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Abstract
The technology of musculoskeletal MRI imaging is advancing at a dramatic rate. MR imaging is
now done at medium and higher field strengths with more specialized surface coils and with more
variable pulse sequences and post processing techniques than ever before. These numerable
technical advances are advantageous as they lead to an increased signal to noise ratio and
increased variety of soft tissue contrast options. However, at the same time they potentially
produce more imaging artifacts when compared with past techniques. Substantial technical
advances have considerable clinical challenges in musculoskeletal radiology such as postoperative
patient imaging, cartilage mapping, and molecular imaging. In this review, we consider technical
advances in hardware and software of musculoskeletal MR imaging along with their clinical
applications.
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Introduction
Since its introduction in the 1970’s, magnetic resonance imaging (MRI) has revolutionized
the diagnosis and treatment of musculoskeletal disorders. MR imaging has proven to be a
valuable imaging tool in almost every joint in the body as a result of its ability to assess a
wide range of anatomy and pathology ranging from ligamental injuries to articular cartilage
lesions (1–3). With its multiplanar capabilities and excellent soft-tissue contrast, MRI has
established itself as one of the most promising modalities for noninvasive evaluation of the
musculoskeletal system (4, 5).

The annual rate of MRI knee studies has increased by 140% between 1991 and 1995 (6).
The rate of arthoplasty procedures has also been projected to substantially increase
throughout the next few decades (7). The field of musculoskeletal radiology is constantly
advancing as MR imaging applications in the musculoskeletal realm continue to grow
enormously. Remarkable advances have taken place in both hardware and software
technology that allow for improved visualization of anatomy and pathology. Along with the
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numerous benefits however, come various new technical challenges that must be considered
and understood.

High field imaging
Traditionally, most MR imaging of the musculoskeletal system is done at intermediate field
strengths of 1.5T or lower. However, imaging at 3.0T has become increasingly more
common for clinical evaluation while other higher field systems are being evaluated in the
research realm. Despite initially being used for neurological imaging, availability of
specialized coils and numerous studies have confirmed the benefits and abilities of higher
field systems in musculoskeletal imaging (8–10). The most valuable benefit includes an
improved signal-to-noise (SNR) which can result in increased image resolution and
decreased exam time (Fig. 1). However, with the increase to a 3.0 T or higher field strength
comes numerous issues that must be considered in order to optimize its intrinsically superior
imaging capabilities.

While it appears that doubling the field strength from 1.5T to 3.0T should result in double
the intrinsic SNR, changes in T1 relaxation times and complexities of coils at higher field
strengths generate an SNR increase of slightly less than double. Research done to measure
the changes in relaxation times have shown that T1 relaxation times must be increased by
14–20% when moving from 1.5T to 3.0T (9). Increased off-resonance effects may result in
higher receiver bandwidth for some sequences, which in turn, reduces SNR.

There are several technical considerations that must be addressed in order to take full
advantage of 3.0T and higher field imaging systems. The most prominent issues include:
chemical shift, fat saturation and radiofrequency power deposition. Due to the linear
relationship between the difference between resonant frequencies of fat and water protons
and the field strength, chemical shift displacement artifacts will double in the frequency
encoding direction when moving from 1.5T to 3.0T. Doubling the receiver bandwidth is one
way to resolve this issue. Doubling the bandwidth not only corrects the chemical shift
artifact, but may also allow for an increase in the number of slices acquired, decrease metal
artifacts, shorten echo times, and reduce echo spacing. Conversely, doubling the bandwidth
decreases the SNR by a factor of √2 because the overall readout window length is shorter
(Fig. 2).

Due to the chemical shift difference doubling between the fat and water resonance at 3.0T
and 1.5T, fat saturation is much easier. The peaks are twice as far apart with a chemical shift
of 440 Hz, meaning that the lengths of the fat saturation pulses can be shortened from about
16 msec to 8 msec (11). A notable advantage of this is the ability to acquire more slices at a
given TR, bandwidth and slice thickness.

Radiofrequency power deposition is a third technical issue that must be considered,
especially in fast spin-echo sequences used in musculoskeletal imaging as they have the
potential for high radiofrequency power. Radiofrequency power is proportional to the square
of field strength; therefore it will quadruple when field strength is doubled from 1.5T to 3.0T
(12, 13). While the overall deposition is dependent upon the number of radiofrequency
pulses and amplitude, using rapid imaging sequences with lower flip angles may minimize
the deposition. In exam regions with small volumes and transmit receive coils, such as the
knee, this complication should be diminished since the radiofrequency power that is
deposited is a function of the tissue volume excited (13) (Fig. 3).

While it is much more advantageous to use a localized transmit/receive RF coil than a body
coil transmit, if a body coil transmit is used, shortening exam time or lowering the
refocusing pulses would help limit SAR. The FDA limitation for the whole body for a 15-
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minute period for all patients is 4 W/kg and for extremities over a period of 5 minutes the
local SAR limit is 12 W/kg (14, 15).

Imaging of the musculoskeletal system at 7.0T is in an early phase, with many technical
problems including SAR, chemical shift, and B1 homogeneity (16–18). Routine imaging at
7.0T could provide higher SNR, higher resolution, or more rapid imaging (Fig. 4). Multi
channel coils with parallel transmission capability are under development, which promise to
improve image quality and lower SAR.

Phased array coils/parallel imaging
As technology continues to advance, higher field strength MR imaging systems are being
developed to increase signal-to-noise ratio and improve resolution. Often however, tissue/
field interactions result due to a higher precession frequency and shorter wavelength,
making it difficult to acquire high quality images. Phased array coil technology was
originally developed to improve the intensity uniformity of MR images obtained using
surface coils and high field imaging, while preserving their inherent gain of signal-to-noise
ratio (SNR). Recently, new methods for encoding the MRI signal are being adopted that fall
under the generic name of parallel imaging. Parallel imaging methods exploit the spatially-
varying sensitivity profiles of the surface coil elements within the array to extend the
imaging field of view without adding additional scan time. This strategy allows a net
reduction in the amount of time required to obtain the MR image up to a factor related to the
number of independent coil channels within the array. Multiple channels are required to
process these data independently, and in principle, an eight-channel coil would be able to
image eight times as fast, assuming an ideal geometry and low noise. However, practical
considerations limit image acceleration to values below the maximum allowed by theory.

The clinical impact of parallel imaging will be considerable for the higher field MRI
systems, most commonly, 3T. The use of parallel imaging technology can not only reduce
scan time and the number of radiofrequency (RF) pulses required to form an image, but can
also be used to shorten the echo time which proves to be a significant improvement,
especially for musculoskeletal imaging (Fig. 5). This will be important in limiting the total
RF power to regulatory guidelines, particularly for body imaging at 3T. When parallel
imaging is employed, image uniformity and SNR both also are compromised as scan times
are reduced. Innovative phased array coil designs with up to 32 or more channels have been
developed to accommodate parallel imaging methods at higher magnetic fields. The newest
MR imaging systems are being offered with the receiver system designed to have the
capacity for a highly scalable number of individual RF channels. The maximum number of
RF channels that can practically be incorporated into the design of clinical MRI systems is
currently a matter of considerable engineering controversy.

The advent of phased array coils and parallel imaging has increased the feasibility of whole
body MR imaging without considerable compromises in spatial resolution. Although whole
body MR imaging of the musculoskeletal system is limited to date, it has important
applications in the evaluation of musculoskeletal diseases. Resulting from its exquisite soft-
tissue contrast, MR imaging provides a more accurate assessment of bone marrow and
adjacent soft tissue infiltration and enables the visualization of marrow components (19).
These advantages have resulted in the increasing use of whole body MRI as an alternative to
multi-modality approaches. Especially useful in the realm of oncologic imaging, whole body
MRI enables a more precise evaluation of tumor staging and recurrence. This is of particular
importance as it has been observed that up to 40% of skeletal metastases lie outside the FOV
used for a routine axial skeleton assessment (20).
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Orthopedic hardware imaging
Metallic implants are increasingly more common in the aging population. In 2003 alone,
230,000 hip replacements and 450,000 knee replacements were performed, while an average
of 78,000 knee and hip replacement revisions per year are necessary (7). Radiography has
traditionally been used in preoperative planning, as it is quick and cheap. However it is not
sensitive to soft tissue abnormality. Computed tomography (CT) provides an opportunity to
both acquire the cross sectional data needed for postoperative patient monitoring and
evaluate painful implants, however CT results in artifacts from beam hardening and is not
sensitive to marrow edema. MR imaging has shown the most promising results in imaging
orthopedic hardware as it allows for cross sectional imaging and flexible soft-tissue contrast.
However, MR imaging is also not ideal, as it suffers from imperfect corrections and
susceptibility induced artifacts and voids. Not all implanted metals are MR safe, however
this discussion takes into consideration those that are. There are several factors that must be
considered in order to fully optimize MRI as a tool for imaging around orthopedic hardware.

A homogenous readout field, relying upon unit of parts-per-million and susceptibility
differences, eddy currents and diffusion are fundamental to MR imaging. The issue of
susceptibility, the most prominent problem in imaging metal with MR systems, arises since
titanium and surgical steel lie several orders of magnitude outside of the range at which MR
imaging typically operates (21). Susceptibility differences result in inhomogeneity of the
main magnetic field disrupting spatial encoding mechanisms. Simple modifications can be
made to slightly improve imaging around metal. Gradient-echo imaging of soft-tissue
adjacent to metal is nearly impossible since the local field inhomogeneity results in rapid
dephasing causing signal voids. Spin-echo imaging is the preferred technique because of its
rephasing effects, however spatially dependent artifacts are still present (22).

Several alternative, more developed techniques have been proposed in attempt to
significantly improve MR imaging around metal. Recently, pulse sequences specialized for
imaging around orthopedic hardware have been relatively successful in dealing with these
artifacts in a research based setting. It is important to note that scans should not be
performed with fat saturation, as the field inhomogeneity typically results in failure of fat
suppression. When looking for homogenous fat suppression around the hardware, Iterative
Decomposition of water and fat with Echo Asymmetry and Least-squares estimation
(IDEAL) fast spin-echo imaging has proven more reliable than fat saturation, as slowly to
moderately varying field inhomogeneity can be corrected in the reconstruction (23–25).
IDEAL is a Dixon-based method for separating water and fat that allows for water-only and
fat-only images to be obtained in the presence of the inhomogeneity caused by the hardware.
In addition, T1-weighted images after gadolinium with water/fat separation can be acquired.
As it requires three acquisitions, IDEAL results in an increase in exam time, which can
however, be offset with the use of parallel imaging or protocol modification.

Prepolarized MRI has shown to be an extremely promising technique with which to reduce
artifact around hardware. This new, inexpensive approach to MRI consists two
electromagnets; one is a homogenous low-field readout magnet while the second is a high-
field polarizing magnet that can be somewhat inhomogeneous. This system creates two
dynamic magnetic fields: a polarizing field, which creates the sample magnetization and a
readout field, which determines the acquisition frequency. As opposed to the traditional
single static magnetic field, these dual dynamic magnetic fields provide the advantage of a
low field read out which results in shift reduction of about 30 fold (26). Prepolarized MR
imaging, although helpful in resolving several of the issues that arise when imaging around
metal, is not yet clinically available.
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Another method, view angle tilting (VAT) which works on reducing in-plane artifact, allows
for substantial reduction of in-plane distortion artifacts, even in regions of rapid field
variations. VAT employs the use of a gradient on the slice select axis during readout of
equal amplitude to the slice select gradient resulting in nearly perfect reregistration of off-
resonance spins (27). However, VAT does nothing to correct distortions in the through-slice
direction, although work is being done to improve slice profile distortions (22). It is
important to note however, that even with these improvements, RF shielding near certain
hardware may still be limiting. Two innovative techniques called Slice Encoding for Metal
Artifact Correction (SEMAC) and Multiple-Acquisition with Variable Resonances Image
Combination (MAVRIC) have exhibited great potential in correcting metal artifact. The
SEMAC technique is achieved by combining the VAT principle with additional phase
encoding steps in the slice-dimension to fully resolve slice selective distortions (28).

The MAVRIC technique decreases encoding errors within individual Fourier reconstructions
by employing several spectrally unique 3D acquisitions. MAVRIC is dependent upon
traditional 3D encoding techniques as it collects several acquisitions at different
transmission and reception frequencies to construct an image of the whole implant region.
Since MAVRIC does not utilize slice or slab selection gradients, the spins within a
MAVRIC sub image experience bandwidths determined only by the spectral properties of
the applied RF pulses. The Gaussian refocusing pulses, applied with slight overlap between
adjacent sub images, used in MAVRIC produce a flat sum of squares (SOS) spectral
response, which allow construction of the composite MAVRIC image (29).

While artifact reduction is quite noticeable, minor residual artifacts are still present in both
SEMAC and MAVRIC techniques (Fig. 6). These artifacts result from using different RF
pulses and spectral properties as well as a slice-selective gradient in SEMAC. Both
techniques have demonstrated compatibility with partial-Fourier techniques and
autocalibrated parallel imaging in an effort to decrease exam time (30, 31). Although still
primarily in the research stage, both SEMAC and MAVRIC allow visualization of anatomy
in close proximity to metallic implants with significantly decreased artifact at reasonable
exam times.

Direct and Indirect MR Arthrography
MR arthrography is an important alternative to conventional MR imaging particularly in the
evaluation of a variety of joint disorders. More commonly, a direct method of MR
arthrography is utilized. In this technique, dilute gadolinium is injected directly into the joint
of interest under image guidance. Direct MR arthrography is valuable as it distends the joint
compartment allowing for better delineation and visualization between tissues. In a similar
manner, it allows for detection of abnormal communication between extra-articular soft
tissues and joint compartments. Drawbacks of direct MR arthrography primarily include the
facts that it is an invasive procedure and that it exposes the patient to radioactivity.

An alternative technique that has been recently gaining support is the indirect MR
arthgraphy technique. When image guidance is not accessible or an invasive procedure is
contraindicated, indirect MR arthrography is often utilized. In this technique, gadolinium is
administered intravenously, rendering a physician and fluoroscopy unnecessary. A higher
contrast load is required since it is not injected directly into the joint and either active or
passive exercise must be performed after injection and before imaging to allow the contrast
to reach the joint of interest. Indirect MR arthrography can be particularly taken advantage
of in joints that have less of a capacity for distension as this method allows for considerably
less capsular distension when compared with direct MR arthrography. It must be taken into
account when using indirect MR arthrography that all components of the joint, rendering the
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ability to visualize abnormal communication between joint compartments unachievable. In
addition, the level of joint enhancement is dependent upon several, often variable aspects
including joint volume, intra-articular pressure, blood concentration of contrast,
inflammation and permeability, synovial area and delay time post contrast injection (32, 33).
Despite the drawbacks of both direct and indirect MR arthrography, these techniques have
proven useful in the evaluation of most joints including the shoulder, elbow, wrist, hip, knee
and ankle (34–36).

Kinematic imaging
Until recently, most models of joint motion have been developed from external
measurements of limb movements using motion capture methods and cadaveric studies (37,
38). These measurements are highly contested; motion capture methods are limited as they
are based upon surface anatomy while cadaveric studies fail to replicate in vivo conditions
(39). Kinematic MR imaging, which involves obtaining static images of joints at multiple
positions, has increasingly been applied to the assessment of joint mechanics (40).
Kinematic and similar forms of MR imaging can be crucial to the diagnosis of various
pathologies that are associated with particular movements, positions or forces. Challenges
encountered with MR imaging of joint kinematics are often physiological and are
constrained by the size of the bore and RF coil, which often limit range of motion.

Cine phase-contrast (cine-PC) MRI has been used to characterize the three-dimensional
kinematics of certain joints in dynamic conditions (41). However this technique is limited in
that it requires a large number of repeated movements (39).

With real-time imaging, subjects can be imaged during dynamic, weight-bearing activities
with the acquisition of a time series of single-slice images from only one motion cycle.
Real-time MR imaging, as opposed to static or semi-static imaging, can help evaluate the
interactions of bony and soft tissue anatomy and the relative positions of each through a
certain range of motion.

Studies have demonstrated that real-time MR imaging can measure internal motions of
slowly moving joints when 2.0 mm accuracy is adequate (42). Currently, a primary
limitation of real-time MR imaging is its inability to acquire kinematic measurements of
very fast moving joints. While biplane radiography is capable of obtaining these
measurements, it does not acquire the movements of soft tissues and it emits ionizing
radiation (42). Several of these new technologies show the potential of MR imaging of joint
motion. These developments will greatly assist in the diagnosis, treatment and modeling of
the musculoskeletal system.

MR Spectroscopy
As previously mentioned and due to its high contrast resolution, MR imaging is the
preferred imaging modality for identification of soft tissue and bony abnormalities.
However, despite its high sensitivity for malignancy, MR imaging has a low specificity
resulting in the excision or need for biopsy of several indeterminate for further classification
or diagnosis (43–45). Although proton MR spectroscopy (MRS) has been primarily applied
to other organ systems, its application in the musculoskeletal system has been increasingly
studied. With is ability to provide histologic composition noninvasively, it has become one
of the preferred methods for malignancy and lesion characterization. Currently, one of the
most prominently studied metabolites with MRS in the musculoskeletal system is choline.
As a component of the phospholipid metabolism in cell membranes, choline is an indicator
of cell membrane turnover, characteristic of malignant lesions (46–48). Recent studies have
shown that choline can reliably be identified in large malignant bone and soft tissue tumors
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and malignant skeletal sarcomas by using a multiecho point-resolved spectroscopic protocol
at 1.5 T and a multivoxel technique at 1.5 T respectively (49, 50). However, since choline
SNR varies with magnetic field strength, coil type, pulse sequence efficiency, lesion size
and distance between the coil and region of interest, much research is being performed to
develop more robust techniques of quantifying metabolites like choline (51). Preliminary
results have proven the feasibility of such techniques by using water as an internal reference
compound to obtain absolute quantifications of choline (51). Although this water
referencing method assumes constant water content, it is a promising technique with which
choline concentrations can be determined in the musculoskeletal system.

Additional metabolite levels, for example, myocellular lipids are able to be quantified with
the use of proton MRS (52). These lipids are stored either extra-myocellularly as
subcutaneous or interstitial adipose tissue or intra-myocellularly as droplets in muscle
cytoplasm. Evidence shows that extra-myocellular lipids (EMCL) are fairly metabolically
inert whereas intra-myocellular lipids (IMCL) are readily mobilized and turned over in a
matter of hours (53). Quantification of IMCL can be significant as the droplets are in contact
with mitochondria and provide a vast amount of energy during long-term endurance exercise
and are negatively correlated with insulin sensitivity (54–56). Since the application of MR
spectroscopy upon the musculoskeletal system is relatively recent, further investigation of
implementations, methodologies and standardizations are warranted.

Diffusion Tensor Imaging
Diffusion tensor imaging (DTI), which obtains directionality and magnitude measurements
of water diffusion, is a more advanced form of diffusion weighted imaging. DTI acquires
additional details regarding tissue microstructure by allowing diffusion anisotropy effects to
be maximally obtained, characterized and employed. DTI has been applied primarily in the
brain and myocardium, however recently, its benefit to musculoskeletal imaging has been a
large area of research. To date, DTI has been most advantageous in imaging the fiber
orientation and direction of complex muscle fibers as well as imaging the extent of
degradation of articular cartilage.

The application of DTI to the musculoskeletal system has also brought about several
technical considerations that must be reconciled in order to optimize its use. Principal of
these issues, is the relatively short T2 values in the body tissues which constrains SNR.
Increasing the number of averages necessary will minimize noise thereby increasing SNR,
however this comes at the cost of scan time (39, 57).

Upon optimization, DTI provides precise, noninvasive characterization of muscle fascicle
arrangement, which is integral for the comprehension of muscular function and the
construction of internal architectural muscular models (39). Along the same lines, and upon
the assumption that damaged muscle tissues are disordered as opposed to ordered in healthy
muscle tissues, DTI provides an avenue with which to characterize skeletal muscle injury
(58). In addition, DTI has proven effective in the assessment of articular cartilage as it has
the potential to detect early alterations in the arrangement of collagen fibers (59).

Isotropic imaging
Conventionally, MRI of the musculoskeletal system is performed with two-dimensional
(2D) multislice acquisitions. Acquisitions done with fast spin-echo (FSE) are commonly
used as they provide excellent visualization of anatomy, as well as pathology, including
meniscal tears (60, 61), ligamentous injury (62) and cartilage damage (63). Despite these
advantages, 2D-FSE has several drawbacks, the primary of which is that the voxels obtained
are anisotropic, resulting in relatively thick slices in comparison to the in-plane resolution
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leading to partial volume artifact. Anisotropic voxels prevent the images from being
reformatted into various oblique planes. As a result of the slice gaps, cartilage volume and
other important structure quantifications cannot be performed accurately.

The introduction of a recently developed isotropic three-dimensional (3D) imaging
technique by various manufacturers has shown much promise in visualization of anatomy
and pathology as well as in cartilage quantification (Table 1). Isotropic imaging eliminates
slice gaps and reduces partial-volume artifact by obtaining thin continuous slices (64, 65).
The use of isotropic voxels allows images to be reformatted retrospectively into arbitrary
planes in order to better visualize oblique anatomy (66). A significant decrease in scan time
results as reformats can be manipulated from only one acquisition, as opposed to the multi-
plane acquisitions necessary with 2D-FSE. 3D-FSE scans can, however, be limited by
blurring; extended echo trains are making this technique more feasible. Although still in the
research phase, isotropic imaging of the musculoskeletal system shows promising results
(Fig. 6).

uTE imaging
Ultrashort TE (uTE) imaging is made possible due to the fact that several of the components
of human tissue have different T2 values. While tissues such as the liver and white matter
have long T2 values, short T2 values ranging from hundreds of microseconds to tens of
milliseconds have been recorded in ligaments, tendons, menisci, cortical bone and
periostium (67). Conventional T2-weighted imaging techniques do no produce signal from
tissues with short T2 values, however signal changes from long T2 spins are highlighted.
uTE imaging sequences utilize TEs that are 20–50 times shorter than those utilized in
conventional imaging sequences in order to detect signal changes from tissues with short
T2s (68–70). Through the use of these very short echo times, uTE is able to acquire a high
signal from tissues that would typically produce little to no signal, allowing for visualization
of layers and defects of articular cartilage, differentiation between meniscal zones and
enhancement of ligamental scar tissue (Fig. 8). It must be noted, however, that scan times
can be considerable and slice selection can be challenging. Despite these drawbacks, uTE
imaging technology provides a new approach with considerable potential to imaging groups
of musculoskeletal tissue.

T2 Mapping
Much research has demonstrated the early physiologic changes of the cartilage matrix that
occur in asymptomatic osteoarthritis. The cartilage degeneration that occurs with
osteoarthritis is characterized by an increased permeability throughout the cartilage matrix,
allowing for greater water quantity and motion. Increased stress is generated throughout the
matrix as the hydrodynamic fluid pressure is incapable of sustaining the load support.
Resulting from the excessive stress is proteoglycan-collagen matrix degeneration and
cartilage tissue loss. It is important to note that T2 relaxation time is dependent upon
quantity of proteoglycan-collagen matrix and water in the articular cartilage. It is here that
MRI’s sensitivity to biochemical changes in the extracellular environment of the articular
cartilage may allow T2 mapping to observe the earliest changes associated with
osteoarthritis. Initial studies are promising as they show T2 measures to correlate with
proteogylcan-collagen matrix and water changes, content and organization as
physiologically displayed in the early stages of osteoarthritis (71–74) (Fig. 9).

Technical concerns in selection of the appropriate MR imaging technique must be taken into
account when attempting to measure T2 relaxation times (75). A single exponential fit can
be adequate for TEs used in conventional imaging. However, a multi spin-echo technique is
common used to decrease scan time and signal levels are matched to one or more decaying
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exponentials, depending upon whether more than one T2 distributions are thought to be
within the sample. T2 measurements may also be skewed by imperfect refocusing pulses
resulting in regional variation.

T1rho imaging
T1rho imaging, or spin lattice relaxation in the rotating frame, has been demonstrated to be
effective in visualizing early changes resulting from osteoarthritis. This new imaging
technology is made possible when the magnetization is tipped into the transverse plane and
then “spin-locked” by a constant RF field. T1rho is extremely sensitive to changes in the
macromolecular environment, which is exactly what occurs in early osteoarthritis.
Proteoglycan depletion is one of the earliest biomarkers of osteoarthritis and greatly affects
the physio-chemical interactions that exist within the macromolecular content. T1rho,
therefore, is a technique with which to examine the slow-moving interactions that occur
amongst the static water molecules and their extracellular environment. Difficulties arise at
higher field strengths since the effective spin lock frequency is limited by SAR limitations,
and ultimately the technique becomes T2-weighted instead of T1rho-weighted (76). As it
has been shown effective to acquire valuable biomedical information in low frequency
systems, it has been regarded as one of the top imaging tools with which to study early
osteoarthritis development (77, 78) (Fig. 8).

Sodium imaging
Similar to T1rho imaging, sodium imaging shows potential in detecting proteoglycan
depletion in the early stages of osteoarthritis. This imaging method is made possible by the
same MR phenomenon that is displayed in conventional MR imaging, but using sodium
rather than hydrogen atoms to generate signal. The atom used, sodium-23 or 23Na, has an
odd number of protons or neutrons and consequently it possesses a net nuclear spin. Despite
the fact that 23Na is much less prevalent than 1H in the body, concentrations of
approximately 320 mM can be found in normal human cartilage. Issues to consider when
imaging with 23Na as opposed to 1H include its lower concentration, lower resonant
frequency and shorter T2 relaxation times. As a result of these new challenges, longer
imaging times and specialized transmit-and-receive coils must be used.

The mentioned adjustments prove worthwhile as the chemical and biological properties of
the cartilage matrix, allow 23Na imaging to show early, asymptomatic osteoarthritis by
measuring proteoglycan concentration (79, 80). Since positively charged 23Na atoms are
attracted to the proteoglycans, which have a fixed negative charge, quantification of sodium
concentrations can be attained to illustrate the degree of pathology as proteoglycan depletion
occurs. It is important to note, however, that some spatial variation of the concentration of
sodium occurs in even healthy cartilage (81). Aside from SAR limits, 23Na imaging benefits
considerably from higher field, 3.0T and 7.0T systems. Overall, 23Na imaging has proven to
be sensitive to fairly small changes in proteoglycan depletion (82) and provides a strong
technique with which to study, diagnose and treat early stage osteoarthritis (Fig. 9).

Conclusion
MR imaging has long been established as the preferred modality for evaluating almost every
joint of the musculoskeletal system. Despite its success, advancements and developments
are both welcomed and necessary as they continue to revolutionize the field of
musculoskeletal imaging. Most of these improvements are extremely beneficial, everything
considered, but often require modifications in order to optimize their advantages. Much
promising research to resolve outstanding technical considerations is being done in order to
allow each new imaging technique to reach its full clinical potential. Advancements in both
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software and hardware technology have and continue to contribute to the increased
indication of MR imaging in clinical musculoskeletal imaging.
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Figure 1. Images showing comparison between 1.5 and 3.0 T field imaging
A and B, sagittal proton density-weighted images at 1.5 T (A) and 3.0 T (B) of a healthy
anterior cruciate ligament. C and D, axial, fast spin echo images at 1.5 T (C) and 3.0 T (D)
of a cartilage lesion. Better visualization of the anterior cruciate ligament and cartilage
legion is possible at 3.0 T when compared with 1.5 T due to increased SNR (arrows, A, B,
C, D).
(Images A and B reproduced with permission of the Seminars in Roentgenology. Images C
and D courtesy of S. Reeder, University of Wisconsin -Madison).
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Figure 2. Proton density-weighted images of the healthy knee at 3.0 T
A and B, sagittal images with bandwidths of 15 kHz (A) and 42 kHz (B). An approximate
three-fold increase in bandwidth can significantly reduce chemical shift. The anatomy is
more easily visualized and much sharper after the bandwidth increase (arrows, A, B).
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Figure 3. T1-weighted fast spin-echo images of the healthy knee at 3.0 T
A and B, coronal images with TR/TE = 800/20 ms and echo train length of 4 resulted in an
image with 33% of the average radiofrequency power limit compared with multi-slice spin
echo. Slight blurring can be visualized due to the use of a short TE and multiple echoes.
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Figure 4.
Images from a 7.0T MRI system with a two-channel coil. Fat-suppressed spoiled gradient
echo image (A), and fat-suppressed gradient echo image (B). Imaging at 7.0T can improve
spatial resolution of decrease examination times. Images courtesy of B. Rutt and M.
Saranathan, Stanford University.
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Figure 5. Sagittal 3D-FSE images acquired at 3.0T
A) Acquired without ARC parallel imaging and ETL 120. B) Acquired with ARC parallel
imaging, a net acceleration of 3 and ETL 40. The image acquired and reconstructed with
ARC parallel imaging (B) is significantly less blurry however has a lower SNR than (A).
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Figure 6.
Standard fast spin-echo inversion-recovery and SEMAC inversion recovery images of a
patient with a history of chondrosarcoma and total hip replacement. A) 2D-FSE inversion
recovery image. B) SEMAC inversion recovery image. The 2D-FSE inversion recovery
image (A) shows artifact inferior to total hip replacement (arrow). The SEMAC inversion
recovery image (B) shows an area of high signal in the bone marrow (arrow). High signal
was suspicious of recurrent tumor.
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Figure 7.
Humeral Avulsion of the Anterioinferior Glenohumeral Ligament. A) Oblique coronal
proton density 2D-FSE image with fat saturation. B) Oblique coronal 3D-FSE-Cube image.
The shoulder pathology can be seen in any oblique orientation using the isotropic 3D-FSE-
Cube acquisition sequence (arrows, A, B).
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Figure 8. uTE images of patellar articular cartilage
A and B, axial images acquired with TR=500 milliseconds and TE=13.9 microseconds (A)
and TR=300 milliseconds and TE=8 microseconds (B). Allowing for direct visualization of
short T2 components may result in signal alteration in the superficial cartilage at the median
patella ridge showing subchondral bone pathology (arrows, A, B).
(Images courtesy of Christine Chung, UCSD Medical Center, San Diego, CA; Shapiro L,
Staroswiecki E, Gold G. Magnetic resonance imaging of the knee: optimizing 3 Tesla
imaging. Semin Roentgenol 2010; 45:7-11, reproduced with permission of the Seminars in
Roentgenology)
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Figure 9. Images of a 6-month post synthetic biphasic co-polymer plug repair
Proton image (A), color T2 map depicting relaxation times (B) and color T1rho map (C).
The range of T2 relaxation times is shown in the color scale with larger relaxation times
shown in red and shorter relaxation times shown in blue. Early degenerative changes in the
cartilage matrix can be seen in the red and orange regions (B). The range of T1rho
measurements are shown in the color scale. Regions of proteoglycan loss can be seen in red
and orange (C) (arrows, B, C).
(Images courtesy of Hollis Potter, Hospital for Special Surgery, New York, NY; Shapiro L,
Staroswiecki E, Gold G. Magnetic resonance imaging of the knee: optimizing 3 Tesla
imaging. Semin Roentgenol 2010; 45:7-11, reproduced with permission of the Seminars in
Roentgenology)
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Figure 10. Image acquired in a healthy volunteer at 3.0 T
Proton image (spoiled gradient echo) with a sodium image overlay (heat scale). Sodium
imaging has the capability to display proteoglycan content; focal areas in which sodium
concentration is reduced indicate a decreased proteoglycan content.
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Table 1

Chart displaying sequences from various manufacturers.
The names of 3D-Fast Spin Echo, Steady-State Free-Precession and Gradient Echo sequences listed by
manufacturer

3D-Fast Spin Echo Steady-State Free-Precession Gradient Echo

General Electric CUBE GRASS SPGR

Seimens SPACE FISP FLASH

Philips VISTA FFE T1 FFE
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