
in OA (52). MRI provides excellent high-resolution
morphologic information of joint tissue. This, along with
its ability to produce multiple different contrasts, has made
MRI an invaluable tool to study tissue changes associated
with OA. Various endogenous contrast methods can be
used to assess soft tissue health (e.g., cartilage morphology,
menisci and major ligaments, and joint effusion) and even
changes in bone [e.g., subchondral bone marrow lesions
(BMLs) and cysts, osteophytes, and bone attrition]. Further,
delayed-contrast enhanced MR imaging (DCE-MRI) can
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bone marrow

edema

Figure 2 Concordance between bone abnormalities on MRI and increased '*F-NaF uptake on PET. (A) Fused "*F-NaF PET/CT and (B)
MRI image of the patellofemoral joint a subject with patellofemoral pain. Bone marrow edema identified on MRI in the apex of the patella

corresponded to increased ""F-NaF PET uptake. Simultaneous PET/MRI systems present an opportunity to study the role metabolic

activity in structural MRI findings widely used to assess OA progression. From reference (69), with permission. *F-NaF, “*F-sodium

fluoride; PET, positron emission tomography; CT, computed tomography; MRI, magnetic resonance; OA, osteoarthritis.

be used to assess synovitis (53). Semi-quantitative scoring
systems that characterize OA pathological features based on
MRI have been shown to predict OA disease progression
(54,55).

However, structural degenerative changes observed on
MRI are likely at a late stage in the disease process when
tissue loss has already occurred and treatments are unlikely
to be effective. Anatomical MRI contrasts are unable to
assess the underlying mechanisms that trigger the disease.
As an alternative, advanced quantitative MRI techniques,
such as T, (56,57) or T, (58,59) relaxation times, delayed
gadolinium-enhanced MRI of cartilage ({GEMRIC)
(60,61), and CEST of glycosaminoglycans (gagCEST)
(62,63) can provide biochemical tissue information
about collagen matrix organization, glycosaminoglycan
(GAG) content, and hydration. The application of these
techniques has largely been limited to articular cartilage.
However, bone is difficult to study with MRI due to the
extremely short lifetimes (T2) of the protons (tightly
bound water and collagen), which makes it ordinarily
invisible in MR images. While bone structure can be
inferred from the signal of the surrounding soft tissues, its
lack of signal makes functional imaging of bone structures
infeasible with MRI.

""F-NaF PET can assess the metabolic activity of
subchondral bone remodeling. Increased bone remodeling
has been implicated as a mechanism of OA progression
that leads to changes in bone as well as in adjacent
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cartilage (64,65). This makes '"F-NaF an intriguing
marker to study the role of subchondral bone changes
in OA pathogenesis. High ""F-NaF uptake has often
been observed in degenerative and arthritic knees during
evaluation of osseous metastatic disease. ""F-NaF PET
may also be useful in the detection of bone remodeling in
early stage OA of the temporomandibular and hip joints
(17,66). SUV,,,, was significantly higher in hip joints with
an abnormal finding in bone on MRI (67). Additionally,
""F-NaF has been used as a marker of pain. Increasing
severity of hip pain was shown to correlate with increasing
SUV,... (67). Furthermore, subjects with patellofemoral
pain exhibited elevated bone metabolic activity at the
patellofemoral joint (68). Bone abnormalities (edema,
cysts, etc.) on MRI tended to coincide with regions
of increased tracer uptake on the ""F-NaF PET scans
(Figure 2) (69). However, increased bone activity on
""F-NaF PET did not always correspond to structural
damage in the bone or cartilage as seen on MRI,
suggesting that '""F-NaF imaging provides distinct
information in patellofemoral pain patients (69).

"F-FDG offers a different metabolic contrast to study
the role of inflammation in OA disease progression.
Synovitis, inflammation of the synovial membrane, is
increasingly recognized as an important feature of the
pathophysiology of OA (70,71). Previous studies using
FDG-PET evaluated patients with clinically diagnosed
shoulder and knee OA (72,73). A diffuse increase in FDG
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uptake was observed in patients compared to healthy
volunteers, which the authors interpreted as the presence
of synovitis. BMLs also play a role in the progression of
OA and are usually identified on MRI. While the etiology
of BMLs is likely multifactorial, they are thought to have
an inflammatory component (74). FDG-PET may offer
a marker to study the inflammatory mechanisms that
underlie these lesions.

Hybrid PET-MRI systems allow for comprehensive
imaging of the whole joint, including soft tissues and bone,
which is necessary to study complex disease processes in
OA. PET imaging with "*F-fluoride and ""F-FDG offers
metabolic information regarding bone remodeling and
inflammatory processes. This information can be used in
combination with biochemical and structural information
from soft tissues on MRI to assess spatial relationships
between tissues during OA disease pathogenesis. Initial
experiences with hybrid PET/MR systems have shown
that metabolic activity varies between different types of
subchondral bone pathology identified on MRI. This can
enhance our understanding of semi-quantitative MRI
scoring systems, which are widely used. Furthermore,
"F-fluoride may identify abnormalities in subchondral bone
metabolic activity before structural changes are seen on
MRI (75,76).

Rheumatoid arthritis (RA)

RA is a systemic inflammatory autoimmune disorder, which
affects both large and small joints. Although heterogeneous,
RA is primarily characterized by symmetric, erosive
synovitis, which leads to the destruction of cartilage and,
eventually, underlying bone. In comparison with OA, RA
typically progresses more rapidly. Radiographs have long
been used for diagnosis of RA but rely on detection of
late stage disease processes such as bone erosions or joint
space narrowing. Optimal patient outcomes depend on
aggressive treatment with anti-inflammatory drugs early in
the disease process. Thus, novel methods to image RA have
revolved around early-detection methods and monitoring of
treatment response.

As inflammation is a key component to RA pathogenesis,
FDG-PET is a logical molecular imaging marker to study
the disease (77). In fact, FDG has been applied to studying
RA in all segments of the disease cycle. Strong correlations
have been cited between PET observations (e.g., number of
PET positive joints and cumulative SUV) and underlying
disease activity (Figure 34,B) (78). Further, it has been
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shown that early changes in regional FDG uptake in RA
patients undergoing anti-TNF-a (infliximab) treatment
were related to global disease activity in later clinical
assessment. Animal models of RA have also been used to
show that areas of increased FDG uptake correlated with
future bone destruction and pannus formation seen on
histology (80). While these preliminary studies suggest that
FDG is highly predictive of early disease activity, larger
studies are needed to confirm that these findings predict
clinical outcomes.

One limitation with FDG PET is that the tracer
detects glucose metabolism but may not be specific to
inflammation. Alternatively, other PET radiotracers can
track different processes such as cellular proliferation
(i.e., by ""C-Choline). Previous work has evaluated PET
scans with ''C-Choline and FDG in relation to synovial
volume to characterize RA changes (81). A direct marker
of inflammation, such as ''C-(R)-PK11195 that tags
macrophages in the inflammatory pathway, may offer more
specific molecular targets to study RA (82,83).

MRI has similarly been developed for early detection
of RA and to assess disease severity. Unlike PET, MRI
provides high-resolution anatomical images to assess
structural changes (e.g., peri-articular erosions, BMLs and
synovial thickening) for diagnosis and staging of RA disease
(Figure 3C,D) (79). Contrast enhancement following
injection of gadolinium can further differentiate active
inflammation from synovitis. Compared with radiographs,
MRI offers tomographic information of various contrast
methods to provide better visualization and differentiation
of soft tissue. Further, MRI’s advanced capabilities for early
identification of bone erosions are important considerations
for choice of treatment (84). For patients undergoing
treatment, scoring systems that evaluate the features
of RA from MRI show great potential for monitoring
response to therapy (85). Lastly, new MRI methods, such
measurement of apparent diffusion coefficient (ADC) and
pharmacokinetic modeling of Gadolinium enhancement
and washout, offer quantitative metrics to more precisely
study RA pathogenesis (86).

Hybrid PET imaging offers the potential to enhance
the utility of nuclear medicine techniques to study RA.
Studies with PET/CT have shown the importance of FDG
uptake in differentiating enteropathies from synovitis
in RA conditions (82). The use of FDG reveals clinical
inflammation in a majority of RA-affected joints and with
greater FDG uptake than comparable OA regions (87).
Hybrid PET-MRI systems additionally offer high-resolution
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A B

Figure 3 PET and MRI imaging of rheumatoid arthritis in the hand. (A,B) 3D projection image of "F-FDG uptake in a (A) healthy subject
and (B) a subject with rheumatoid arthritis of the hand and wrist (78) [This research was originally published in 7NM. Beckers C, Ribbens C,
André B, Marcelis S, Kaye O, Mathy L, Kaiser MJ, Hustinx R, Foidart J, Malaise MG. Assessment of disease activity in rheumatoid arthritis
with (18)F-FDG PET. 7 Nucl Med 2004;45:956-64. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.]. "F-FDG PET can
assess the metabolic activity of synovitis and has been correlated with underlying disease activity. (C,D) MRI. (C) Coronal STIR and (D)
axial fat-suppressed T2-weighted images of a subject with early rheumatoid arthritis of the wrist and normal radiographic findings. Synovitis
can be observed as high signal intensity (arrows) as can bone marrow edema (asterisks) [Narvdez JA, Narviez J, De Lama E, De Albert M.
MR imaging of early rheumatoid arthritis. Radiographics 2010;30:143-63. (79) with permission]. MRI provides high-resolution anatomical
images to assess structural changes for diagnosis and staging of RA disease. Hybrid PET-MRI systems offer to combine high-resolution
morphologic images with early molecular markers to enhance the study of RA. *F-FDG, "*F-fluorodeoxyglucose; PET, positron emission

tomography; MRI, magnetic resonance; RA, rheumatoid arthritis.

morphologic images and multiple contrasts in soft tissue
to enhance the study of RA (88). In a recent study, true
hybrid PET/MRI was performed in early hand RA; FDG
uptake corresponded to sites of synovitis and tenovaginitis
as identified on contrast-enhanced MRI, demonstrating the
feasibility of PET-MRI to image inflammation in RA (89).

Metabolic bone disorders

Metabolic bone diseases include many hereditary and
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acquired conditions of diverse etiology that affect
bone strength, and can lead to fragility fractures, bone
deformities and serious disability if untreated. These
diseases are usually caused by abnormalities of vitamins or
minerals, bone mass or bone structure. The most common
of these disorders include osteoporosis, osteomalacia,
Paget’s disease and parathyroid disorders. Clinical imaging
of metabolic bone disorders aims to assess bone structure
and bone mass in order to gage fracture risk. Conventional
radiographs are most commonly used to evaluate bone
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structure. Bone mass is also commonly measured using
digital X-ray radiogrammetry (DXR) and dual energy
X-ray absorptiometry (DEXA). However, bone strength
not only depends on its mass but also on trabecular bone
architecture, bone quality and bone geometry. Non-invasive
imaging methods that can measure these bone properties
are necessary to better determine future fracture risk.

The metabolic imbalance of catabolic (removal of old or
damaged bone) and anabolic (growth of new bone) processes
may underlie many metabolic bone diseases. Regional
assessment of bone metabolism with "*F-NaF PET is thus
attractive (90). Small animal studies on estrogen deficiency
in mice showed a strong correlation between "*F-NaF
PET and histomorphometric measurements, indicating
that bone microdamage was significantly increased after
estrogen depletion (91). Cumulative microdamage is a key
component in osteoporosis pathogenesis and '""F-NaF PET
may be a noninvasive means to detect bone microdamage
in vivo. For instance, quantitative dynamic "*F-NaF PET
has also been used to study age-related changes in bone
turnover in pre- and postmenopausal women (16,92). Bone
metabolism and fluoride binding to bone mineral were both
significantly reduced in osteoporosis, whereas at the same
time biochemical markers of bone turnover (bone-specific
alkaline phosphatase) were increased. This somewhat
surprising result highlights the importance of regional
measurements of bone turnover (from imaging) to improve
the understanding of metabolic bone diseases.

PET imaging with *F-FDG has shown potential in
differentiating traumatic fractures from pathologic fractures
due to malignancies. Interestingly, several studies have
shown acute osteoporotic or traumatic fractures do not
show elevated uptake of ""F-FDG (93,94). On the other
hand, the increased glucose utilization of macrophages and
other active inflammatory cells results in increased FDG
uptake in fractures driven by malignant or infectious bone
processes. Thus, *F-FDG could potentially be used to
differentiate facture etiology throughout the entire skeletal
system.

MRI has been applied to high-resolution imaging of
bone structure as well as quantitative measures of bone
quality and strength (95,96). Unlike most methods that
image bone structure, trabecular and cortical bone is mostly
visualized with negative contrast on MRI. The trabecular
network can be visualized as signal void surrounded by
high-signal-intensity fatty bone marrow (30). This signal
void is due to the low water content and very short T2
relaxation time of bone as well as susceptibility effects at
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the bone-bone marrow interface. In addition to providing
high-resolution morphological images, MR is able to
characterize bone quality through measures of cortical bone
water and bone marrow composition. uTE MRI methods
use radial sampling strategies to achieve <1 ms echo times
to directly image the short-T2 water content of cortical
bone as a surrogate of bone porosity (97,98). uTE scans
have been shown to correspond to measures of bone quality
and strength in bone specimens (98). Further, studies
have shown that pore water increases in populations with
increased fracture risk, including post-menopausal women
and patients undergoing dialysis (99,100).

By combining structural, functional and metabolic
information, PET-MRI has the ability to improve the
quantitative assessment of bone strength and fracture
risk. Currently, finite element (FE) analysis models are
being developed to improve accuracy of bone strength
estimates (101,102). MRI-based FE models use high-
resolution MRI images to acquire tissue structure
along with element material definitions derived from
experimental tests of mechanical properties (103,104).
The FE model is then virtually compressed under various
simulated loads to determine measures of strength and
stiffness. Metabolic information from PET about bone
remodeling has the potential to improve MRI-based FE
models and better quantify bone strength.

Pain generators and peripheral nerve imaging

Pain, both acute and chronic, is the most common reason
patients seek medical attention. However, diagnosis and
characterization of pain is challenging. Clinical assessment
of pain is usually dependent on a patient’s self-analysis,
which is highly subjective. Current clinical imaging of pain
relies on identifying anatomic abnormalities that may be
producing a patient’s clinical symptoms. However, structural
abnormalities are often non-specific and are often present
in asymptomatic patients with a similar prevalence (105,106).
There is a great need for imaging tools that can identify
pain-related nociceptive activity.

Molecular imaging of abnormal biological processes
associated with pain has been promising to identify pain-
generating pathology. FDG PET imaging can image the
increased glucose metabolism utilized by inflamed or
overactive neurons as a marker of neural activity. Studies in
a rat model that used unilateral injury to induce neuropathic
limb pain showed increased FDG uptake in injured nerves,
but no increase in FDG uptake in the contralateral limb
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Figure 4 FDG uptake in rat model of neuropathic limb pain. (A) Representative spared-nerve injury (SNI) (top row) and control (bottom
row) animals on transaxial MRI, PET, and PET/MRI with labelled sciatic nerves (arrows). Significantly increased *F-FDG uptake is seen
on the side with spared-nerve injury (left) compared with the control side (right). No significant differences between sides are observed in
control animal sciatic nerves. (B) Autoradiography of sciatic nerve specimens from spared-nerve injury animals showed that normalized
radiotracer uptake is higher in the injured sciatic nerve (left) than in the control sciatic nerve (right). PET/MRI offers to combine molecular
information to localize neuropathic pain with MRI which is able to provide high-resolution visualization of anatomical abnormalities (107).
[This research was originally published in 7NM. Behera D, Jacobs KE, Behera S, Rosenberg J, Biswal S. (18)F-FDG PET/MRI can be used
to identify injured peripheral nerves in a model of neuropathic pain. 7 Nuc/ Med 2011;52:1308-12. © by the Society of Nuclear Medicine and

Molecular Imaging, Inc.]. MRI, magnetic resonance; PET, positron emission tomography; "“F-FDG, "F-fluorodeoxyglucose.

or in control asymptomatic animals (Figure 4) (107).
Additionally, in a human subject presenting with progressive
difficulty walking, increased FDG uptake was observed in
his lower spinal cord and sciatic nerves (108). Biopsy of the
tissues confirmed the pathologic signs of neuropathy. In
addition to FDG, several other molecular PET tracers are
being evaluated to image pain-related nociceptive activity.
These include ""C-PK11195 to image activated microglia
and macrophages in neuroinflammation (109), and
PF-FTC-146, a new marker of sigma 1 receptors to directly
assess signaling pathways involved in pain (110).

Direct MR imaging of pain has relied on tracking of
macrophages with small particles of iron oxide (SPIO).
Tagged with SPIOs, macrophages have been shown to
traffic to a site of nerve injury in animal models. However,
these have yet to be applied in humans (111). In addition,
MRI has long been used for high-resolution imaging of
peripheral nerves. Clinical evaluation usually involves
identification of inflammation around nerves as high signal
on fat-suppressed T2-weighted images. Fat-suppressed
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T1-weighted can also be used for morphology and to
differentiate injured nerves from blood vessels. MRI has
been used to identify entrapment neuropathies, plexus
lesions and nerve compression syndromes (112,113).
However, while MRI can provide high resolution imaging
of peripheral nerve abnormalities, it has low specificity to
identify the inciting nerve inflammation or injury.

Hybrid PET-MRI systems offer to combine the strength
of each individual imaging modality and overcome the
weakness of the other. PET offers molecular information
to localize neuropathic pain while MRI is able to provide
high-resolution to visualize anatomical abnormalities. Early
experiences with hybrid PET-MR imaging in patients
suffering from chronic lower extremity neuropathic pain
showed FDG uptake could be localized to affected nerves
and impacted clinical management of their pain (114).

Challenges and alternative imaging methods

This review has focused on the potential for hybrid PET-
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MRI in non-oncologic musculoskeletal applications. Many
of the challenges of simultaneous PET-MRI, including
quantification, attenuation correction, and workflow
considerations, are discussed in the technical considerations
above. The standalone PET and MRI techniques discussed
in the applications section above also have challenges,
such as sensitivity to field inhomogeneities or the need for
motion correction, which would feature into PET-MRI
studies that utilize these methods. Additionally, there are
many other imaging methods that have shown potential
for solving some of the complex problems discussed above
that were not discussed (2). This includes single-photon
emission computed tomography (SPECT) for imaging of
infection or bone turnover (115), high-resolution peripheral
quantitative computed tomography (pQCT) for assessment
of bone mineral density (116), as well as ultrasound (117)
and optical methods (118).

Conclusions

Together, hybrid PET-MRI systems offer the potential to
obtain metabolic, morphologic and functional information
from all tissues to aid the study of musculoskeletal disease
diagnosis and pathogenesis as well as determine targets for
disease modifying therapies.
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