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The Value of 3 Tesla Field Strength for Musculoskeletal
Magnetic Resonance Imaging
Iman Khodarahmi, MD, PhD and Jan Fritz, MD

Abstract:Musculoskeletal magnetic resonance imaging (MRI) is a careful nego-
tiation between spatial, temporal, and contrast resolution, which builds the founda-
tion for diagnostic performance and value. Many aspects of musculoskeletal MRI
can improve the image quality and increase the acquisition speed; however, 3.0-T
field strength has the highest impact within the current diagnostic range. In addi-
tion to the favorable attributes of 3.0-T field strength translating into high tempo-
ral, spatial, and contrast resolution, many 3.0-T MRI systems yield additional
gains through high-performance gradients systems and radiofrequency pulse trans-
mission technology, advancedmultichannel receiver technology, and high-end sur-
face coils. Compared with 1.5 T, 3.0-T MRI systems yield approximately 2-fold
higher signal-to-noise ratios, enabling 4 times faster data acquisition or double
the matrix size. Clinically, 3.0-T field strength translates into markedly higher scan
efficiency, better image quality, more accurate visualization of small anatomic
structures and abnormalities, and the ability to offer high-end applications, such
as quantitative MRI and magnetic resonance neurography. Challenges of 3.0-T
MRI include higher magnetic susceptibility, chemical shift, dielectric effects,
and higher radiofrequency energy deposition, which can be managed suc-
cessfully. The higher total cost of ownership of 3.0-T MRI systems can be
offset by shorter musculoskeletal MRI examinations, higher-quality exami-
nations, and utilization of advanced MRI techniques, which then can achieve
higher gains and value than lower field systems.We provide a practice-focused review
of the value of 3.0-T field strength for musculoskeletal MRI, practical solutions
to challenges, and illustrations of awide spectrum of gainful clinical applications.

KeyWords:musculoskeletal,magnetic resonance imaging, 3.0T, acceleration, 3D
MRI, whole-body MRI, MR neurography, interventional MRI, metal artifact
reduction MRI
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M usculoskeletal magnetic resonance imaging (MRI) has evolved
into a cornerstone of precision sports medicine and orthopedic

surgery by providing highly accurate information for the detection,
diagnosis, characterization, treatment monitoring, and surveillance
of a broad variety of musculoskeletal conditions of bone, tendons, lig-
aments, muscles, connective tissues, and nerves.1–3

One of thevalue-defining attributes ofmusculoskeletalMRI that set it
apart from radiography, ultrasonography, and computed tomography is the
unparalleled combination of high contrast and high spatial resolution permit-
ting differential display of submillimeter musculoskeletal structures.4,5

Although high diagnostic performance is a critical value compo-
nent, maximizing the efficiency of musculoskeletal MRI examinations

is equally important for its value. Maximized efficiency catalyzes other
value demands, including increasing the availability and accessibility
through increasing the number of examination slots, and improving pa-
tient tolerability by shortening exam durations, thereby reducingmotion
artifacts, decreasing sedation and anesthesia needs in pediatric and adult
patients, improving turnaround times, and maximizing throughput to
offset decreasing reimbursements.6–8

Many hardware and software aspects of MRI contribute to im-
proving the image quality and maximizing the acquisition speed of
musculoskeletal MRI examinations9; however, 3.0-T field strength
may have the highest impact within the current diagnostic range. In ad-
dition to 3.0-T field strength translating into high spatial, contrast, and
temporal resolutions of musculoskeletal MRI examinations, many 3.0-T
MRI systems are additionally equipped with high-performance gradients
systems and radiofrequency pulse transmission technology, advanced
multichannel receiver technology, and high-end surface coils. The quality
of transmitting and receiving components of 3.0-T MRI systems permits
maximizing pulse sequence gains through improved compaction of echo
trains and efficient use of parallel imaging, simultaneous multislice ac-
celeration, compressed sensing–based undersampling, and artificial
intelligence–based image reconstruction.10,11

The higher total cost of ownership of 3.0-T MRI systems can be
offset by shorter and higher-quality musculoskeletal MRI examinations,
utilization of advancedMRI techniques, and shared usewith other services
with similar demands, such as neuroradiology. The benefits of 3.0-T MRI
often outweigh the cost for sites with sufficient daily MRI volumes.

We provide a practice-focused review of the value of 3.0-T field
strength for musculoskeletal MRI, practical solutions to challenges, and
illustrations of a wide spectrum of gainful clinical applications.

THE VALUE PROPOSITIONS OF 3-T MRI
Musculoskeletal MRI is a careful negotiation between spatial, tem-

poral, and contrast resolution, which together define image quality and, ul-
timately, build the foundation for diagnostic performance and value.

At the center of this negotiation is the signal-to-noise ratio (SNR)
yield of anMRI system, which can be considered a surrogate marker for
what is colloquially referred to as “MR signal” and the most important
value-defining currency of musculoskeletal MRI.

The static B0 field strength is the primary factor for the SNR
gain, which secondarily defines the practically attainable spatial, tem-
poral, and contrast resolution and tertiarily image quality, efficiency,
and application diversity (Fig. 1).

Compared with 1.5 T, 3.0-T MRI systems yield an approximately
2-fold higher SNR,12 permitting smaller variations based on generational
differences of magnet design, gradient and radiofrequency coil performance,
signal conversion, multichannel technology, and surface coils (Fig. 2).

The 2-fold SNR gain of 3.0 T has the highest impact on the tem-
poral resolution. Three-Tesla field strength enables 4 times faster data
acquisition to obtain the same SNR than 1.5 Twhile keeping spatial res-
olution and other sequence timing-defining factors constant. As there is
a square root relationship between SNR and the number of excitations
according to SNR~ √ NEX, doubling the SNR requires quadrupling
the number of acquisitions. This relationship can also be expressed as
B0e

1
√t. Practically, the 3.0-T SNR gain permits more effective utilization
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of acceleration techniques for markedly faster acquisition of 2-dimensional
(2D) and 3-dimensional (3D) pulses sequences.10,11

The second-highest impact of the 2-fold SNR gain of 3.0 T is on
the spatial resolution. Two-fold higher SNR typically permits doubling
a 2D matrix size to obtain the same SNR as 1.5 Twhile keeping other
SNR-defining factors constant. This gain is based on a square root rela-
tionship of the SNR difference between the ratio of two 2D matrix sizes
according to SNR~ √ (original matrix size/new matrix size). Practically,
doubling a 2D matrix size requires twice the original SNR, which
means doubling the in-plane resolution of 2D MRI scans at 3.0 T
should result in similar SNR as 1.5-T MRI scans. Similarly, the SNR
gain may be translated into thinner slice acquisitions at 3.0 T.

In addition to the 3-T SNR gains enabling approximately 4 times
faster image acquisitions or 2-fold higher matrix resolution than 1.5 T,
the contrast resolution of musculoskeletal tissues is often higher on 3.0-

T MRI. The combination of higher SNR at 3.0 T and inherent modula-
tion of musculoskeletal T1 and T2 constants result in awider separation
of the T1 recovery and T2 decay curves and visually improved tissue
contrasts (Fig. 2).

PULSE SEQUENCE PARAMETER SELECTION
The field strength–dependent differences of T1 and T2 constants

of synovial fluid, subcutaneous fat and fatty marrow, articular cartilage,
skeletal muscle, menisci, ligaments, and tendons should be considered
for optimal signal gain and contrast when designing musculoskeletal
3.0-T MRI protocols.

At 3.0 T, the T1 constants of musculoskeletal tissues are approx-
imately 20% longer, whereas the corresponding T2 constants are
approximately 15% shorter than at 1.5 T.13 Thus, the longitudinal mag-
netizations of fluid and articular cartilage need more time to recover
sufficiently, whereas the transverse magnetization decays faster.

Fast and turbo spin echo (TSE) pulse sequences serve as good
examples of how T1 and T2 differences translate to clinical protocol dif-
ferences due to their versatility, including the ability to sample T1, pro-
ton density, intermediate, and T2 contrasts for differentiation of
musculoskeletal tissues and characterization of a broad spectrum of
conditions; utilization of various fat suppression techniques, in-
cluding spectrally selective suppression pulses, Dixon techniques, wa-
ter exaction techniques, and short tau inversion recovery (STIR); high
signal gains with optimized repetition time, echo time, echo train
lengths, and inter–echo spacing; the ability for high spatial resolution,
acceleration with parallel imaging, simultaneous multislice acquisition,
and compressed sensing–based undersampling; and ability to accommodate
2D and 3D acquisition schemes, quantitative imaging, diffusion-weighted
imaging, and advanced metal artifact suppression techniques.14,15

Practically, T1 and T2 differences are most impactful for opti-
mizing the fluid brightness and articular cartilage contrast on native
intermediate-weighted, proton density–weighted, and T2-weighted TSE
pulse sequences. The use of optimal repetition and echo time is founda-
tional for (a) maximizing SNR gain, (b) improving the detection and
characterization of anatomical structures and abnormalities associated
with fluid-bright edema, inflammation, and fluid, and (c) optimizing the
display and differentiation of musculoskeletal tissues with inherently
low concentrations of protons, long T1, and short T2, including liga-
ments, tendons, fibrocartilage, and also articular cartilage.16

When designing intermediate-weighted, proton density–weighted,
and T2-weighted pulse sequences for clinical musculoskeletal 3.0-TMRI
protocols, an important consideration is that the cross-over point of fat

FIGURE 1. Relationship of the signal-to-noise ratio (SNR) of the 3.0-T
magnetic resonance imaging (MRI) with temporal, spatial, and contrast
resolution, as well as image quality, efficiency, and application diversity.

FIGURE 2. T1 constants (A) and T2 constants (B) of musculoskeletal tissues at 1.5 T and 3.0 T with associated signal-to-noise ratio (SNR) and contrast to noise
ratio (CNR)differences.Comparedwith1.5T,3.0Tyields approximately twice theSNRandhigherCNR,definedas the yaxisdifferenceof2musculoskeletal tissues.
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and synovial fluid occurs 600 to 700 milliseconds later, at approximately
4200 milliseconds when compared with 1.5 T (Fig. 3). As such, 3.0-T
pulse sequences require longer repetition times to recover the longitudi-
nal magnetization of fluid and articular cartilage sufficiently. Similarly,
as T2 constants are shorter, shorter effective echo times should be used
for 3.0-T protocols to optimize tissue contrast and maximizing the signal
gain. However, the effective echo time differences are smaller and range
typically between 5 and 10 milliseconds.

For proton density–weighted and intermediate-weighted pulse
sequences, repetition times of ≥4000 milliseconds and intermediate
echo times of 30 to 35 milliseconds are optimal for fluid sensitivity,
zonal display of articular cartilage layers, and maximizing the signal
gain (Fig. 4). With repetition times below 2500 milliseconds, the recov-
ery of the T1 constants of synovial fluid is typically insufficient and
may result in dark fluid, which may render MRI scans insensitive for

structural injuries, such as ligamentous disruption, fibrocartilage tears,
and articular cartilage defects.

For T2-weighted MRI scans without and with fat suppression,
the use of repetition times greater than 3800 milliseconds and echo time
approximately 60 milliseconds achieves high fluid specificity. Longer
echo times will further increase fluid specificity but sacrifice the signal
and differential contrast of other tissues. Effective echo times of 60 to
70 milliseconds additionally eliminate relevant magic angle effects.17

The time needed for longer repetition times can be compensated
for with longer echo trains, echo spacing–shortening higher receiver
bandwidths, and acceleration techniques, such as partial phase Fourier
sampling, parallel imaging undersampling, simultaneous multislice ac-
quisition, and compressed sensing–based undersampling.10,11

Fluid brightness can also be improved through driven equilibrium
techniques, which accelerate spin recovery.18 However, driven

FIGURE 4. Proton density-weighted pulse sequence timings based on different repetition times at 3.0-T field strength demonstrating effects of longer T1
constants ofmusculoskeletal tissues at 3.0-TMRI. A, Protondensity-weightedpulse sequencewith a short repetition timeof 2500milliseconds and echo timeof
35 milliseconds results in darker fluid than fat intensity due to insufficient recovery of longitudinal magnetization, which may render MRI scans insensitive for
structural injuries, such as ligamentous disruption, fibrocartilage tears, and articular cartilage defects. B, Proton density-weighted pulse sequence with a longer
repetition time of 4300 milliseconds and an echo time of 35 milliseconds results in synovial fluid having the highest signal intensity above that of fat tissues
due to appropriate recovery of the longitudinal magnetization.

FIGURE 3. T1 constants of musculoskeletal tissues at 1.5 T (A) and 3.0 T (B) using normalized relative signal intensities (y axes) for comparison purposes.
The 3.0-T T1 constants of musculoskeletal tissues (B) are approximately 20% longer than at 1.5 T (A), which is exemplified by the later occurring
cross-over points of synovial fluid and articular cartilage (left dotted lines in A and B), and synovial fluid and fat (right dotted lines in A and B) at 3.0 T. Note
the different y-axes scales indicating approximately 2-fold higher signal-to-noise ratios of 3.0 T (B) than 1.5T (A).
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equilibrium pulses may reduce the overall SNR by up to 10% and may
reduce the contrast resolution of articular cartilage, muscle, fibrocartilage,
ligaments, and tendons.

Native T1-weighted MRI scans are predominantly fat sensitive,
and thus, ideally suited for bone marrow analysis in the setting of oste-
omyelitis, neoplastic disease, and visualization of gadolinium-based
contrast enhancement.1 As the longitudinal magnetization of fatty tis-
sues recovers slower at 3.0 T, practically, 100 to 200 millisecond longer
repetition times can be used at 3.0 T.

GRADIENT AND RADIOFREQUENCY COILS
The practically achievable minimum radiofrequency pulse length,

maximum gradient speed and strength, and widest receiver bandwidth
are important characteristics for MRI system performance that directly
determine the efficiency of musculoskeletal MRI examinations.
Three-Tesla MRI systems often offer higher-performing radiofre-
quency coil and gradient system choices, which further count for per-
formance differences compared with lower field strength MRI systems.

Although often not included in equations for pulse sequence acquisi-
tion times, faster excitation and refocusing radiofrequency pulses occupy less
time within pulse sequences and substantially increase acquisition speed.10

Similarly, fast and strong gradients require less time to prepare
and carry out encoding steps, resulting in faster pulse sequence acquisi-
tions. Gradient speed indicates how fast gradient fields can reach the re-
quested value (slew rate, [T/m/s]), whereas gradient strength (mT/m)
determines how quick gradients can achieve their intended effects. Current
clinical 3.0-T scanners have gradients with slew rates of approximately
200 T/m/s and gradient strengths of approximately 60 to 80 mT/m.

High-performance gradients also permit faster sampling of the
MRI signal at high receiver bandwidths, which reduces chemical shift ar-
tifacts and improves edge sharpness. The resulting shorter inter–echo
spacing additionally may further shorten pulse sequence durations.12

Doubling the receiver bandwidth offsets the 3.0-T SNR gain by approx-
imately 30%. However, optimized repetition and echo times limit the
SNR loss to approximately 18% or less.19,20 In addition, the resulting
shorter echo spacing affords better tissue contrast, decreased susceptibility
artifacts, less blurring, faster acquisitions, and sampling of earlier ech-
oes with higher signal.

CHALLENGES AND SOLUTIONS OF
MUSCULOSKELETAL MRI AT 3.0 T

Susceptibility Artifacts
Microscopic variations in the magnetic field that occur near the

interfaces of materials of different magnetic susceptibility, such as the
air-tissue interface of the paranasal sinuses, result in susceptibility arti-
facts. These artifacts are proportional to the static magnetic field
strength and, therefore, higher at 3.0 T. The same effect results in shorter
T2* values at 3.0 T.21

Except for orthopedic implants, which we discuss below, such
artifacts are of less concern inmusculoskeletal MRI. First, B0 shimming
can be performed more effectively for smaller musculoskeletal body
parts, such as joints, than larger body parts, such as the abdomen. Sec-
ond, interfaces with significantly different magnetic susceptibilities are
less common in musculoskeletal MRI. Moreover, spin echo–based se-
quences are less affected by susceptibility artifacts. One caveat here is
diffusion-weighted imaging, whichmay bemore distorted at 3.0 Twhen
performed with gradient echo–based techniques,22 but can be success-
fully addressed by employing parallel imaging, which allows for imag-
ing at shorter echo times.23

Chemical Shift Artifacts
Type 1 chemical shift artifacts refer to the signal displacement

along the frequency encoding direction due to the different precession

frequencies of fat and water. Because precession frequencies are line-
arly proportional to the field strengths, type 1 in-plane chemical shift ar-
tifacts doublewhenmoving from 1.5 T to 3.0 Tand are compensated for
by using twice the receiver bandwidth for non–fat-suppressed pulse se-
quences.19 At 7.0 T, type 1 chemical shift artifacts are markedly more
pronounced manifesting in-plane and through-plane directions but
can be successfully compensated for with the use of matched and in-
creased excitation and refocusing radiofrequency pulse bandwidths.24

Type 2 chemical shift artifacts are intravoxel signal cancellations
of fat and water protons at echo times when fat and water protons are at
opposite phases. Although occurring at different echo times, type 2
chemical shift–related India ink artifacts do not increase at 3.0 T.21

Dielectric Artifact
Dielectric or standing wave artifacts are referred to abnormal

bright and dark areas due to B1 field inhomogeneity at higher field
strength. Depending on its dielectric properties, a body region can serve
as a radiofrequency resonator, in which case constructive and destruc-
tive B1 interferences can occur with a spatial distribution depending
on body part geometry and radiofrequency pulse wavelength.

The radiofrequency pulse wavelength at 1.5 T is 52 cm, which is
typically larger than the axial dimensions of the human torso. With in-
creased Larmor frequency at 3.0 T, the tissue dielectric constants in-
crease, and the radiofrequency pulse wavelength decreases to 26 cm,
approaching the axial torso dimensions. As a result, both constructive
and destructive areas fall within the imaged region, causing regions of
high and low signal intensity.

Dielectric effects are rare at musculoskeletal 3.0-T MRI due to the
mismatch of small peripheral joints and radiofrequency wavelength. For
rare occurrences in the pelvis, dielectric pads placed next to the patient
can be used for correction. However, modern 3.0-T scanner systems are
equipped with independent transmit channels and radiofrequency shim-
ming capabilities, essentially eliminating this artifact for MSK MRI.25

Magic Angle Effect
Themagic angle effect occurs with short echo time acquisitions in

tissues with anisotropic structural patterns, such as tendons and carti-
lage. When water molecules are preferentially aligned at a
55-degree angle to the static magnetic field, decreased dipole-dipole
interaction results in T2 prolongation.17 This effect is expected to mag-
nify at 3.0 T, although in our experience, it rarely represents a diagnos-
tic challenge beyond what is encountered at 1.5 T.19 The magic angle
effects decrease substantially with TSE pulse sequences using echo
times greater than 60 to 70 milliseconds.

Safety Considerations
Any pulse sequence and acceleration technique should be executed

within mandated specific absorption rate (SAR) limits.26 Three-Tesla pulse
sequences often use higher-energy radiofrequency pulses, which impart
more energy and reach SAR limits faster than 1.5 T.

Specific absorption rate management at 3.0 T includes using
lower refocusing angles, lower-energy flip angle designs, longer repeti-
tion time, shorter echo train length, and reducing the number of slices.27

For minimizing the SAR, reducing the refocusing angle is a reasonable
choice, as the flip angle has a quadratic effect on SAR. Practically, re-
ducing conventional refocusing angles as low as 120 degrees often
has often little influence on perceptible image quality.

MUSCULOSKELETAL APPLICATIONS OF 3.0-T MRI

Large Joint Magnetic Resonance Imaging
Depending on how the SNR gain of 3.0 T is applied (Fig. 1), 3.0-T

MRI facilitates high spatial and contrast visualization of anatomic large
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joint structures routinely at 400 μm and less for exquisite visualization of
fine anatomical detail.

Although not uniform, multiple studies show that 3.0-T advan-
tages translate into superior diagnostic performance for detecting small
lesions, such as partial-thickness cartilage defects and partial-thickness
rotator cuff tendon tears.

A knee MRI meta-analysis found a 70% specificity and 85%
sensitivity for 3.0-T MRI detection of articular cartilage lesions and
an overall higher diagnostic effectiveness than 1.5-T MRI.28 The diag-
nostic performances of 1.5-T and 3.0-T MRI were similar for ligamen-
tous and meniscal lesions. Similarly, a study comparing combined
simultaneous multislice parallel imaging–accelerated 5-minute 1.5-T
and 5-minute 3.0-T knee MRI protocols that differed in spatial resolu-
tion only found higher 3.0-T detection rates for partial-thickness artic-
ular cartilage defects, whereas the detection rates for meniscal and
ligamentous tears were similar.29

Three-Tesla MRI and 1.5-T magnetic resonance arthrography
(MRA) have similarly high detection rates for acetabular labrum tears;
however, 3.0-T MRI is superior to 1.5-T MRA for diagnosing acetabu-
lar cartilage defects.30,31

Three-Tesla MRI perform better than 1.5-T MRI and MRA for
detecting glenoid labral tears, as well as partial-thickness rotator
cuff tears. Based on meta-analyses, 3.0-T MRI has an 80% sensi-
tivity and 90% to 99% specificity for detecting labral and rotator
cuff tears.32,33

Small Joint Magnetic Resonance Imaging
Three Tesla is ideal for evaluating the delicate ligamentous

structures and thin articular cartilage layers of small extremity joints
(Fig. 5),34,35 whereas the detectability of larger abnormalities, such as
bone marrow edema, nondisplaced fractures, and osteomyelitis, may
be similar between 1.5 T and 3.0 T.36

Three-Tesla MRI of the wrist has significantly higher SNR,
higher contrast-to-noise ratios, and superior visibility of anatomic struc-
tures than 1.5-T systems.37,38 In a 2007 study, 3.0-TMRI had higher in-
terobserver agreement than 1.5 T for detecting wrist articular cartilage
abnormalities,39 although the diagnostic performances were similar,
which may relate to the absence of a dedicated 3.0-T wrist coil.
Three-Tesla MRI has higher diagnostic performance for diagnosing
tears of the triangular fibrocartilage complex and scapholunate interosseous
ligament (Fig. 6).12,40

Acceleration Techniques
The SNR surplus and use of high-quality multichannel receiver

array coils render 3.0 T ideally suited for parallel imaging acceleration
of 2D and 3D pulse sequences, including TSE pulse sequences.41

Two-fold or 3-fold accelerations can be achieved by only sampling ev-
ery second or third line in k-space, respectively.

Simultaneous multislice acquisitions excite several slices of a
stack at the same time,42 rather than successively as with conventional

FIGURE 5. A 28-year-old man with an acute thumb injury sustained during playing American football. A, Coronal oblique T2-weighted 3.0-T MRI scan
with SPAIR fat suppression (repetition time, 4300milliseconds; echo time, 61milliseconds; voxel size, 0.3� 0.3� 2.0mm) demonstrates nondisplaced
full-thickness tears (arrows) of the proximal and distal attachments of the ulnar collateral ligament of themetacarpophalangeal joint of the thumb. There is
no Stener lesion. B, Sagittal oblique T2-weighted 3.0-T MRI scan with SPAIR fat suppression (repetition time, 4100 milliseconds; echo time,
58 milliseconds; voxel size, 0.3� 0.3� 2.0 mm) demonstrates a partial-thickness tear (gray arrow) of the volar plate of the metacarpophalangeal joint of
the thumb, and partial tear of the proximal volar aspect of the joint capsule (black arrow). The MRI scans were obtained with a commercial 3.0-T MRI
system (slew rate, 200 T/m/s; gradient strength, 60 mT/m) and a dedicated 16 receiver channels wrist coil.
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techniques.43 The multislice signal can be deconvoluted based on coil
sensitivity profiles of multichannel array coils, controlled aliasing in
parallel imaging results in higher acceleration (CAIPIRINHA), and
field of view shifting.44 Simultaneous multislice acquisition tech-
niques can be applied to various pulse sequences, including 2D
diffusion-weighted imaging45–47 and 2D TSE pulse sequences.48

Modern blipped simultaneous multislice acquisition techniques
are nearly signal neutral because of the sole signal-to-noise reduction
dependency on g-factor loss.49 Dedicated radiofrequency pulse de-
signs,50 lower flip angles, peripheral joint location, and local transmit

coils are important factors to manage higher SAR values, as multiple
slices are excited at the same time.

Efficiency gains of simultaneous multislice acquisition are based
on acquiring more slices during each repetition time, effectively reduc-
ing the required minimum total repetition time to complete a pulse
sequence or excess of repetition time once simultaneous multislice
acquisition is added.9,48

Practically, the simultaneous multislice acceleration factor can
be traded for concatenations, which results in a directly proportional re-
duction of acquisition time. Other options include the time-neutral use

FIGURE 6. A 44-year-old man with intermittent proximal wrist pain after remote wrist trauma. A, Coronal T2-weighted 3.0-T MRI scan with SPAIR fat
suppression (repetition time, 4180 milliseconds; echo time, 61 milliseconds; voxel size, 0.3 � 0.4� 2.2 mm) of the wrist shows a central full-thickness
tear (white arrow) of the triangular fibrocartilage disc and a scar-remodeled, but continuous scapholunate ligament (gray arrow). B, Axial proton
density–weighted 3.0-T MRI scan (repetition time, 4450 milliseconds; echo time, 31 milliseconds; voxel size, 0.3 � 0.43 � 2.5 mm) demonstrates a
scar-remodeled partial-thickness tear (arrow) of the dorsal distal radioulnar ligament. The MRI scans were obtained with a commercial 3.0-T MRI system
(slew rate, 200 T/m/s; gradient strength, 60 mT/m) and a dedicated 16 receiver channels wrist coil.

TABLE 1. Four-Fold-Accelerated 3.0-T Knee MRI Protocol Using Combined Simultaneous Multislice and Parallel Imaging

Pulse Sequence Parameters Sagittal PD TSE Sagittal T2FS TSE Axial PDFS TSE Coronal PD TSE Coronal PDFS TSE

Repetition time, ms 4000 3700 3600 4000 4000
Echo time, ms 23 56 57 23 35
Fat suppression — SPAIR SPAIR — SPAIR
PI acceleration factor 2 2 2 2 2
SMS acceleration factor 2 2 2 2 2
FOV shift 4 4 2 4 4
Echo train length 11 11 11 4 7
Bandwidth, Hz/px 354 299 296 358 298
Echo spacing, ms 7.5 8.0 7.1 7.5 7.1
Radiofrequency pulse type Fast Fast Fast Fast Fast
Gradient mode Performance Performance Performance Performance Performance
Field of view, mm2 140 � 140 140 � 140 140 � 140 140 � 140 140 � 140
Matrix frequency resolution 336 304 272 336 272
Matrix phase resolution 75% 75% 75% 75% 75%
Slice thickness, mm 3.0 3.0 3.0 3.0 3.0
Distance factor 10% 10% 10% 10% 10%
Slices 38 38 38 36 36
Phase direction Head-to-foot Head-to-foot Right-to-left Head-to-foot Head-to-foot
Flip angle, degree 125 125 125 125 125
Phase oversampling 39% 83% 38% 39% 94%
Acquisition time, min:s 01:17 01:23 01:00 01:16 01:24

MRI, magnetic resonance imaging; PD, proton density weighting; T2, T2 weighting; T1, T1 weighting; FS, fat suppression; SPAIR, spectral attenuated inversion
recovery; PI, parallel imaging; SMS, simultaneous multislice acquisition; TSE, turbo spin echo.
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of spectrally adiabatic inversion recovery (SPAIR) fat suppression
(Table 1), longer echo trains, a time-neutral increase of the number
of slices, or the use of thinner slices while keeping the anatomical
coverage constant.

Simultaneous multislice and parallel imaging acceleration have
synergistic effects because simultaneous multislice acceleration is near
signal neutral but increases SAR, whereas parallel imaging results in
the signal loss but similar SAR48 (Fig. 7).

FIGURE 8. A 62-year-old manwith chronic knee pain. Four-fold–accelerated 10-minute 3.0-T 3D isotropic kneeMRI using proton density–weighted and
fat-suppressed T2-weighted 3D CAIPIRINHA SPACE TSE pulse sequences. Sagittal, coronal, and axial MR reformation images demonstrate a
degenerated, partial-thickness medial meniscus tear (white arrows) of the posterior segment with a small displaced fragment (black arrows). The MRI
scans were obtained with a commercial 3.0-T MRI system (slew rate, 200 T/m/s; gradient strength, 45 mT/m) and a dedicated 1-transmit 15 receiver
channels knee coil.

FIGURE 7. A 29-year-old man with an acute basketball injury of the right knee. Four-fold–accelerated 3.0-T knee MRI with combined simultaneous
multislice and parallel imaging acceleration as shown in Table 1. A, Sagittal proton density–weighted MRI scan demonstrates a full-thickness anterior
cruciate ligament tear (arrow). B, Sagittal T2-weightedMRI scanwith fat suppression demonstrates a vertical tear (arrow) of the lateral meniscuswith pivot
shift-type bone marrow edema contusion pattern. C, Axial proton density–weighted MRI scan with fat suppression demonstrates a joint effusion and
intact patellofemoral cartilage. D, Coronal proton density–weighted MRI scan demonstrates a vertical tear (arrow) of the lateral meniscus. E, Coronal
T2-weighted MRI scan with fat suppression demonstrates posterior root tears of the medial (white arrow) and lateral (gray arrow) menisci. The MRI
scans were obtained with a commercial 3.0-T MRI system (slew rate, 200 T/m/s; gradient strength, 60 mT/m) and a dedicated 1-transmit 18 receiver
channels knee coil.
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Combined simultaneous multislice and parallel imaging acquisi-
tions facilitate 4-fold–accelerated 5-minute knee MRI consisting of 5
pulse sequences with different image contrasts and plane orientations
equivalent to 2-fold 10-minute parallel imaging–accelerated kneeMRI.29

Compressed sensing acceleration commonly refers to the combi-
nation of undersampling of sparse k-space regions and dedicated image
reconstruction algorithms that recover missing data.51,52

FormusculoskeletalMRI, compressed sensing–based undersampling
with iterative image reconstruction can achieve faster data acquisition

and retain more SNR than parallel imaging acceleration when applied
to advanced metal artifact reduction,53–55 dynamic contrast enhance-
ment angiography,56 and 3D pulse sequences.57

In practice, compressed sensing slice encoding for metal artifact
correction (SEMAC) TSE affords 8-fold–accelerated metal artifact re-
duction of MRI of hip,58,59 knee,60 and ankle61–63 arthroplasty implants,
whereas parallel imaging–accelerated SEMEC is usually limited to
a factor of 3.64–67 Compressed sensing acceleration with elliptical
scanning enable 60% to 70% faster SEMAC acquisitions.58,60–62,68

FIGURE 9. A 72-year-old man with a history of myxoid liposarcoma. A, Coronal STIR 3.0-T whole-body MRI scan shows multiple liposarcoma osseous
metastases (arrows) of the pelvis and spine. B, Sagittal contrast-enhanced fat-suppressed T1-weighted 3.0-T whole-body MRI scan shows multiple
enhancing liposarcoma osseous metastases (arrows) of the spine. TheMRI scans were obtained with a commercial 3.0-TMRI system (slew rate, 200 T/m/
s; gradient strength, 45 mT/m) using body matrix surface and spine coil arrays. Case courtesy of Prof Dr Marius Horger, Eberhardt Karls University,
Tübingen, Germany.
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Three-Dimensional Magnetic Resonance Imaging
Parallel imaging acceleration is essential for the clinical use of 3D

TSE pulse sequences, such as sampling perfection with application opti-
mized contrast using different flip-angle evolutions (SPACE).69

As 3D TSE pulse sequences have 2 phase encoding directions,
and the acquisition time is directly proportional to the total number of
bidirectional phase-encoding steps, the baseline acquisition time is
much longer for musculoskeletal protocols with high isotropic spatial
resolution, such as 0.5� 0.5� 0.5 mm3. However, because the square
root of the number of phase encoding steps is proportional to the SNR,
3D TSE sequences yield an abundance of SNR and opportunity for ad-
vanced parallel imaging acceleration.

The 2 phase encoding directions render 3D pulse sequences ac-
cessible for bidirectional parallel imaging acceleration. Two-dimensional
CAIPIRINHA additionally uses a shift between the 2 undersampling direc-
tions, which improves image reconstruction, noise, and aliasing artifacts.70

Three-dimensional TSE pulse sequences have undergone a
remarkable evolution, reaching high accuracies for the diagnosis of
internal derangement in children71 and adults.72–76 The 3D CAIPI-
RINHA SPACE TSE pulse sequence facilitates 4-fold–accelerated
high-resolution multicontrast isotropic MRI of the knee and ankle
in less than 10 minutes,70,71,77–79 which is twice as fast as the origi-
nal 3D SPACE TSE pulse sequence.80,81 Flip angle modulation
schemes produce T1-weighted, intermediate-weighted, and fat-suppressed
fluid-sensitive T2-weighted contrasts for sports imaging of the
knee70,71,79,82 (Fig. 8), foot and ankle,77,78 and tumor MRI.83

Three-dimensional CAIPIRINHA SPACE TSE also facilitates artifi-
cial intelligence–based synthetic fat suppression.84 Isotropic 3D
data sets may also be created from 2D TSE MRI scans through
superresolution reconstruction.85

Compressed sensing–accelerated acceleration of 3D SPACE
TSE afforded an unprecedented 6-fold acceleration and recovery of
enough SNR to realize 0.5-mm isotropic data acquisition of
fluid-sensitive fat-suppressed T2-weighted data sets within 5 minutes
of acquisition time for each sequence.57 Compressed sensing has also
been used to accelerate 3D CUBE fast spin echo.86

Quantitative Magnetic Resonance Imaging
Quantitative compositional analysis of musculoskeletal tissues,

including T2, T2*, T1-rho relaxation times, diffusivity, and sodium
content, have evolved into biomarkers for a variety of pathologic mus-
culoskeletal processes.

In clinical practice, the long acquisition times often restrict con-
ventional T2 mapping techniques to low resolution. However, at 3.0 T,
modern T2 quantification techniques using combined parallel imaging
and model-based mapping provide fast, accurate, and SAR-compliant
high-resolution T2 mapping87–90 and full-spectrum synthetic MRI.91

Oncologic Magnetic Resonance Imaging
Three-Tesla MRI of musculoskeletal tumors permits multiparametric

anatomic and functional evaluations. The high 3.0-T SNR gain of 3D
spoiled gradient echo–based sequences, such as volumetric interpolated

FIGURE 10. Nulling of the cerebrospinal fluid signal at 3.0 T. A, Sagittal conventional T1-weighted TSE 3.0-TMRI scan of the lumbar spine demonstrates
suboptimal signal hypointensity (arrow) of the cerebrospinal fluid within the thecal sac. B, Sagittal T1-weighted TSE 3.0-T MRI scan with additional
fluid-attenuated inversion recovery (FLAIR) facilitated improved signal hypointensity (arrow) of the cerebrospinal fluid within the thecal sac. Note the
overall low signal intensity of the vertebral body bone marrow due to higher contents of red marrow. The MRI scans were obtained with a commercial
3.0-T MRI system (slew rate, 200 T/m/s; gradient strength, 60 mT/m) and spine coil array.

Investigative Radiology • Volume 56, Number 11, November 2021 Value of 3.0 T for MSK MRI

© 2021 Wolters Kluwer Health, Inc. All rights reserved. www.investigativeradiology.com 757

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

www.investigativeradiology.com


breath-hold examination (VIBE) for delayed contrast-enhanced T1-
weighted acquisitions, is advantageous over conventional 2D TSE se-
quences due to faster acquisitionwith high isotropic resolution, which en-
ables multiplanar reformation.92

The T1 shortening effect of gadolinium chelate–based contrast
agents is unaffected by the field strength.93,94 However, because tissues
generally have longer T1 values at 3.0 T, the contrast between enhanced
and unenhanced tissue is accentuated, which can be used to lower
gadolinium-based contrast doses at 3.0 T.21,95

Avaluable addition to anatomic sequences is chemical shift MRI
with in-phase and opposed-phase image acquisition to differentiate
bone marrow-replacing neoplasms from nonneoplastic conditions such
as edematous or hematopoietic marrow. A signal drop of <20% (1.5 T)
or <25% (3 T) on opposed-phase images relative to in-phase images is
suggestive of neoplastic marrow replacement.96,97 Importantly, at 3.0 T,
the opposed-phase image should be acquired before the in-phase image

because exaggerated susceptibility artifacts on a later acquired opposed-
phase sequence may lead to an overestimation of the actual signal drop.98

Diffusion-weighted imaging (DWI) is a surrogate marker for
tissue cellularity based on the principle that intracellular water protons
are less mobile than their extracellular counterparts. Owing to inher-
ently lower DWI signal, 3.0 T is the clinical field strength of choice.99

Diffusion-weighted imaging and ADC mapping have been used to dif-
ferentiate traumatic from pathological vertebral body fractures, differ-
entiate benign from malignant soft tissue and bone lesions, detect
tumor recurrence, and quantify treatment responses.100

Whole-Body Magnetic Resonance Imaging
Initially, 1.5-T MRI systems were preferred for whole-body

(WB) MRI due to their lower susceptibility and dielectric artifacts101;
however, modern 3.0-T MRI scanners permit high-resolution

FIGURE 11. Six-minute 4-sequence 3.0-TMRI examination of the lumbar spine, including sagittal T2-weighted (A), sagittal STIR (B), sagittal T1-weighted
FLAIR (C), and axial T2-weighted (D) TSE pulse sequences. The high SNRs afforded by 3.0 T translate into faster imaging acquisition and higher spatial
resolution with high anatomical detail, such as the cauda equina (white arrows in A and B and D). In comparison to Figure 10, there is higher T1 signal
intensity of the vertebral body bone marrow (asterisk in C) due to higher fat contents. The MRI scans were obtained with a commercial 3.0-T MRI
system (slew rate, 200 T/m/s; gradient strength, 60 mT/m) and spine coil array.
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multiparametric whole-body MRI in 30 to 40 minutes examination
time.102,103

Protocol typically includes fat-sensitive sequences (T1-weighted
or Dixon TSE), fluid-sensitive sequences (STIR or Dixon with water-
and fat-only reconstruction), functional sequences (DWI with ADCmaps),
and optional contrast-enhanced fat-suppressed T1-weighted pulse se-
quences to detect and characterize lesions comprehensively (Fig. 9).

Whole-body MRI is established for screening, diagnosis, and
surveillance of Li-Fraumeni syndrome,104 neurofibromatosis and
schwannomatosis,102,103 multiple myeloma,105 and chronic recurrent
multifocal osteomyelitis.106–108

Spine Magnetic Resonance Imaging
The high spatial resolution capabilities render 3.0-T MRI ideal

for evaluating fine neuroanatomical structures of the spine.109

Nulling of the cerebrospinal fluid signal may be incomplete at
3.0-TMRI because of longer T1 relaxation times, which can be remedied
with the addition of a fluid-attenuated inversion recovery (FLAIR)
pulse110 (Fig. 10). In patients with a high fraction of red marrow com-
ponents relative to fatty marrow, vertebral body bone marrow may ap-
pear darker on 3.0 Twhen compared with 1.5 T (Fig. 10), whereas in
patients with predominantly fatty vertebral body marrow, this phenom-
enon is less pronounced (Fig. 11).111

Pulsation and flow artifacts of cerebrospinal fluid are often more
pronounced on T2-weighted TSE pulse sequences but can be suppressed

with head-to-foot phase encoding, saturation bands, shorter echo times
concatenations, and through-plane flow compensation.112

Like in other body regions, isotropic 3D acquisitions of the spine
can benefit from higher SNR at 3 T.113 Fluid-sensitive gradient echo
pulse sequences, such as CISS and FIESTA-C, provide high fluid signal
for excellent delineation of small nerve roots. Three-dimensional TSE-
based pulse sequences are less affected by susceptibility artifacts and re-
duce partial volume effects.112,114 Three-dimensional dual-echo steady
state has recently been shown to provide excellent delineation of small
nerve roots for the cervical spine.115

Three-dimensional VIBE sequences at 3.0 T provide high-resolution
isotropic data sets with excellent multiplanar image quality, homoge-
neous water excitation-based fat suppression, and reduced susceptibil-
ity to field inhomogeneities and pulsation artifacts due to short echo
times. Unenhanced high-resolution VIBE images at 3 T can replace
CT in the detection and characterization of pars fractures, whereas
fat-suppressed contrast-enhanced VIBE data sets have better image
quality and neoplastic lesion conspicuity than the T1-weighted TSE
images.116

Magnetic Resonance Neurography
Three-TeslaMRI is preferred for magnetic resonance neurography

(MRN), which refers to combined high contrast and high-resolutionMRI
of peripheral nerves, using 2D and 3D T1- or intermediate-weighted,
fat-suppressed T2-weighted, and diffusion-weighted pulse sequences.

FIGURE 13. A 47-year-oldmanwith lateral hip pain after right hip arthroplasty. Three-Teslametal artifact reductionMRI of right hip arthroplasty implants
using 8-fold compressed sensing–accelerated coronal proton density–weighted (A), coronal STIR (B), and axial proton density–weighted (C) SEMAC
TSE pulse sequences show high-grade partial-thickness tearing the lateral footprint of the gluteus medius with chronically scar-remodeled and thinned
tendon (black arrows), atrophy of the abductormuscle bulk, andmature heterotopic bone formation (white arrows). TheMRI scanswere obtainedwith
a commercial 3.0-T MRI system (slew rate, 200 T/m/s; gradient strength, 60 mT/m) and 18 receiver channel surface and spine coil arrays.

FIGURE 12. Magnetic resonance imaging–guided 3.0-T magnetic resonance arthrography of the left shoulder in a 32-year-old American football player
with chronic shoulder pain. A, Diagnostic axial proton density–weighted TSE MRI scan without intra-articular contrast shows a coapted anteroinferior
labrum (arrow). B, Interventional axial proton density–weighted TSE MRI scan demonstrating intra-articular glenohumeral needle puncture (arrow)
through the rotator interval for intra-articular MR arthrographic injection of gadolinium-enhanced sterile saline. C, Diagnostic axial fat-suppressed
T1-weighted TSE magnetic resonance arthrography image unmasks a small Perthes lesion of the anteroinferior labrum (large arrow), whereas the
posterior capsular attachment is intact (small arrow). Combined diagnostic and interventional MRI were obtainedwith a commercial 3.0-TMRI system
(slew rate, 200 T/m/s; gradient strength, 45 mT/m) and a dedicated 16 receiver channels shoulder surface coil.
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Multiple signs of fascicular abnormality and neuropathy are more con-
spicuous on high-resolution 2D and 3D 3.0-T MRI scans.117–120

Magnetic resonance neurography at 3.0 T enables the depiction
of the location, extent, cause, and character of neuropathy in various an-
atomic regions ranging from brachial and lumbosacral plexus tovarious
peripheral nerves.121,122 Comparedwith 1.5 T, 3.0-TMRNhad superior
brachial plexus visibility, although the diagnostic performances were
similar.123 Three-Tesla diffusion-weighted MRN showed superior visu-
alization of the lumbosacral plexus but not of the brachial plexus com-
pared with 1.5 T.124

In the presence of hip arthroplasty implants, lumbosacral spinal
instrumentation, and pelvic osteosynthesis implants, MRN at 1.5 Tmay
be beneficial.125

Interventional Magnetic Resonance Imaging
Interventional MRI has emerged as a powerful modality for pro-

cedures in which the target is poorly visible or inaccessible by other mo-
dalities in adults126–132 and children133–135 and to avoid exposure to
ionizing radiation.136,137 Although deep perineural injections benefit
disproportionately from the high spatial resolution capabilities of 3.0-
T MRI,138–142 daily routine procedures, such as MR arthrography, can
be performed in a 1-stop-shop approach as well (Fig. 12). The high spa-
tial resolution permits intermittent or continuous anatomic localization,
needle confirmation, and injection or ice ball monitoring in as little as
1 second per frame with high anatomic detail and fluid conspicuity.143–145

Using optimized TSE–based sequences with high receiver
bandwidth and SEMAC TSE, passive visualization of MR-conditional
needles and devices is practically as effective at 3.0 T than lower field
strengths.146,147

Heating of modernMR-conditional needles for perineural, artic-
ular, and spinal injections is less of a safety concern at 3.0 T than 1.5 T
using appropriate pulse sequences and parameters.148,149

Metal Artifact Reduction Magnetic Resonance Imaging
High-quality MRI in the presence of metal orthopedic implants

may be the most challenging task at 3.0 T due to approximately 2-fold
exaggerated metallic susceptibility artifacts that cause periprosthetic sig-
nal loss, signal displacement with voids and pileups, and failed spectral
fat suppression.53,55,150

However, novel multispectral and multispatial imaging tech-
niques can be equally effective at 3.0 T and 1.5 T54 (Fig. 13). Direct
intrasubject comparison of 1.5 T- and 3.0 T-optimized SEMAC TSE
pulse sequences showed slightly larger metal artifacts of hip, knee, and
ankle arthroplasty implants, but comparable diagnostic performance for
a broad variety of abnormalities.151 At 3.0 T, the combined use of parallel
imaging, elliptical sampling, and compressed sensing undersampling
permits 8-fold–accelerated SEMAC TSE for acquisition times of 4 to
6 minutes per pulse sequence.58,60,62

Modern 3.0-T MRI systems with parallel transmit capability may
even bemore effective to offset B1-related artifacts than 1.5 T, which is an
active area of research.152

The use of high-bandwidth radiofrequency pulses in the range of
4000 Hz instead of conventional 850 Hz with local transmit-receive
knee coils afford substantially reduced through-plane metal artifacts,
which permit using fewer SEMAC-encoding steps or omitting SEMAC
for titanium-based implants.153

At 1.5 Tand 3.0 T, metal artifact reduction MRI is routinely per-
formed in an off-label fashion as there is no safety labeling for most im-
plants. Although traction and rotational forces are less of a safety
concern at 3.0 Twith modern orthopedic implants, heating has no direct
correlation with the static field strength and depends on various other
factors such as implant size and radiofrequency pulse polarization.148

A recent study of hip arthroplasty implants demonstrated overall low
degrees of MRI-related heating at 3.0 T and 1.5 T, whereas heating
was lower at 3.0 T than 1.5 T, suggesting a lower risk at 3.0 T.154

CONCLUSIONS
Musculoskeletal MRI is a careful negotiation between spatial,

temporal, and contrast resolution, in which 3.0-T MRI excels with high
efficiency and image quality of a broad variety of basic and advanced
musculoskeletal applications that offset the higher total cost of owner-
ship for institutions with meaningful demands for musculoskeletal MRI.
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