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Abstract

The following White Paper will discuss the appropriateness of gadolinium administration in MRI for musculoskeletal indica-
tions. Musculoskeletal radiologists should consider the potential risks involved and practice the judicious use of intravenous
contrast, restricting administration to cases where there is demonstrable added value. Specific nuances of when contrast is
or is not recommended are discussed in detail and listed in table format. Briefly, contrast is recommended for bone and soft
tissue lesions. For infection, contrast is reserved for chronic or complex cases. In rheumatology, contrast is recommended
for early detection but not for advanced arthritis. Contrast is not recommended for sports injuries, routine MRI neurography,

implants/hardware, or spine imaging, but is helpful in complex and post-operative cases.
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Introduction

Gadolinium-based contrast agents (GBCA) have become
an integral part of medical practice in the USA, although
there are short- and long-term risks associated with their
use. The short-term risks include issues with intrave-
nous access including infection, contrast extravasation,
and air embolus. There are also acute adverse reactions
which are divided into physiologic reactions (metallic
taste, nausea, vomiting, vasovagal reaction, shortness of
breath) and rare allergic-like reactions (rate of 0.1%).
Of the allergic-like reactions, 90% are urticaria (hives),
and 10% are anaphylaxis, with a risk of death of 1 per
million [1]. GBCA are contraindicated in pregnancy,
as they cross the placenta into the fetal circulation, are
excreted by fetal kidneys, and remain in amniotic fluid
for the length of the pregnancy. Since only a very small
percentage of the GBCA that is excreted into breast milk
is absorbed by infants’ gut, the latest recommendation
from the ACR and ACOG is to not interrupt breastfeed-
ing after GBCA administration [2].

Long-term risks from GBCA administration, including
nephrogenic systemic fibrosis (NSF), are associated with
older linear Group I agents [3]. Macrocyclic agents lack
association with NSF. The lack of cases associated with
Group II GBCAs led to the ACR’s recommendation that
eGFR screening is no longer necessary when these types of
contrast are administered [4-6].

Despite the safety of Group II agents with respect to
NSF, the discovery of retained gadolinium deposition
in the brain after the administration of macrocyclic as
well as linear agents has led to renewed debate over the
administration of GBCA for medical imaging [7, 8]. An
unrevised statement issued by the FDA in 2017 indicated
that there was no evidence that gadolinium deposition in
the brain is clinically harmful, but a new class warning
was also issued later that year stating that brain deposi-
tion occurs and that the distribution of a new patient
medication guide was deemed necessary to properly
inform patients of the issue [9].

In addition to the potential side effects of contrast, there
is a growing body of literature which states that contrast
is not necessary for certain indications [10-13]. Other
disadvantages include longer scan times when contrast is
administered.

The following White Paper will discuss the appropri-
ateness of gadolinium administration in MRI for mus-
culoskeletal indications. Musculoskeletal radiologists
should consider the potential risks involved and prac-
tice the judicious use of intravenous contrast, restrict-
ing administration to cases where there is demonstrable
added value (Table 1).
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Oncology: bone lesions
Background

MRI plays a vital role in the evaluation of bone lesions. Non-
contrast conventional (T1-weighted (T1W), fluid-sensitive)
and advanced (diffusion-weighted imaging (DWI), chemical
shift imaging (CSI)) techniques, combined with radiography
and clinical data, are often adequate for detection, charac-
terization, and evaluation of the extent of pediatric and adult
bone lesions [14, 15].

Added benefit of contrast

Following contrast administration, bone tumors may exhibit
a variety of characteristics that can be used for tumor charac-
terization, biopsy planning, and treatment response assess-
ment [16]. Differentiating a solid from a cystic lesion is
paramount to bone lesion interpretation and management,
with non-neoplastic fluid-containing entities including sub-
chondral cysts, abscesses, and simple bone cysts that may all
mimic tumors [17]. In addition, chondroid lesions are inher-
ently T2 hyperintense and could be mistaken for a cystic
lesion without contrast. While not always required for bone
tumor detection and determination of medullary extent [18-
20], contrast can be helpful for assessing soft tissue extent.

Detection and extent of disease

For the detection and determination of the extent of bone
lesions, a non-contrast TIW sequence (SE/FSE) is often
sufficient and forms the foundation of a bone tumor MRI
protocol by offering excellent contrast resolution between
the tumor and the background of normal fatty marrow. In the
presence of abundant red marrow, the detection and evalua-
tion of the extent of the tumor may be limited. In this case,
the addition of DWI and in-phase (IP) and opposed-phase
(OP) imaging reveals the bone tumor extent. Bone marrow
imaging is especially challenging in the pediatric population
due to a drastically changing proportion of red marrow with
age. However, this, too, can be improved by the use of DWI
and chemical shift imaging [18, 19, 21]. The Dixon method
can achieve uniform fat suppression and is useful for detect-
ing pathology on post-contrast imaging [22].

Characterization

For the characterization of bone lesions, conventional MRI
lacks adequate specificity. For this reason, intravenous
contrast is often administered during the workup of an
unknown lesion to differentiate cysts from solid lesions, to
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Table 1 Summary of recommendations for contrast use in musculoskeletal MRI
Contrast recommendation Explanation, exceptions, and considerations
Oncology — bone lesions
Detection No Utilize DWI, CSI if possible
Disease extent No Utilize DWI, CSI if possible
Characterization Yes Utility:
-Cyst vs. solid
-Benign vs. malignant
-Biopsy planning
After neoadjuvant therapy and surgery Yes Utility:
-Diagnose recurrent tumor
Oncology — soft tissue lesions
Detection No Non-contrast imaging sufficient
Disease extent Yes DWI may serve the same role as contrast
Characterization Yes Utility:
-Cyst vs. solid
-Benign vs. malignant
-Low vs. high flow
-Biopsy planning
(-DWI may be sufficient for some histologies)
After neoadjuvant therapy and surgery Yes Utilize DCE for recurrent tumor vs. scar and post-
operative collections
Infection — adults
Routine acute and chronic osteomyelitis No T1w and T2w images typically adequate
Complications of subacute and chronic osteomy-  Yes Utility:
elitis -Detect bone and soft tissue abscesses
-Detect ulcers, sinus tracts
Neuropathic joint with superimposed infection Yes Utility:
-Highlight ulcer and sinus tracts as signs of infection
Extent of soft tissue infection Yes Utility:
-Highlight devitalized tissue
Rheumatology
Extremities
Early arthritis detection Yes Utility: detect synovitis
(Consider for follow-up of synovitis)
Advanced arthritis No Utility:
-Erosions and marrow edema well seen on non-con-
trast MRI
-Difficult to distinguish synovitis related to joint dam-
age from active disease
Inflammatory myositis No
Axial skeleton
Sacroiliitis No Subchondral marrow edema, erosions, and sclerosis
well seen on non-contrast MRI
Cervical, thoracic, lumbar Controversial Utility: detect synovitis
Osteonecrosis
Femoral head — adult No
Femoral head — pediatric Yes Utility: Perthes diagnosis
Scaphoid fracture AVN evaluation -No for advanced AVN Contrast may be helpful for the diagnosis of early

Pediatrics
Perthes disease of femoral head

Vascular anomaly

-Controversial for early AVN

Yes
Yes

AVN, although physiologic and technical factors con-
found the post-contrast MRI appearance of the bone

Note: image bilateral to detect asymmetry in perfusion
Utilize DCE-MRI to distinguish high vs. low flow
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Table 1 (continued)

Contrast recommendation

Explanation, exceptions, and considerations

Utility:
-Detect infection of unossified bone
-Improve reader confidence

Non-contrast is first line

MR arthrogram if high-resolution MRI not available or
inconclusive

dGEMRIC may be considered if other non-contrast
techniques not available

Infection Yes in infants
No in older children

Tumor Same as adult recommendations

Rheumatology Same as adult recommendations
Sports injuries

Routine injury No

Labral tear No

Cartilage No
Neurography

Routine evaluation No

Implants/hardware

Routine use No
Tumor prosthesis Yes
Infection Yes
Recurrent hemarthrosis Yes
Spine
General back pain No
Fracture/trauma No
Degenerative disease vs. discitis/osteomyelitis Yes
Post-operative — cervical No
Post-operative — lumbar Yes
Abnormality in the canal Yes

Contrast may be helpful for peripheral tumors, poly-
neuropathies, and post-operative collections

Contrast may be helpful for suppression of background
signal

DCE especially helpful
Subtraction is recommended if contrast used

Subtraction is recommended if contrast used

Subtraction is recommended if contrast used

Utility: demyelinating, oncologic, infectious, and
vascular conditions

help differentiate benign and malignant solid lesions, and
to aid in biopsy planning. However, there is a significant
overlap between enhancement characteristics of benign and
malignant lesions on conventional post-contrast anatomic
imaging [23, 24]. This overlap can be reduced with DCE-
MRI dynamic contrast-enhanced MRI (DCE-MRI) [25].

Treatment response assessment and post-surgical
evaluation

Following treatment (after neoadjuvant therapy or after
surgical resection), the administration of contrast is rou-
tinely performed to identify post-treatment necrosis, viable
tumor, and enhancing recurrence. DCE-MRI is the preferred
method for such assessments when available, as the features
of post-treatment fibrosis/granulation tissue overlap with a
residual or recurrent tumor on static post-contrast imaging
[14, 16, 26, 27], and is especially valuable in the presence
of surgical reconstruction hardware [28, 29].
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Controversies/gaps in knowledge/future direction

The use of DCE-MRI is not widespread, with varied technical
considerations for the implementation of qualitative, semi-
quantitative, and quantitative analysis. Qualitative DCE-MRI
increases diagnostic confidence in characterizing malignant
tissue through the visual display of arterial phase enhancement
[25]. Non-contrast techniques, including DWI with apparent
diffusion coefficient (ADC) mapping, have been shown to offer
benefits for some applications such as characterization, but
lack spatial resolution. As advances in non-contrast techniques
progress, the role of intravenous contrast may decrease.
Quantitative DCE-MRI is more complicated and requires
post-processing time [14] and is thus not routinely used
clinically. Future directions include research regarding opti-
mal acquisition parameters, MRI sequences, and analytic
methods for tumor perfusion imaging and the incorporation
of such data into radiomics analysis for the assessment of
tumor character and treatment. Machine learning algorithms
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may provide information for various tumor applications and
also reduce the time constraints of performing quantitative
DCE-MRI [30]. Finally, an additional consideration is the
role of MRI for imaging tumor prostheses and the role of
intravenous contrast in this setting. However, the role of non-
contrast techniques such as DWI and CSI, among others,
may limit the need for contrast in the future.

Recommendations

Intravenous contrast administration is typically not required
for the detection of bone lesions or the evaluation of their
extent in the medullary canal, especially with the advent of
DWI and CSI. Contrast, in particular DCE-MRI, is recom-
mended for the characterization of lesions (for distinguish-
ing cystic from solid lesions and benign from malignant
lesions) and biopsy planning when alternative non-contrast
sequences (DWI) are not available. The administration of
contrast is recommended for the assessment of response
after neoadjuvant therapy, and for the detection of recur-
rence after surgery, with DCE-MRI providing the highest
specificity for differentiating post-treatment fibrosis from
the viable tumor.

Oncology: soft tissue lesions
Background

Contrast reveals the internal vascular composition of soft
tissue lesions, which in turn may help decide if a biopsy is
needed [31]. Avascular non-enhancing lesions of the mus-
culoskeletal system are less likely to be malignant yet still
may need to be surgically managed.

Added benefit of contrast

Soft tissue tumor detection is often detected clinically with-
out imaging. Intravenous contrast helps with characteriza-
tion, distinguishing cystic from solid lesions. Lesions with
solid enhancement may be malignant, and DCE-MRI offers
greater insight into lesion hemodynamics than static imag-
ing, distinguishing high flow/arterial phase enhancement
from low flow/venous phase enhancement [32]. This dis-
tinction is particularly useful in vascular anomaly workup
and guides management [33, 34].

When planning a biopsy, contrast enhancement can help
guide needle placement by identifying the most vascular/cel-
lular portion of the lesion, increasing the likelihood that the
sample will accurately reflect the histology of the tumor [6].

In oncologic imaging, malignant soft tissue tumors
are more likely to have early arterial enhancement with
fast wash-out (high flow), whereas benign lesions or

post-operative scar/granulation tissue will show delayed
wash-in and delayed wash-out [35-38]. Similarly, DCE-MRI
can facilitate the early detection of recurrent sarcoma nod-
ules as they will have early arterial enhancement compared
with nodular-appearing scar [6, 25, 36, 39, 40].

Characterization

On static post-contrast T1-weighted imaging, ganglion cysts
and lymphatic malformations demonstrate thin rim and/or
septal enhancement as key distinguishing post-contrast fea-
tures [24]. In the instance of a hematoma which is intrinsi-
cally hyperintense on T1, contrast with subtraction images
are useful to document the lack of internal enhancement
that would otherwise be seen with a tumor [35]. Non-cystic
soft tissue tumors will have some degree of solid, nodular,
or thickened septal contrast enhancement. In particular,
the presence of pre-therapeutic central necrosis, as demon-
strated on contrast-enhanced MRI, has been found to be a
prognostic indicator of high histologic grade in soft tissue
sarcomas [41].

When available, DCE allows for the analysis of tumor
perfusion characteristics which can provide additional useful
information [42]. DCE can identify high or low perfusion
areas of a tumor due to the high temporal resolution of the
scan [25]. Malignant soft tissue tumors will appear in the
early phase due to tumor neovascularity [36], while many
benign lesions demonstrate delayed initial perfusion as well
as protracted wash-out [6]. Venous malformations will have
variable enhancement depending on the timing of imaging,
but will progressively fill in on delayed phase images [34],
while arteriovenous malformations will show early enhance-
ment by DCE-MRL

Extent

The extent of a soft tissue tumor is often defined on non-
contrast T1-weighted and fluid-sensitive sequences. When
the margin of the tumor is not well defined on fluid-sensitive
sequences or there is an accompanying perilesional signal,
intravenous contrast administration and DWI are helpful for
defining the true extent of the lesion.

Therapeutic assessment (surgical and systemic)

Prior to surgical resection, a tumor in situ undergoing
systemic therapy may diminish in enhancement follow-
ing successful therapy, particularly with the development
of post-therapeutic necrosis [6]. It should be noted that
tumors which develop post-treatment granulation tissue
and scarring rather than necrosis still enhance with contrast
administration.
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In the post-resection follow-up of soft tissue malignancies,
static contrast administration and DCE have been shown to
detect early recurrences [6, 25, 39]. DCE can also help dis-
tinguish nodular enhancing foci of post-operative granula-
tion tissue or scar (delayed enhancement) from the recurrent
tumor (early arterial enhancement) [36, 39, 40, 43]. Both
static and dynamic enhancement distinguish recurrent tumor
(solid enhancement) from post-operative fluid collections
(thin peripheral and no central enhancement) [6].

Controversies/gaps in knowledge/future direction

Diffusion-weighted imaging (DWI) with ADC maps has
been shown to be a useful non-contrast oncologic biomarker
in initial characterization, assessment of the extent, and
monitoring of soft tissue tumors after treatment. Therefore,
as DWI techniques improve, the role of contrast enhance-
ment may diminish. For example, for peripheral nerve
tumors, ADC values help distinguish benign and malignant
disease [44-46].

Tumor perfusion imaging with more robust quantifica-
tion of vascularity will help to refine the characterization
of lesions and monitor response to therapy, especially with
the incorporation of radiomics and, perhaps, machine learn-
ing algorithms. Investigations of additional biomarkers for
soft tissue tumor characterization and assessment of viable
malignancy are needed and may emerge with advances in
DWI, MRI spectroscopy, and susceptibility-weighted imag-
ing [37].

Recommendations

Intravenous contrast is recommended for the initial assess-
ment of uncharacterized soft tissue lesions and for post-ther-
apeutic evaluation. DCE, if available, is recommended as a
routine sequence to accompany static post-contrast imaging.
Of note, DWI may be sufficient for the characterization of
some histologies without intravenous contrast.

Non-spinal musculoskeletal infection
in adults

Background

Musculoskeletal infections are commonly imaged with MRI
and are classified by the areas affected as soft tissue, joint,
and bone infections. Early diagnosis of infection is necessary
to prevent the serious complications of joint damage, limb
deformity, and a requirement for amputation, among other
less serious complications [47].

@ Springer

Added benefit of contrast
Soft tissue infection

Cellulitis will typically enhance on post-contrast MRI, help-
ing to distinguish it from non-infectious soft tissue edema
[47, 48]. Similarly, pyomyositis will enhance on post-
contrast imaging, and fascial enhancement will be a sign
of fasciitis, even present in the early stages of necrotizing
fasciitis. While abscesses are readily visible on non-contrast
T2-weighted images, they will be increased in conspicu-
ity on post-contrast imaging with rim enhancement leading
to higher levels of diagnostic confidence for radiologists
[13]. Intravenous contrast can also highlight the margins of
ulcers and sinus tracts, as there is a peripheral enhancement
in these regions [48]. Importantly, devitalized or ischemic
tissue is detectable by MRI as an area lacking contrast
enhancement and could indicate necrotic tissue which needs
to be debrided [48].

Joint infection

Joint effusion and synovitis are hallmarks of septic arthri-
tis. The effusion is easily seen on non-contrast T2-weighted
images. However, on post-contrast imaging, there is syno-
vial thickening and hyperenhancement, characteristic of the
accompanying synovitis.

Osteomyelitis

In acute osteomyelitis, there is hyperenhancement of the
medullary space which often parallels hyperintensity on
T2-weighted images.

In subacute or chronic osteomyelitis, contrast can help
delineate sinus tracts, intra-osseous abscesses, and necrotic
bone [47, 49]. A sequestrum, or focus of dead bone in chronic
osteomyelitis, will be non-enhancing centrally and have
peripheral enhancement related to granulation tissue [49, 50].

One common clinical challenge is distinguishing neu-
ropathic arthropathy from osteomyelitis. Contrast can help
identify ulcers and sinus tracts to underlying bone surfaces
which are key features of osteomyelitis in this setting [48].

Controversies/gaps in knowledge/future direction

While contrast may increase the confidence of a radiolo-
gist and help highlight pathologic findings, many of the
imaging findings of musculoskeletal infection can be
adequately diagnosed without contrast [10, 13]. Osteomy-
elitis can be confidently diagnosed when there is a con-
fluent low T1 signal and corresponding high T2 signal in
the medullary space [48]. In fact, poorly enhancing tissue
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is not necessarily necrotic and may be ischemic or due to
venolymphatic congestion [48], features which could lead
to misinterpretation. Furthermore, abscesses demonstrate
restricted diffusion on diffusion-weighted imaging, negating
the need for contrast [51]. Additionally, small abscesses that
may be missed on non-contrast imaging alone may be too
small to be clinically relevant [13].

Contrast does not typically add significant value in non-
spinal musculoskeletal infection to justify its use in every
MRI exam. Studies are needed to assess whether contrast
may be helpful in non-routine difficult cases such as infec-
tion refractory to medical treatment, infection around hard-
ware, or chronic foreign bodies [10]. Rapid imaging is grow-
ing for a variety of indications, and future studies are needed
to validate its use in MSK infection.

Recommendations

Non-contrast MRI is typically sufficient for routine acute
and chronic osteomyelitis and septic arthritis, although con-
trast may improve reader diagnostic confidence. Contrast
is recommended to detect the complications of subacute
and chronic osteomyelitis and for the detection of superim-
posed infection in the setting of a neuropathic joint. Contrast
is often useful for soft tissue evaluation to help delineate
abscesses, sinus tracts, and devitalized tissue.

Rheumatology
Background

Treatment of rheumatic disorders has changed drastically
in the past three decades, evolving from symptomatic relief
using NSAIDs to the current use of biologic response modi-
fiers which can target key steps during the pathogenesis of
the disease. Early treatment of rheumatic disorders such as
rheumatoid arthritis and spondyloarthropathies offers a bet-
ter prognosis and can delay or prevent severe joint damage
[52]. It is important to treat a patient before the formation
of bone erosions, usually considered as irreversible damage
[53]. Timely diagnosis of these conditions is therefore vital,
and MRI provides an unparalleled evaluation of inflamma-
tion in the bone and adjacent soft tissues.

Added benefit of contrast

Extremities

Early manifestations of inflammatory arthritis include
joint effusion, synovitis, and tenosynovitis. Synovitis and

tenosynovitis will have thick hyperenhancement of the
joint synovium and tendon sheath, respectively, indicating

active inflammation which can be seen in early and recur-
rent disease. Gadolinium contrast administration can fur-
ther help distinguish between joint effusion and synovi-
tis [54]. Contrast improves sensitivity and specificity for
detecting synovitis and tenosynovitis in patients with early
inflammatory arthritis and subtle imaging findings, with
T2 fat saturation sequences shown to be deficient com-
pared with post-contrast imaging [54-56]. Bursitis is not
an early feature of rheumatoid arthritis, but the inflamed
synovium of bursae will show similar enhancement on
post-contrast imaging as synovitis [57].

Axial skeleton

Spondyloarthropathies may have synovitis of spinal joints
such as the C1-2 articulation, facet joints, and sacroiliac
joints, for which contrast can be used to highlight the syn-
ovitis. Enthesitis and endplate inflammation can also be
accentuated with contrast. The use of contrast for spinal
spondyloarthropathy may improve the identification of
subtle soft tissue inflammatory changes and differentia-
tion of synovitis from joint fluid during the initial evalu-
ation for axial spondyloarthropathies [58-60]. Contrast is
helpful from a practical standpoint as many standard spi-
nal MRI protocols for the evaluation of disc disease may
not include fat suppression of the T2-weighted sequences
necessary for providing sensitivity for the inflammatory
features of axial spondyloarthropathy [61, 62]. STIR
sequences and contrast-enhanced imaging may be com-
plementary rather than mutually exclusive in both assess-
ment of disease activity and treatment response in axial
spondyloarthropathy [62].

Controversies/gaps in knowledge/future direction
Extremities

Synovial thickening on contrast-enhanced MRI has been
seen in patients unaffected by clinical arthritis, which may
lead to overdiagnosis [63]. While contrast is helpful in the
initial detection of early inflammatory arthritis, its utility
in MRI follow-up of patients with an established diagnosis
of inflammatory arthropathy and substantial joint damage
needs to be established. Joints with chronic arthritis may
have some degree of synovial enhancement which could
confound the ability to assess for active disease. In addi-
tion, the detection of bone marrow edema and osteitis on
post-contrast T1-weighted sequences is comparable to
T2-weighted fat-saturated or STIR sequences, and non-con-
trast-enhanced T1-weighted sequences are recommended to
assess erosions in the peripheral joints [54, 64].
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Axial skeleton

Several studies have concluded that non-contrast MRI with
fluid-sensitive sequences is sufficient for the diagnosis of
inflammatory sacroiliitis, while other manuscripts claim
the use of contrast may better demonstrate inflammation in
subchondral bone and adjacent soft tissues as well as the
differentiate synovitis from fluid in the sacroiliac joints and
is beneficial to ensure maximum diagnostic confidence [65-
71]. While there is some utility for contrast in the assessment
of myonecrosis, the use of contrast otherwise does not add
to the MRI evaluation of non-infectious myositis [72, 73].

DCE-MRI allows for the measurement of absolute and
relative perfusion values of the synovium, which may be
useful for quantitative assessment of response to treatment
[74]. However, studies have shown promise regarding non-
contrast techniques such as DWI and T2/fluid-attenuated
inversion recovery (FLAIR) imaging as an alternative to
contrast for the diagnosis of synovitis [75, 76].

Recommendations
Extremities

Contrast is recommended in early inflammatory arthritis
to help detect synovitis and tenosynovitis. Contrast should
be considered for post-treatment follow-up of synovitis. In
advanced arthritis, contrast is not recommended as mor-
phologic osseous findings can be assessed on non-contrast
sequences alone, and contrast may complicate the inter-
pretation. Contrast is not recommended for inflammatory
myositis.

Axial skeleton

Contrast is not routinely recommended for sacroiliitis.
Contrast may be considered for other spondyloarthropathy
affecting the remainder of the spine.

Osteonecrosis
Background

Avascular necrosis (AVN) (osteonecrosis at articular sur-
faces) and bone infarcts (osteonecrosis in non-articular
areas) manifest as geographic areas with central normal mar-
row signal demarcated by a double line sign best seen on
T2-weighted images. Histologically, the double line sign is
the interface between the viable (granulation tissue = hyper-
intense inner line) and devitalized (sclerosis = hypointense
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outer line) bone [77]. MRI without contrast is sensitive and
specific for the detection of osteonecrosis with accuracy
rates reported as high as 97-100% [78, 79].

Added benefit of contrast

Contrast administration has an intuitive appeal to better
assess bone perfusion. The lack of enhancement in a seg-
ment of bone suggests ischemia or developing infarction.
However, normal bone marrow has low levels of enhance-
ment, and areas of osteonecrosis show variable enhancement
patterns following contrast administration. Although some
studies have shown an association between increased peak
enhancement and the progression of osteonecrosis, enhance-
ment has also been demonstrated in areas of bone repair,
limiting the utility of this finding [80, 81].

Contrast may be more useful in the pediatric popula-
tion. Legg-Calve-Perthes disease is detected earlier using
contrast-enhanced MRI than with non-contrast MRI, and
contrast is useful in defining the extent of the disease [82].

Controversies/gaps in knowledge/future direction
Scaphoid AVN

Evaluation of AVN of the scaphoid proximal pole in the set-
ting of fracture is often a clinical dilemma. Advanced AVN
is confidently diagnosed without contrast due to sclerosis that
is observed in the proximal pole, while early AVN is chal-
lenging to diagnose. Studies have compared the detection of
scaphoid AVN using unenhanced, contrast-enhanced MRI,
and DCE-MRI with disparate results. Some studies show that
contrast-enhanced MRI is the most reliable to assess scaph-
oid proximal pole vascularity and AVN [83, 84]. However,
there is controversy about which type of contrast-enhanced
study is better at detecting scaphoid viability, with some stud-
ies showing the superiority of DCE-MRI and others favoring
CE-MRI [85-87]. Other studies have shown that unenhanced
MRI is adequate and more sensitive and accurate than con-
trast-enhanced MRI at detecting scaphoid AVN [88-90]. The
discrepancy in diagnosing scaphoid AVN in the prior studies
may be related to how enhancement is interpreted [90]. Spe-
cifically, heterogenous enhancement between the center and
periphery of the proximal scaphoid pole may skew qualitative
assessment. In addition, the effects of hyperemia in adjacent
tissue may exaggerate perceived scaphoid enhancement due
to partial volume averaging and slice thickness. Finally, non-
viable bone has been noted to enhance, with proposed mecha-
nisms including the growth of fibrous tissue or diffusion of
GBCA into the necrotic bone [91, 92].
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Femoral head AVN

Compared to non-contrast MRI, contrast-enhanced MRI
improved inter-observer correlation for the diagnosis of femo-
ral head AVN [93], but this study did not demonstrate increased
diagnostic accuracy. Enhancement patterns may help distinguish
transient bone marrow edema and subchondral insufficiency
fractures from AVN, and contrast may help to differentiate
between these entities in this specific diagnostic dilemma [94,
95]. There is conflicting evidence regarding the efficacy of
contrast-enhanced MRI in identifying early osteonecrosis. Two
different studies evaluated the role of contrast-enhanced MRI in
the setting of surgical reduction of developmental dysplasia of
the hip: One study found that globally decreased enhancement
in the femoral head was a significant risk factor for the develop-
ment of AVN [96], while another study showed no difference in
enhancement pattern or percent enhancement in predicting the
development of AVN [97]. DCE and perfusion mapping have
shown more promise, as MR perfusion sequences have dem-
onstrated different patterns of perfusion between bone marrow
edema and osteonecrosis [95].

Osteonecrosis as a complication of infection

As discussed earlier, a sequestrum is a fragment of devitalized
bone separated from the surrounding intact bone in the setting
of chronic osteomyelitis. This bone fragment is readily identified
with a non-contrast MRI, although intravenous contrast could
help highlight enhancing peripheral granulation tissue [50].

Larger prospective studies comparing unenhanced to con-
trast-enhanced MRI are needed to clarify the utility of contrast
in the evaluation of scaphoid and femoral head AVN, particu-
larly in the post-treatment setting.

Recommendation

In the adult population, intravenous contrast is not routinely rec-
ommended for osteonecrosis of the extremities or for detecting
devitalized bone in the setting of infection, although it may be
useful for the diagnosis of early scaphoid ischemia/AVN. Caution
should be used for the interpretation of scaphoid proximal pole
viability on a contrast-enhanced MRI due to technical and physi-
ologic factors that affect the enhancement of the bone marrow.

In the pediatric population, intravenous contrast is recom-
mended for the diagnosis of Perthes disease.

Pediatrics

Background

Adding contrast to a pediatric MRI examination is not a
trivial decision. It requires the placement of an IV and is

a source of pain for children [98]. Although rare, pediatric
allergic-like reactions to gadolinium-based contrast have
been reported [99]. Furthermore, post-contrast sequences
extend the MRI acquisition time as well as duration under
sedation if anesthesia is needed.

Added benefit of contrast

As in adults, for soft tissue mass characterization, DCE-MRI
with time-resolved MR angiogram technique can distinguish
high flow from low flow vascular malformations, assess the
potential for malignancy, and help distinguish post-operative
scar from recurrent soft tissue sarcoma [35, 100]. In Perthes
disease (idiopathic femoral head AVN), unlike for adults,
routine contrast-enhanced MRI has been shown to be a more
reliable method than non-contrast to assess the extent of
femoral head involvement [101], and diagnosis in the early
stages is very important for management and prognosis.
Contrast is useful in juvenile idiopathic arthritis to detect
synovitis [102]. Particularly in infants and young children,
infection (and other pathologies) can be occult on non-con-
trast sequences in the unossified cartilage and marrow, and
contrast may be necessary for diagnosis [103].

Controversies/gaps in knowledge/future direction

There is a growing body of pediatric MRI literature showing
that contrast may not be necessary for a variety of clinical
indications. Recent studies have concluded that non-contrast
MRI was sufficient to diagnose pediatric sacroiliitis [12]. In a
study of pediatric musculoskeletal infection, adding contrast
did not change the diagnosis, and the authors recommended
against routine use, although intravenous contrast may poten-
tially aid the reader’s confidence in assessing for subperi-
osteal abscess. Furthermore, although contrast is helpful for
the detection of synovitis, synovial thickening on contrast-
enhanced MRI can be seen in children unaffected by clinical
arthritis, which may lead to overdiagnosis.

Further studies are needed to rigorously assess which
indications truly need contrast for diagnosis in pediatric
musculoskeletal MRI. For example, the criteria for assess-
ment of synovitis on contrast-enhanced MRI need to be opti-
mized to avoid overdiagnosis and treatment. Further investi-
gation and optimization of non-contrast techniques, such as
DWI, for assessing indications, such as Perthes and subperi-
osteal abscesses, is needed. In addition, no systematic study
exists analyzing the true time penalty of adding contrast to a
pediatric MRI exam. This information is essential to under-
stand the true burden to the health care system, including
overutilization of resources, cost, and, most importantly, the
risk to children.
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Recommendations

Contrast recommendations parallel those for adult patients
for bone and soft tissue tumors, rheumatology, and infec-
tion. However, while intravenous contrast may not be neces-
sary for routine musculoskeletal infection imaging, it may
improve the detection of osteomyelitis in infants and young
children as well as improve reader diagnostic confidence.
Intravenous contrast is recommended for the diagnosis of
Perthes disease.

Radiologists should be judicious in administering con-
trast; assessment of the acquired pre-contrast images before
proceeding with contrast may optimize its usage.

Sports injuries
Background

Many sports-related injuries result in edema in the soft tis-
sues and bone marrow, often with joint effusions. There is a
sufficient intrinsic resolution by MRI to detect sports-related
injuries, limiting the need and utility of intravenous contrast
administration.

Added benefits of contrast

The main utility of contrast for sports medicine applications
is direct MR arthrography (MRA). The most common indi-
cations for direct MRA are joint instability, shoulder and
hip labral pathology, or rotator cuff pathology, comprising
85.1% of cases [104]. In such instances, intra-articular con-
trast may improve the sensitivity of MRI by increasing joint
distension and better delineating certain soft tissue injuries.
Contrast coating of tear surfaces may allow for easier diag-
nosis of novel tears and re-tears of the post-operative rotator
cuff [105], has increased accuracy for detection of ligamen-
tous injuries at the wrist compared to conventional MRI
[106], and has been shown to be superior to conventional
MRI for detecting acetabular labral tears [107]. Recurrent
meniscal tears can represent a diagnostic challenge in the
post-operative setting as granulation tissue and scarring can
mimic the appearance of a tear; in such cases of diagnostic
confusion, intra-articular contrast can improve diagnostic
accuracy [108, 109].

A retrospective study of 150 shoulders without prior sur-
gery looked at conventional shoulder MRI and MRA exams
performed on the same patient on the same day. There was
added benefit of the MR arthrogram, enabling pre-arthroscopic
detection of full-thickness rotator cuff tears in six additional
patients (113 on conventional MR vs. 119 on MRA) [110].

Intravenous injection of gadolinium contrast can also be
useful in the context of cartilage evaluation, specifically
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for quantitative compositional evaluation of cartilage via
dGEMRIC (delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage) sequences, which show areas
of low glycosaminoglycan content in diseased cartilage and
high glycosaminoglycan content in healthy cartilage. How-
ever, other techniques which do not require the injection of
contrast are more commonly used for cartilage ultrastructure
evaluation, such as T1-rho imaging or T2 mapping.

Controversies/gaps in knowledge/future direction

In the majority of cases, non-contrast MRI is highly accu-
rate in the evaluation of sports injuries by MRI [111, 112].
Data are available showing that injuries, even to small intra-
articular structures such as the hip labrum, can be accurately
assessed on non-contrast MRI when performed optimally
[113]. Several studies have demonstrated that non-contrast
MRI at 3.0 Tesla can have similar or even higher accuracy
compared with MRA [114-116]. However, if high clinical
concern persists after non-contrast examination, an MR
arthrogram may provide further diagnostic information.

As MRI quality continues to improve, future stud-
ies should strive to show that non-contrast techniques are
equal or superior to MR arthrogram, which would eliminate
the need for this invasive exam. This would be especially
impactful for pediatric patients.

Recommendations

Contrast administration is not recommended for routine
sports injuries. Direct MR arthrography is effective and
should be used if a high-resolution MRI is not available or
is inconclusive. The dGEMRIC technique may be consid-
ered in the evaluation of articular cartilage if non-contrast
cartilage techniques are unavailable.

Neurography
Background

High-resolution MR imaging of peripheral nerves, referred
to as “MR neurography” (MRN), can accurately character-
ize primary and secondary signs of neuropathy. Normally,
peripheral nerves do not enhance on post-contrast imaging,
with the exception of the dorsal nerve root ganglion, an ana-
tomic area of deficiency in the blood-nerve barrier [117,
118].

Added benefit of contrast

Nerve pathology can readily be identified in non-contrast
MRN by alterations in nerve signal, morphology, and the
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presence of perineural scarring [118]. Following contrast
administration, peripheral nerve enhancement is observed
when the blood-nerve barrier has been disrupted, such as
with acute inflammation, post-radiation injury, or tumor
[119]. Limited prior retrospective investigations have con-
cluded that contrast did not alter the imaging diagnosis [120]
and, other than for evaluation of nerve masses, was of little
added benefit [121].

For the characterization of mass lesions [117, 118, 122],
it is important to note that traumatic neuromas demonstrate
variable enhancement, and as such, only a lack of enhance-
ment may be helpful for distinguishing a neuroma from a
peripheral nerve tumor [122-124]. Using DCE-MRI is ben-
eficial to detect early arterial enhancement in malignant
peripheral nerve sheath tumors [125].

In cases of diffuse polyneuropathy, contrast may be help-
ful for the diagnosis of lymphomatous infiltration, which
manifests as diffuse nerve enlargement with intense enhance-
ment [122]. In addition, contrast can be used to distinguish
some acute from chronic disorders, as enhancement of the
cauda equina, nerve roots/plexus, and peripheral nerves is
seen in Guillain-Barre syndrome and subtypes, while con-
trast enhancement is not a typical feature of chronic inflam-
matory demyelinating polyneuropathy (CIDP) [118, 122].

Following nerve repair, MRN can distinguish operative
success from failure without necessarily requiring intra-
venous contrast [126, 127], as post-operative perineural
fibrosis and neuromas are easily identified on non-contrast
imaging [121, 128]. However, contrast may be of benefit for
the evaluation of post-operative fluid collections (abscess/
hematoma) [129].

Controversies/gaps in knowledge/future direction

Given the challenge of differentiating nerves from ves-
sels, a contrast-enhanced 3D SPACE-STIR technique that
utilizes the T2-shortening effect of gadolinium to sup-
press background signal was developed to optimize the
visualization of nerves [130-135]. The added value of
this technique, in light of the intravenous contrast require-
ment, remains debatable, especially given the availability
of alternative non-contrast 3D MRN techniques [136]. A
recent study assessing diagnostic contribution supported
the potential application of the contrast-enhanced 3D tech-
nique for brachial plexus imaging but suggests that non-
contrast 2D protocols are sufficient for lumbosacral plexus
and extremity neurography [137].

Prior research regarding intravenous contrast for MRN is
limited, largely anecdotal, and lacks applicability to a wide
variety of nerve pathology. Future directions include the
study of nerve-selective contrast agents, such as supramag-
netic iron oxide and gadafluorine M [119].

Recommendations

Intravenous contrast administration is not recommended for
MRN, but may be helpful for the evaluation of peripheral
nerve tumors, atypical or diffuse polyneuropathy, and post-
operative fluid collections. While the use of contrast for
background signal suppression to improve nerve visualiza-
tion is promising, alternative non-contrast 3D techniques
can be considered.

Implants/hardware
Background

With recent advancements in metal artifact reduction tech-
niques, MRI can be utilized for diagnostic evaluation in
patients with orthopedic hardware. Strategies to optimize
imaging in the presence of metal include using a lower
field strength magnet, high receiver bandwidth, small slice
thickness, a large matrix size, and STIR rather than fat-
suppressed sequences [138, 139]. Advanced metal artifact
reduction sequences include the use of view angle tilting
(to reduce in-plane distortion) and multispectral techniques
(to reduce through-plane distortion) [140]. These advances
may further enable the evaluation of subtle periprosthetic
pathology, whether utilized with non-contrast or contrast-
enhanced sequences.

Added benefit of contrast

Non-contrast MRI can adequately assess the majority of poten-
tial hardware-related complications including periprosthetic
fracture or adverse local tissue reaction [139, 141, 142]. A
single study of 47 patients imaged with metal-on-metal hip
implants following gadolinium administration determined
that contrast did not detect any additional hardware-associated
complications when compared to routine sequences, but find-
ings of osteolysis and soft tissue masses were more conspicu-
ous and easier to characterize; the authors conclude that this
may potentially increase sensitivity to early findings of adverse
local tissue reaction [143]. Administration of intravenous con-
trast is helpful if there is clinical suspicion of infection, such as
soft tissue abscess or osteomyelitis, or neoplasm/tumor recur-
rence [39, 40, 144, 145]. Contrast-enhanced MR angiography
may be indicated for evaluation of recurrent hemarthrosis fol-
lowing total knee arthroplasty [146, 147].

Controversies/gaps in knowledge/future direction

In the presence of metallic hardware, fat-suppression tech-
niques are hampered by disruption of the homogeneous
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static magnetic field from susceptibility artifact which con-
tributes to geometric distortion and signal loss [138]. This
particularly impacts imaging following contrast administra-
tion where fat-suppressed T1-weighted sequences are neces-
sary to highlight areas of gadolinium enhancement. Given
this limitation, subtraction of the pre-contrast T1-weighted
pulse sequence from the post-contrast image is critical to
identify areas of enhancement in the absence of fat suppres-
sion [138, 146]. Furthermore, the choice of specific metal
artifact suppression methods for implementation with con-
trast-enhanced sequences is unclear, and the utility of DCE-
MRI for some indications, such as for detecting recurrence
around a tumor prosthesis, is emerging [29].

There is a paucity of literature on the use of contrast
with metal artifact reduction sequences. Further research is
needed to determine the role of contrast in the evaluation of
hardware-associated complications with attention to earlier
detection and potential impact on clinical management deci-
sions. For example, current United States Food and Drug
Administration recommendations regarding metal-on-metal
prostheses specify surveillance for hypersensitivity reactions
in the appropriate clinical context by non-contrast MRI
[148]. If the addition of contrast may potentially provide
earlier detection of hypersensitivity reaction, more research
is needed regarding the long-term outcomes in these patients
based on MRI performed with and without contrast. Contin-
ued advancements in imaging techniques to minimize sus-
ceptibility artifact from metallic hardware are also needed.

Recommendations

Intravenous contrast is not recommended for routine MRI
evaluation in the setting of implants/hardware. However, it is
helpful for detecting recurrent tumor in the setting of a tumor
protheses and may be helpful for suspected infection or in
rare cases of recurrent hemarthrosis following total knee
replacement. When intravenous contrast is administered,
subtraction imaging is recommended.

Spine imaging
Background

Spine MRI is routinely performed without contrast for
chronic back pain to assess for degenerative disc disease
(DDD), facet arthropathy, and nerve impingement. In the
setting of trauma, non-contrast MRI can assess for marrow
edema, fracture, and spinal cord edema/hemorrhage. Con-
trast has traditionally been used to help distinguish DDD
from infectious discitis-osteomyelitis, post-operative evalu-
ation, and spinal canal abnormalities.
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Added benefit of contrast

Contrast utilization in the spine is specifically supported
in cases of known or suspected malignancy or infectious
causes of myelopathy [149-154]. There is also supportive
evidence for contrast use in the assessment of acute spinal
cord ischemia, as there is typically no enhancement in early
ischemia [155]. For demyelinating conditions such as mul-
tiple sclerosis and neuromyelitis optica, contrast can help
detect spinal cord lesions [156-158]. Contrast may also be
necessary when differentiating post-operative spine com-
plications including abscess, hematoma, or recurrent disc
herniation from compressive epidural fibrosis [65, 70, 150].
In specific instances of trauma where there is a concern for
arterial injury, contrast administration for an MR angiogram
is also indicated [159].

Controversies/gaps in knowledge/future direction

While many studies do not support contrast in the evalua-
tion of degenerative disease, the addition of contrast may
highlight inflammatory changes associated with the degen-
eration of the posterior elements which could be clinically
significant [160]. Particularly in the setting of differentiat-
ing Modic type 1 degenerative endplate changes and early
infectious spondylitis, contrast may be useful to elucidate
epidural inflammation or early inflammatory changes in the
soft tissues to support infection [66, 151].

While there is a role for contrast in post-operative
imaging of the lumbar spine when differentiating recur-
rent disc herniation from epidural fibrosis, several
studies indicate no impact on clinical outcomes and
poor correlation of post-contrast findings with clinical
symptoms [67, 161, 162]. Additionally, regarding post-
operative cervical spine imaging, most surgeries are
performed from an anterior approach without violation
of the epidural space and, therefore, granulation tissue
which would be highlighted by contrast administration
is expected to be minimal. More literature is needed on
the role of contrast in patients with posterior approach
cervical fusion/decompression, as most of the current
literature is based on the lumbar spine [68].

There are several studies exploring the utility of DCE-
MRI for spinal tumor vascularity or in the assessment of
osseous lesions, particularly in the setting of pathologic ver-
tebral fracture [69, 149]. Larger scale studies with patho-
logic correlation are needed prior to the integration of these
sequences into routine contrast imaging protocols. Studies
assessing the utility of diffusion and opposed-phase imag-
ing sequences versus contrast administration are needed to
determine if there is a difference in the diagnostic potential
of these imaging techniques.
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Recommendations

Contrast is not recommended for general back pain or frac-
tures. Contrast is recommended to help distinguish degen-
erative disc disease from discitis-osteomyelitis. Contrast
is recommended for post-operative imaging of the lumbar
spine, but not of the cervical spine. Contrast is recommended
for abnormalities in the spinal canal such as demyelinating,
oncologic, infectious, and vascular conditions.

Declarations

Conflict of interest The authors declare no competing interests.

References

10.

11.

12.

. Behzadi AH, Zhao Y, Farooq Z, Prince MR. Immediate aller-

gic reactions to gadolinium-based contrast agents: a systematic
review and meta-analysis. Radiology. 2018;286(2):471-82.
Lourenco A, Moy L, Baron P. Expert panel on breast imaging.
ACR Appropriateness criteria breast implant evaluation. J] Am
Coll Radiol. 2018;15:S13-25.

Grobner T. Gadolinium-a specific trigger for the development
of nephrogenic fibrosing dermopathy and nephrogenic systemic
fibrosis? Nephrol Dial Transplant. 2006;21(4):1104-8.
American College of Radiology. Manual on contrast media.
2020.

Weinreb JC, Rodby RA, Yee J, Wang CL, Fine D, McDonald
RJ, et al. Use of intravenous gadolinium-based contrast media
in patients with kidney disease: consensus statements from the
American College of Radiology and the National Kidney Foun-
dation. Radiology. 2021;298(1):28-35.

Costelloe CM, Amini B, Madewell JE. Risks and benefits of
gadolinium-based contrast-enhanced MRI. In: Seminars in ultra-
sound, CT and MRI. Elsevier; 2020. p. 170-82.

Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High
signal intensity in the dentate nucleus and globus pallidus on
unenhanced T1-weighted MR images: relationship with increas-
ing cumulative dose of a gadolinium-based contrast material.
Radiology. 2014;270(3):834-41.

McDonald RJ, McDonald JS, Kallmes DF, Jentoft ME, Murray
DL, Thielen KR, et al. Intracranial gadolinium deposition after
contrast-enhanced MR imaging. Radiology. 2015;275(3):772-82.
FDA U. FDA drug safety communication: FDA warns that gado-
linium-based contrast agents (GBCAs) are retained in the body;
requires new class warning. 2018.

Labiste CC, McElroy E, Subhawong TK, Banks JS. Systematic
review: investigating the added diagnostic value of gadolinium
contrast agents for osteomyelitis in the appendicular skeleton.
Skeletal Radiol. 2021;1-12:1285-96.

Herregods N, Jaremko J, Baraliakos X, Dehoorne J, Leus A,
Verstraete K, et al. Limited role of gadolinium to detect active
sacroiliitis on MRI in juvenile spondyloarthritis. Skeletal Radiol.
2015;44:1637-46.

Weiss PF, Xiao R, Biko DM, Johnson AM, Chauvin NA. Detec-
tion of inflammatory sacroiliitis in children with magnetic reso-
nance imaging: is gadolinium contrast enhancement necessary?
Arthritis Rheumatol. 2015;67(8):2250-6.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Kan JH, Young RS, Yu C, Hernanz-Schulman M. Clinical impact
of gadolinium in the MRI diagnosis of musculoskeletal infection
in children. Pediatr Radiol. 2010;40:1197-205.

Fayad LM, Jacobs MA, Wang X, Carrino JA, Bluemke DA.
Musculoskeletal tumors: how to use anatomic, functional, and
metabolic MR techniques. Radiology. 2012;265(2):340-56.
Tang H, Ahlawat S, Fayad LM. Multiparametric MR imaging of
benign and malignant bone lesions. Magn Reson Imaging Clin
N Am. 2018;26(4):559-69.

Verstraete KL, Lang P. Bone and soft tissue tumors: the
role of contrast agents for MR imaging. Eur J Radiol.
2000;34(3):229-46.

Mhuircheartaigh JN, Lin Y-C, Wu JS. Bone tumor mimickers: a
pictorial essay. Indian J Radiol Imaging. 2014;24(03):225-36.
Del Grande F, Tatizawa-Shiga N, Jalali Farahani S, Chalian M,
Fayad LM. Chemical shift imaging: preliminary experience as
an alternative sequence for defining the extent of a bone tumor.
Quant Imaging Med Surg. 2014;4(3):173-80.

Dreizin D, Ahlawat S, Del Grande F, Fayad LM. Gradient-echo
in-phase and opposed-phase chemical shift imaging: role in
evaluating bone marrow. Clin Radiol. 2014;69(6):648-57.
Khoo MM, Tyler PA, Saifuddin A, Padhani AR. Diffusion-
weighted imaging (DWI) in musculoskeletal MRI: a critical
review. Skeletal Radiol. 2011;40(6):665-81.

MacKenzie JD, Gonzalez L, Hernandez A, Ruppert K, Jaramillo
D. Diffusion-weighted and diffusion tensor imaging for pediatric
musculoskeletal disorders. Pediatr Radiol. 2007;37(8):781-8.
Omoumi P. The Dixon method in musculoskeletal MRI:
from fat-sensitive to fat-specific imaging. Skeletal Radiol.
2022;51(7):1365-9.

Ma LD, Frassica FJ, McCarthy EF, Bluemke DA, Zerhouni EA.
Benign and malignant musculoskeletal masses: MR imaging dif-
ferentiation with rim-to-center differential enhancement ratios.
Radiology. 1997;202(3):739-44.

Ma LD, McCarthy EF, Bluemke DA, Frassica FJ. Differentia-
tion of benign from malignant musculoskeletal lesions using
MR imaging: pitfalls in MR evaluation of lesions with a cystic
appearance. AJR Am J Roentgenol. 1998;170(5):1251-8.
Sujlana P, Skrok J, Fayad LM. Review of dynamic contrast-
enhanced MRI: technical aspects and applications in the muscu-
loskeletal system. ] Magn Reson Imaging. 2018;47(4):875-90.
Vanel D, Shapeero LG, De Baere T, Gilles R, Tardivon A, Genin
J, et al. MR imaging in the follow-up of malignant and aggres-
sive soft-tissue tumors: results of 511 examinations. Radiology.
1994;190(1):263-8.

Erlemann R, Sciuk J, Bosse A, Ritter J, Kusnierz-Glaz CR,
Peters PE, et al. Response of osteosarcoma and Ewing sar-
coma to preoperative chemotherapy: assessment with dynamic
and static MR imaging and skeletal scintigraphy. Radiology.
1990;175(3):791-6.

Ahmad ZY, Ahlawat S, Levin AS, Fayad LM. Bones and soft-
tissue tumors: considerations for postsurgical imaging follow-up.
Radiologic Clinics. 2022;60(2):327-38.

LA FJ, Morris C, Fayad LM. Surveillance imaging in patients
with tumor prostheses using anatomic and functional metal
reduction MRI sequences. New York, NY: International Skeletal
Society; 2017.

Gao Y, Kalbasi A, Hsu W, Ruan D, Fu J, Shao J, et al. Treatment
effect prediction for sarcoma patients treated with preoperative
radiotherapy using radiomics features from longitudinal diffu-
sion-weighted MRIs. Phys Med Biol. 2020;65(17):175006.
May DA, Good RB, Smith D, Parsons TW. MR imaging of musculo-
skeletal tumors and tumor mimickers with intravenous gadolinium:
experience with 242 patients. Skeletal Radiol. 1997;26(1):2-15.

@ Springer



112

Skeletal Radiology (2024) 53:99-115

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Soldatos T, Ahlawat S, Montgomery E, Chalian M, Jacobs MA,
Fayad LM. Multiparametric assessment of treatment response
in high-grade soft-tissue sarcomas with anatomic and func-
tional MR imaging sequences. Radiology. 2016;278(3):831-40.
Hammer S, Uller W, Manger F, Fellner C, Zeman F, Wohlgemuth
WA. Time-resolved magnetic resonance angiography (MRA)
at 3.0 Tesla for evaluation of hemodynamic characteristics of
vascular malformations: description of distinct subgroups. Eur
Radiol. 2017;27(1):296-305.

Fayad L, Hazirolan T, Bluemke D, Mitchell S. Vascular malfor-
mations in the extremities: emphasis on MR imaging features that
guide treatment options. Skeletal Radiol. 2006;35(3):127-37.
Del Grande F, Subhawong T, Weber K, Aro M, Mugera C,
Fayad LM. Detection of soft-tissue sarcoma recurrence: added
value of functional MR imaging techniques at 3.0 T. Radiology.
2014;271(2):499-511.

Del Grande F, Ahlawat S, Subhangwong T, Fayad LM. Charac-
terization of indeterminate soft tissue masses referred for biopsy:
what is the added value of contrast imaging at 3.0 tesla? J Magn
Reson Imaging. 2017;45(2):390-400.

Costelloe CM, Madewell JE. An approach to undiagnosed bone
tumors. In: Seminars in ultrasound, CT and MRI. Elsevier; 2021.
p. 114-22.

Walker EA, Song AJ, Murphey MD. Magnetic resonance imag-
ing of soft-tissue masses. Semin Roentgenol. 2010;45(4):277-97.
Amini B, Murphy WA Jr, Haygood TM, Kumar R, McEnery KW,
Madewell JE, et al. Gadolinium-based contrast agents improve
detection of recurrent soft-tissue sarcoma at MRI. Radiology:
Imaging. Cancer. 2020;2(2):e190046.

Afonso PD, Kosinski A, Spritzer C. Following unenhanced MRI assess-
ment for local recurrence after surgical resection of mesenchymal soft
tissue tumors, do additional gadolinium-enhanced images change
reader confidence or diagnosis? Eur J Radiol. 2013;82(5):806—13.
Crombe A, Marcellin PJ, Buy X, Stoeckle E, Brouste V, Italiano
A, et al. Soft-tissue sarcomas: assessment of MRI features cor-
relating with histologic grade and patient outcome. Radiology.
2019;291(3):710-21.

Ahlawat S, Fritz J, Morris CD, Fayad LM. Magnetic resonance
imaging biomarkers in musculoskeletal soft tissue tumors:
review of conventional features and focus on nonmorphologic
imaging. ] Magn Reson Imaging. 2019;50(1):11-27.

Chou S-HS, Hippe DS, Lee AY, Scherer K, Porrino JA, David-
son DJ, et al. Gadolinium contrast enhancement improves confi-
dence in diagnosing recurrent soft tissue sarcoma by MRI. Acad
Radiol. 2017;24(5):615-22.

Ahlawat S, Blakeley JO, Rodriguez FJ, Fayad LM. Imaging bio-
markers for malignant peripheral nerve sheath tumors in neurofi-
bromatosis type 1. Neurology. 2019;93(11):e1076-84.

Demehri S, Belzberg A, Blakeley J, Fayad L. Conventional and
functional MR imaging of peripheral nerve sheath tumors: initial
experience. AINR Am J Neuroradiol. 2014;35(8):1615-20.
Ahlawat S, Fayad LM. Imaging cellularity in benign and malig-
nant peripheral nerve sheath tumors: utility of the “target sign”
by diffusion weighted imaging. Eur J Radiol. 2018;102:195-201.
Soldatos T, Durand DJ, Subhawong TK, Carrino JA, Chhabra
A. Magnetic resonance imaging of musculoskeletal infections:
systematic diagnostic assessment and key points. Acad Radiol.
2012;19(11):1434-43.

Alaia EF, Chhabra A, Simpfendorfer CS, Cohen M, Mintz DN,
Vossen JA, et al. MRI nomenclature for musculoskeletal infec-
tion. Skeletal Radiol. 2021;50(12):2319-47.

Lee YJ, Sadigh S, Mankad K, Kapse N, Rajeswaran G. Quant
Imaging Med Surg. 2016;6(2):184.

Jennin F, Bousson V, Parlier C, Jomaah N, Khanine V, Laredo
J-D. Bony sequestrum: a radiologic review. Skeletal Radiol.
2011;40:963-75.

@ Springer

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kumar Y, Khaleel M, Boothe E, Awdeh H, Wadhwa V, Chhabra
A. Role of diffusion weighted imaging in musculoskeletal infec-
tions: current perspectives. Eur Radiol. 2017;27:414-23.

Raza K, Buckley CE, Salmon M, Buckley CD. Treating very
early rheumatoid arthritis. Best Pract Res Clin Rheumatol.
2006;20(5):849-63.

Schett G, Gravallese E. Bone erosion in rheumatoid arthritis:
mechanisms, diagnosis and treatment. Nat Rev Rheumatol.
2012;8(11):656-64.

Stomp W, Krabben A, van der Heijde D, Huizinga TW, Bloem
JL, @stergaard M, et al. Aiming for a simpler early arthritis MRI
protocol: can Gd contrast administration be eliminated? Eur
Radiol. 2015;25:1520-7.

McQueen FM. The MRI view of synovitis and tenosynovitis in inflam-
matory arthritis: implications for diagnosis and management. Ann N
Y Acad Sci. 2009;1154(1):21-34.

@stergaard M, Boesen M. Imaging in rheumatoid arthritis: the
role of magnetic resonance imaging and computed tomography.
La radiologia medica. 2019;124(11):1128-41.
Sudot-Szopiniska I, Jans L, Teh J. Rheumatoid arthritis: what do
MRI and ultrasound show. J Ultrason. 2017;17(68):5-16.
Bernard SA, Kransdorf MJ, Beaman FD, Adler RS, Amini B,
Appel M, et al. ACR Appropriateness Criteria® chronic back
pain suspected sacroiliitis-spondyloarthropathy. J Am Coll
Radiol. 2017;14(5):S62-70.

Rudwaleit M, Jurik A-G, Hermann KA, Landewé R, van der Hei-
jde D, Baraliakos X, et al. Defining active sacroiliitis on magnetic
resonance imaging (MRI) for classification of axial spondyloar-
thritis: a consensual approach by the ASAS/OMERACT MRI
group. Ann Rheum Dis. 2009;68(10):1520-7.

Althoff CE, Feist E, Burova E, Eshed I, Bollow M, Hamm B,
et al. Magnetic resonance imaging of active sacroiliitis: do we
really need gadolinium? Eur J Radiol. 2009;71(2):232-6.
Baraliakos X, Hermann KA, Landewe R, Listing J, Golder W,
Brandt J, et al. Assessment of acute spinal inflammation in
patients with ankylosing spondylitis by magnetic resonance
imaging: a comparison between contrast enhanced T1 and short
tau inversion recovery (STIR) sequences. Ann Rheum Dis.
2005;64(8):1141-4.

Wang Y]J, Griffith JF, Deng M, Li T, Tam L, Lee VW, et al.
Vertebral body corner oedema vs gadolinium enhancement as
biomarkers of active spinal inflammation in ankylosing spondy-
litis. BrJ Radiol. 2012;85(1017):e702-8.

Nusman CM, Hemke R, Benninga MA, Schonenberg-Meinema
D, Kindermann A, van Rossum MA, et al. Contrast-enhanced
MRI of the knee in children unaffected by clinical arthritis com-
pared to clinically active juvenile idiopathic arthritis patients.
Eur Radiol. 2016;26:1141-8.

Kirchgesner T, Stoenoiu M, Michoux N, Durez P, Berg BV. Con-
trast-enhanced T1-weighted Dixon water-and fat-only images to
assess osteitis and erosions according to RAMRIS in hands of
patients with early rheumatoid arthritis. Diagn Interv Imaging.
2021;102(7-8):439-45.

Malhotra A, Kalra VB, Wu X, Grant R, Bronen RA, Abbed KM.
Imaging of lumbar spinal surgery complications. Insights Imag-
ing. 2015;6(6):579-90.

Yeom JA, Lee IS, Suh HB, Song YS, Song JW. Magnetic reso-
nance imaging findings of early spondylodiscitis: interpretive chal-
lenges and atypical findings. Korean J Radiol. 2016;17(5):565-80.
Van Goethem J, Van de Kelft E, Biltjes I, Van Hasselt B, Van
den Hauwe L, Parizel P, et al. MRI after successful lumbar dis-
cectomy. Neuroradiology. 1996;38:S90-6.

McDonald MA, Kirsch CF, Amin BY, Aulino JM, Bell AM,
Cassidy RC, et al. ACR Appropriateness Criteria® cervi-
cal neck pain or cervical radiculopathy. J] Am Coll Radiol.
2019;16(5):S57-76.



Skeletal Radiology (2024) 53:99-115

13

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Meng X-x, Zhang Y-q, Liao H-q, Liu H-c, Jiang H-1, Ke S-j,
et al. Dynamic contrast-enhanced MRI for the assessment of spi-
nal tumor vascularity: correlation with angiography. Eur Spine
J.2016;25:3952-61.

Hayashi D, Roemer FW, Mian A, Gharaibeh M, Miiller B,
Guermazi A. Imaging features of postoperative complications
after spinal surgery and instrumentation. AJR Am J Roentgenol.
2012;199(1):W123-9.

de Hooge M, van den Berg R, Navarro-Compan V, van Gaalen F,
van der Heijde D, Huizinga T, et al. Magnetic resonance imaging
of the sacroiliac joints in the early detection of spondyloarthritis:
no added value of gadolinium compared with short tau inversion
recovery sequence. Rheumatology. 2013;52(7):1220-4.
Smitaman E, Flores DV, Mejia Gémez C, Pathria MN. MR
imaging of atraumatic muscle disorders. Radiographics.
2018;38(2):500-22.

Kuo GP, Carrino JA. Skeletal muscle imaging and inflammatory
myopathies. Curr Opin Rheumatol. 2007;19(6):530-5.
Sudot-Szopiriska I, Jurik AG, Eshed I, Lennart J, Grainger A,
@stergaard M, et al. Recommendations of the ESSR arthritis
subcommittee for the use of magnetic resonance imaging in mus-
culoskeletal rheumatic diseases. In: Seminars in musculoskeletal
radiology. Thieme Medical Publishers; 2015. p. 396—411.

Yoo HJ, Hong SH, Oh HY, Choi JY, Chae HD, Ahn JM, et al.
Diagnostic accuracy of a fluid-attenuated inversion-recovery
sequence with fat suppression for assessment of peripatellar
synovitis: preliminary results and comparison with contrast-
enhanced MR imaging. Radiology. 2017;283(3):769-78.
Barendregt AM, van Gulik EC, Lavini C, Nusman CM, van den
Berg JM, Schonenberg-Meinema D, et al. Diffusion-weighted
imaging for assessment of synovial inflammation in juve-
nile idiopathic arthritis: a promising imaging biomarker as an
alternative to gadolinium-based contrast agents. Eur Radiol.
2017;27(11):4889-99.

Zurlo JV. The double-line sign. Radiology. 1999;212(2):541-2.
Glickstein MF, Burk D Jr, Schiebler M, Cohen E, Dalinka M,
Steinberg M, et al. Avascular necrosis versus other diseases of the
hip: sensitivity of MR imaging. Radiology. 1988;169(1):213-5.
Murphey MD, Foreman KL, Klassen-Fischer MK, Fox MG,
Chung EM, Kransdorf MJ. From the radiologic pathology
archives imaging of osteonecrosis: radiologic-pathologic cor-
relation. Radiographics. 2014;34(4):1003-28.

Chan WP, Liu Y-J, Huang G-S, Lin M-F, Huang S, Chang Y-C,
et al. Relationship of idiopathic osteonecrosis of the femoral head
to perfusion changes in the proximal femur by dynamic contrast-
enhanced MRI. AJR Am J Roentgenol. 2011;196(3):637.
Miiller G, Ménsson S, Miiller MF, Johansson M, Bjorkman
A. Increased perfusion in dynamic gadolinium-enhanced MRI
correlates with areas of bone repair and of bone necrosis in
patients with Kienbock’s disease. J] Magn Reson Imaging.
2019;50(2):481-9.

Dillman JR, Hernandez RJ. MRI of Legg-Calve-Perthes disease.
AJR Am J Roentgenol. 2009;193(5):1394-407.

Cerezal L, Abascal F, Canga A, Garcia-Valtuille R, Bustamante
M, Piial F. Usefulness of gadolinium-enhanced MR imaging in
the evaluation of the vascularity of scaphoid nonunions. AJR Am
J Roentgenol. 2000;174(1):141-9.

Dailiana Z, Zachos V, Varitimidis S, Papanagiotou P, Karanta-
nas A, Malizos K. Scaphoid nonunions treated with vascularised
bone grafts: MRI assessment. Eur J Radiol. 2004;50(3):217-24.
Ng AW, Griffith JF, Taljanovic MS, Li A, Tse W, Ho P. Is
dynamic contrast-enhanced MRI useful for assessing proximal
fragment vascularity in scaphoid fracture delayed and non-
union? Skeletal Radiol. 2013;42:983-92.

Donati OF, Zanetti M, Nagy L, Bode B, Schweizer A, Pfir-
rmann CW. Is dynamic gadolinium enhancement needed in

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

MR imaging for the preoperative assessment of scaphoidal
viability in patients with scaphoid nonunion? Radiology.
2011;260(3):808-16.

Larribe M, Gay A, Freire V, Bouvier C, Chagnaud C, Souteyrand
P. Usefulness of dynamic contrast-enhanced MRI in the evalua-
tion of the viability of acute scaphoid fracture. Skeletal Radiol.
2014;43:1697-703.

Anderson SE, Steinbach LS, Tschering-Vogel D, Martin M, Nagy
L. MR imaging of avascular scaphoid nonunion before and after
vascularized bone grafting. Skeletal Radiol. 2005;34:314-20.
Fox MG, Gaskin CM, Chhabra AB, Anderson MW. Assess-
ment of scaphoid viability with MRI: a reassessment of find-
ings on unenhanced MR images. AJR Am J Roentgenol.
2010;195(4):W281.

Fox M, Wang D, Chhabra A. Accuracy of enhanced and unen-
hanced MRI in diagnosing scaphoid proximal pole avascular
necrosis and predicting surgical outcome. Skeletal Radiol.
2015;44:1671-8.

Sakai T, Sugano N, Nishii T, Haraguchi K, Ochi T, Ohzono K.
MR findings of necrotic lesions and the extralesional area of oste-
onecrosis of the femoral head. Skeletal Radiol. 2000;29:133—41.
Sebag G, Ducou Le Pointe H, Klein I, Maiza D, Mazda K, Ben-
sahel H, et al. Dynamic gadolinium-enhanced subtraction MR
imaging—a simple technique for the early diagnosis of Legg-
Calve-Perthes disease: preliminary results. Pediatr Radiol.
1997;27:216-20.

Kim HK, Kaste S, Dempsey M, Wilkes D. A comparison of non-
contrast and contrast-enhanced MRI in the initial stage of Legg-
Calvé-Perthes disease. Pediatr Radiol. 2013;43(9):1166-73.
Miyanishi K, Hara T, Kaminomachi S, Maeda H, Watanabe H,
Torisu T. Contrast-enhanced MR imaging of subchondral insuf-
ficiency fracture of the femoral head: a preliminary comparison
with that of osteonecrosis of the femoral head. Arch Orthop
Trauma Surg. 2009;129:583-9.

Geith T, Niethammer T, Milz S, Dietrich O, Reiser M, Baur-
Melnyk A. Transient bone marrow edema syndrome versus oste-
onecrosis: perfusion patterns at dynamic contrast-enhanced MR
imaging with high temporal resolution can allow differentiation.
Radiology. 2017;283(2):478-85.

Cheon J-E, Kim JY, Choi YH, Kim WS, Cho T-J, Yoo WJ. MRI
risk factors for development of avascular necrosis after closed
reduction of developmental dysplasia of the hip: predictive value
of contrast-enhanced MRI. Plos One. 2021;16(3):e0248701.
Nguyen JC, Back SJ, Barrera CA, Patel M, Nguyen MK, Hong S,
et al. Developmental dysplasia of the hip: can contrast-enhanced
MRI predict the development of avascular necrosis following
surgery? Skeletal Radiol. 2021;50:389-97.

Cummings EA, Reid GJ, Finley GA, McGrath PJ, Ritchie JA.
Prevalence and source of pain in pediatric inpatients. Pain.
1996;68(1):25-31.

Dillman JR, Ellis JH, Cohan RH, Strouse PJ, Jan SC. Allergic-
like breakthrough reactions to gadolinium contrast agents after
corticosteroid and antihistamine premedication. AJR Am J
Roentgenol. 2008;190(1):187-90.

Ahlawat S, Fayad LM. De novo assessment of pediatric musculo-
skeletal soft tissue tumors: beyond anatomic imaging. Pediatrics.
2015;136(1):e194-202.

Laine JC, Martin BD, Novotny SA, Kelly DM. Role of advanced
imaging in the diagnosis and management of active Legg-Calve-
Perthes disease. J] Am Acad Orthop Surg. 2018;26(15):526-36.
Hemke R, Kuijpers TW, Nusman CM, Schonenberg-Meinema
D, van Rossum MA, Dolman KM, et al. Contrast-enhanced MRI
features in the early diagnosis of Juvenile Idiopathic Arthritis.
Eur Radiol. 2015;25(11):3222-9.

Browne LP, Guillerman RP, Orth RC, Patel J, Mason EO, Kaplan
SL. Community-acquired staphylococcal musculoskeletal

@ Springer



114

Skeletal Radiology (2024) 53:99-115

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

infection in infants and young children: necessity of contrast-
enhanced MRI for the diagnosis of growth cartilage involvement.
AJR Am J Roentgenol. 2012;198(1):194-9.

Sconfienza LM, Albano D, Messina C, Silvestri E, Tagliafico
AS. How, when, why in magnetic resonance arthrography: an
international survey by the European Society of Musculoskeletal
Radiology (ESSR). Eur Radiol. 2018;28:2356-68.

Magee T. Imaging of the post-operative shoulder: does injection
of iodinated contrast in addition to MR contrast during arthrog-
raphy improve diagnostic accuracy and patient throughput? Skel-
etal Radiol. 2018;47:1253-61.

Petsatodis E, Pilavaki M, Kalogera A, Drevelegas A, Agath-
angelidis F, Ditsios K. Comparison between conventional MRI
and MR arthrography in the diagnosis of triangular fibrocar-
tilage tears and correlation with arthroscopic findings. Injury.
2019;50(8):1464-9.

Sutter R, Zubler V, Hoffmann A, Mamisch-Saupe N, Dora
C, Kalberer F, et al. Hip MRI: how useful is intraarticular
contrast material for evaluating surgically proven lesions of
the labrum and articular cartilage? AJR Am J Roentgenol.
2014;202(1):160-9.

Vives MJ, Homesley D, Ciccotti MG, Schweitzer ME. Evaluation
of recurring meniscal tears with gadolinium-enhanced magnetic
resonance imaging. Am J Sports Med. 2003;31(6):868-73.
McCauley TR. MR imaging evaluation of the postoperative knee.
Radiology. 2005;234(1):53-61.

Magee T. MR versus MR arthrography in detection of supraspi-
natus tendon tears in patients without previous shoulder surgery.
Skeletal Radiol. 2014;43:43-8.

Phelan N, Rowland P, Galvin R, O’Byrne JM. A systematic
review and meta-analysis of the diagnostic accuracy of MRI for
suspected ACL and meniscal tears of the knee. Knee Surg Sports
Traumatol Arthrosc. 2016;24:1525-39.

Oei EH, Ginai AZ, Hunink MM. MRI for traumatic knee injury: a
review. In: Seminars in ultrasound, CT and MRI. Elsevier; 2007.
p. 141-57.

Potter HG, Schachar J. High resolution noncontrast MRI of the
hip. ] Magn Reson Imaging. 2010;31(2):268-78.

Schleich C, Hesper T, Hosalkar HS, Rettegi F, Zilkens C,
Krauspe R, et al. 3D double-echo steady-state sequence assess-
ment of hip joint cartilage and labrum at 3 Tesla: comparative
analysis of magnetic resonance imaging and intraoperative data.
Eur Radiol. 2017;27:4360-71.

Lasser EC. Nonionic iodinated contrast media reactions. AJR
Am J Roentgenol. 2009;192(2):W80.

Chopra A, Grainger A, Dube B, Evans R, Hodgson R, Conroy
J, et al. Comparative reliability and diagnostic performance of
conventional 3T magnetic resonance imaging and 1.5 T magnetic
resonance arthrography for the evaluation of internal derange-
ment of the hip. Eur Radiol. 2018;28:963-71.

Chhabra A. Peripheral MR neurography: approach to interpreta-
tion. Neuroimaging Clin. 2014;24(1):79-89.

Chhabra A, Madhuranthakam AJ, Andreisek G. Magnetic reso-
nance neurography: current perspectives and literature review.
Eur Radiol. 2018;28:698-707.

Mazal AT, Faramarzalian A, Samet JD, Gill K, Cheng J, Chhabra
A. MR neurography of the brachial plexus in adult and pediatric
age groups: evolution, recent advances, and future directions.
Expert Rev Med Devices. 2020;17(2):111-22.

Crim J, Ingalls K. Accuracy of MR neurography in the diag-
nosis of brachial plexopathy. Eur J Radiol. 2017;95:24-7.
Harrell AD, Johnson D, Samet J, Omar IM, Deshmukh S. With
or without? A retrospective analysis of intravenous contrast
utility in magnetic resonance neurography. Skeletal Radiol.
2020;49:577-84.

@ Springer

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Ahlawat S, Chhabra A, Blakely J. Magnetic resonance neu-
rography of peripheral nerve tumors and tumorlike conditions.
Neuroimaging Clin. 2014;24(1):171-92.

Chhabra A, Williams E, Wang K, Dellon A, Carrino J. MR neu-
rography of neuromas related to nerve injury and entrapment with
surgical correlation. AINR Am J Neuroradiol. 2010;31(8):1363-8.
Ahlawat S, Belzberg AJ, Montgomery AE, Fayad LM. MRI
features of peripheral traumatic neuromas. Eur Radiol.
2016;26:1204-12.

Ahlawat S, Blakeley JO, Langmead S, Belzberg AJ, Fayad LM.
Current status and recommendations for imaging in neurofi-
bromatosis type 1, neurofibromatosis type 2, and schwanno-
matosis. Skeletal Radiol. 2020;49:199-219.

Baltodano PA, Tong AJ, Chhabra A, Rosson GD. The role
of magnetic resonance neurography in the postoperative man-
agement of peripheral nerve injuries. Neuroimaging Clin.
2014;24(1):235-44.

Chhabra A, Wadhwa V, Thakkar RS, Carrino JA, Dellon AL.
Recurrent ulnar nerve entrapment at the elbow: correlation of
surgical findings and 3-Tesla magnetic resonance neurography.
Can J Plast Surg. 2013;21(3):186-9.

Thawait S, Wang K, Subhawong T, Williams E, Hashemi
S, Machado A, et al. Peripheral nerve surgery: the role of
high-resolution MR neurography. AJNR Am J Neuroradiol.
2012;33(2):203-10.

Subhawong TK, Wang KC, Thawait SK, Williams EH,
Hashemi SS, Machado AlJ, et al. High resolution imaging of
tunnels by magnetic resonance neurography. Skeletal Radiol.
2012;41:15-31.

Wang L, Niu Y, Kong X, Yu Q, Kong X, Lv Y, et al. The appli-
cation of paramagnetic contrast-based T2 effect to 3D heavily
T2W high-resolution MR imaging of the brachial plexus and
its branches. Eur J Radiol. 2016;85(3):578-84.

Sneag DB, Daniels SP, Geannette C, Queler SC, Lin BQ, de
Silva C, et al. Post-contrast 3D inversion recovery magnetic
resonance neurography for evaluation of branch nerves of the
brachial plexus. Eur J Radiol. 2020;132:109304.

Chen W-C, Tsai Y-H, Weng H-H, Wang S-C, Liu H-L, Peng
S-L, et al. Value of enhancement technique in 3D-T2-STIR
images of the brachial plexus. J Comput Assist Tomogr.
2014;38(3):335-9.

Zhang Y, Kong X, Zhao Q, Liu X, Gu Y, Xu L. Enhanced MR
neurography of the lumbosacral plexus with robust vascular
suppression and improved delineation of its small branches.
Eur J Radiol. 2020;129:109128.

Xu Z, Zhang T, Chen J, Liu Z, Wang T, Hu Y, et al. Combine
contrast-enhanced 3D T2-weighted short inversion time inver-
sion recovery MR neurography with MR angiography at 1.5 T
in the assessment of brachial plexopathy. Magn Reson Mater
Phys Biol Med. 2021;34:229-39.

Zhang X, Li M, Guan J, Wang H, Li S, Guo Y, et al. Evalu-
ation of the sacral nerve plexus in pelvic endometriosis by
three-dimensional MR neurography. ] Magn Reson Imaging.
2017;45(4):1225-31.

Sneag DB, Queler S. Technological advancements in mag-
netic resonance neurography. Curr Neurol Neurosci Rep.
2019;19:1-6.

Deshmukh S, Tegtmeyer K, Kovour M, Ahlawat S, Samet
J. Diagnostic contribution of contrast-enhanced 3D MR
imaging of peripheral nerve pathology. Skeletal Radiol.
2021;50:2509-18.

Khodarahmi I, Isaac A, Fishman EK, Dalili D, Fritz J. Metal
about the hip and artifact reduction techniques: from basic con-
cepts to advanced imaging. In: Seminars in musculoskeletal
radiology. Thieme Medical Publishers; 2019. p. e68-81.



Skeletal Radiology (2024) 53:99-115

115

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Deshmukh S, Omar IM. Imaging of hip arthroplasties: normal
findings and hardware complications. In: Seminars in Musculo-
skeletal Radiology. Thieme Medical Publishers; 2019. p. 162-76.
Koff MF, Burge AJ, Koch KM, Potter HG. Imaging near ortho-
pedic hardware. J Magn Reson Imaging. 2017;46(1):24-39.
Fritz J, Lurie B, Miller TT, Potter HG. MR imaging of hip arthro-
plasty implants. Radiographics. 2014;34(4):E106-32.

Talbot BS, Weinberg EP. MR imaging with metal-suppression
sequences for evaluation of total joint arthroplasty. Radiograph-
ics. 2016;36(1):209-25.

Miiller GM, Ménsson S, Miiller MF, von Schewelov T, Nittka
M, Ekberg O, et al. MR imaging with metal artifact-reducing
sequences and gadolinium contrast agent in a case-control study
of periprosthetic abnormalities in patients with metal-on-metal
hip prostheses. Skeletal Radiol. 2014;43:1101-12.

Cyteval C, Bourdon A. Imaging orthopedic implant infections.
Diagn Interv Imaging. 2012;93(6):547-57.

White LM, Kim JK, Mehta M, Merchant N, Schweitzer ME, Mor-
rison WB, et al. Complications of total hip arthroplasty: MR imag-
ing—initial experience. Radiology. 2000;215(1):254-62.

Fritz J, Lurie B, Potter HG. MR imaging of knee arthroplasty
implants. Radiographics. 2015;35(5):1483-501.

Hash TW II, Maderazo AB, Haas SB, Saboeiro GR, Trost DW,
Potter HG. Magnetic resonance angiography in the management
of recurrent hemarthrosis after total knee arthroplasty. J Arthro-
plasty. 2011;26(8):1357-61.

Food U, Administratin D. Information about soft tissue imaging
and metal ion testing. 2014. https://www.fda.gov/medical-devic
es/metal-metal-hip-implants/information-about-soft-tissue-imagi
ng-and-metal-iontesting.

Roth CJ, Angevine PD, Aulino JM, Berger KL, Choudhri AF,
Fries IB, et al. ACR appropriateness criteria myelopathy. J] Am
Coll Radiol. 2016;13(1):38-44.

Patel ND, Broderick DF, Burns J, Deshmukh TK, Fries IB, Har-
vey HB, et al. ACR appropriateness criteria low back pain. J Am
Coll Radiol. 2016;13(9):1069-78.

Ledermann HP, Schweitzer ME, Morrison WB, Carrino JA. MR
imaging findings in spinal infections: rules or myths? Radiology.
2003;228(2):506-14.

Hong SH, Choi J-Y, Lee JW, Kim NR, Choi J-A, Kang HS. MR
imaging assessment of the spine: infection or an imitation? Radi-
ographics. 2009;29(2):599-612.

Guan Y, Peck KK, Lyo J, Tisnado J, Lis E, Arevalo-Perez J, et al.
T1-weighted dynamic contrast-enhanced MRI to differentiate

154.

155.

156.

157.

158.

159.

160.

161.

162.

nonneoplastic and malignant vertebral body lesions in the spine.
Radiology. 2020;297(2):382-9.

Shah LM, Salzman KL. Imaging of spinal metastatic disease. Int
J Surg Oncol. 2011;2011:769753.

Agarwal V, Shah LM, Parsons MS, Boulter DJ, Cassidy RC,
Hutchins TA, et al. ACR Appropriateness Criteria® Myelopathy:
2021 Update. J Am Coll Radiol. 2021;18(5s):S73—s82.

Vargas M, Gariani J, Sztajzel R, Barnaure-Nachbar I, Delattre B,
Lovblad K, et al. Spinal cord ischemia: practical imaging tips,
pearls, and pitfalls. AJNR Am J Neuroradiol. 2015;36(5):825-30.
Kister I, Johnson E, Raz E, Babb J, Loh J, Shepherd T. Specific
MRI findings help distinguish acute transverse myelitis of Neu-
romyelitis Optica from spinal cord infarction. Mult Scler Relat
Disord. 2016;9:62-7.

Traboulsee A, Simon J, Stone L, Fisher E, Jones D, Malhotra A,
et al. Revised recommendations of the consortium of MS centers
task force for a standardized MRI protocol and clinical guidelines
for the diagnosis and follow-up of multiple sclerosis. AINR Am
J Neuroradiol. 2016;37(3):394-401.

Beckmann N, West O, Nunez D Jr. Expert Panel on Neurologi-
cal Imaging and Musculoskeletal Imaging. ACR Appropriate-
ness Criteria® Suspected Spine Trauma. J] Am Coll Radiol.
2019;16:S264-85.

D’Aprile P, Tarantino A, Jinkins J, Brindicci D. The value of fat
saturation sequences and contrast medium administration in MRI
of degenerative disease of the posterior/perispinal elements of
the lumbosacral spine. Eur Radiol. 2007;17:523-31.

Mullin WJ, Heithoff KB, Gilbert TJ Jr, Renfrew DL. Magnetic
resonance evaluation of recurrent disc herniation: is gadolinium
necessary? Spine. 2000;25(12):1493-9.

Grane P, Tullberg T, Rydberg J, Lindgren L. Postoperative
lumbar MR imaging with contrast enhancement: comparison
between symptomatic and asymptomatic patients. Acta radi-
oldgica. 1996;37(3):366-72.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://www.fda.gov/medical-devices/metal-metal-hip-implants/information-about-soft-tissue-imaging-and-metal-iontesting
https://www.fda.gov/medical-devices/metal-metal-hip-implants/information-about-soft-tissue-imaging-and-metal-iontesting
https://www.fda.gov/medical-devices/metal-metal-hip-implants/information-about-soft-tissue-imaging-and-metal-iontesting

	Society of skeletal radiology position paper – recommendations for contrast use in musculoskeletal MRI: when is non-contrast imaging enough?
	Abstract
	Introduction
	Oncology: bone lesions
	Background
	Added benefit of contrast
	Detection and extent of disease
	Characterization
	Treatment response assessment and post-surgical evaluation
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Oncology: soft tissue lesions
	Background
	Added benefit of contrast
	Characterization
	Extent
	Therapeutic assessment (surgical and systemic)
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Non-spinal musculoskeletal infection in adults
	Background
	Added benefit of contrast
	Soft tissue infection
	Joint infection
	Osteomyelitis

	Controversiesgaps in knowledgefuture direction
	Recommendations

	Rheumatology
	Background
	Added benefit of contrast
	Extremities
	Axial skeleton

	Controversiesgaps in knowledgefuture direction
	Extremities
	Axial skeleton

	Recommendations
	Extremities
	Axial skeleton


	Osteonecrosis
	Background
	Added benefit of contrast
	Controversiesgaps in knowledgefuture direction
	Scaphoid AVN
	Femoral head AVN
	Osteonecrosis as a complication of infection

	Recommendation

	Pediatrics
	Background
	Added benefit of contrast
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Sports injuries
	Background
	Added benefits of contrast
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Neurography
	Background
	Added benefit of contrast
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Implantshardware
	Background
	Added benefit of contrast
	Controversiesgaps in knowledgefuture direction
	Recommendations

	Spine imaging
	Background
	Added benefit of contrast
	Controversiesgaps in knowledgefuture direction
	Recommendations

	References


