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Peripheral nerve injury (PNI) may result from traumatic 
or iatrogenic events. Iatrogenic cases in particular con-

tribute to substantial morbidity, long-term disability, and 
health care costs in the United States (1–3). Traumatic 
PNI may be associated with anesthetic (1,4,5) and sur-
gical procedures (1), including orthopedic arthroscopy 
and hardware placement during arthroplasty and fracture 
fixation (6–13). For example, the prevalence of periopera-
tive nerve injury after hip arthroplasty is 0.17%–7.6%, 
with increased incidence after revision arthroplasty (14), 
0.3%–1.3% for total knee arthroplasty (15), 0%–16% 
for wrist arthroplasty (6), and 1%–8% for total shoulder 
arthroplasty (16). Iatrogenic nerve injury has also been 
reported in the setting of fracture fixation, with rates of 
radial nerve palsy ranging from 6% to 32% after humeral 
shaft fixation (17).

As activity has increased in an aging population, de-
mand for orthopedic procedures has also risen (18,19). 
It is estimated that over 635 000 total hip and 1.26 mil-
lion total knee arthroplasties will be performed yearly by 
2030 (19,20), almost double that of the 370 770 hip and 
680 150 knee arthroplasties performed in 2014 (20). As 
such, a substantial proportion of patients will have pre-
existing metallic hardware, whether related to iatrogenic 

injury or otherwise, at the time of clinical presentation 
and imaging for PNI.

Dedicated peripheral nerve MRI, or MR neurography, 
plays an important role in the clinical management of 
peripheral neuropathies (21–23). Advances in MRI hard- 
and software, including the development of multichannel 
receiver coils and accelerated imaging techniques, have fa-
cilitated the overall development of MR neurography as 
a field and have made imaging around metallic hardware 
feasible despite distortion from susceptibility effects. While 
metal artifact reduction techniques in MRI have been 
widely described (24–27), few reports have documented 
the use of MR neurography in the presence of metallic 
hardware (28–30). This report delineates challenges of MR 
neurography around metal and describes practical tech-
niques to overcome these challenges.

Diagnostic Work-Up of PNI
Clinical management of PNI hinges on determining se-
verity, as more extensive injury is associated with poorer 
prognosis and may require more immediate surgical inter-
vention (31). PNI is conventionally classified— by increas-
ing severity—as neurapraxia, axonotmesis, or neurotmesis 
based on the degree of disruption or loss of integrity of 
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pear on EMG (43–46). Thus, it may be difficult to differentiate 
between complete neuropraxic and neurotmetic injury via elec-
trodiagnostic studies alone soon after injury.

Diagnosis: Imaging
High-spatial-resolution US and MR neurography are often used 
in a complementary fashion to evaluate PNI, but each modal-
ity has its own advantages (Table 1) (47–52). The main benefit 
of dedicated nerve imaging, as compared with electrodiagnostic 
studies, is its ability to directly localize and depict the extent of 
nerve injury earlier (53,54). It has been shown that MR neurog-
raphy can detect muscle denervation by the presence of diffusely 
increased T2-weighted signal intensity of the muscle as early as 
48 hours after insult (in animal models) (55). Furthermore, un-
like EMG, in which individual muscles need to be tested and 
accessible, MRI enables global assessment of regional muscles 
within one prescribed field of view and can more easily reveal a 
clinically unsuspected cause of peripheral nerve disease, such as 
an intrinsic or extrinsic compressive soft-tissue mass (56).

The major advantage of MR neurography over US is its su-
perior contrast resolution. Enhanced nerve-to-background tis-
sue contrast facilitates more reliable identification of peripheral 
nerves coursing through muscle planes, as well as abnormal 
changes in the nerve that typically manifest as T2-weighted sig-
nal hyperintensity (57,58). US affords higher spatial resolution 
in the evaluation of superficial nerves and is sometimes the pre-
ferred modality when metal resides close to the involved nerve 
(35); however, segments of deeper nerves, such as the axillary 
and long thoracic nerves (particularly, as they course through 
the quadrilateral space and along the chest wall, respectively), 
and the lumbosacral plexus can typically be visualized only with 
MRI. US is usually less expensive and less motion dependent 
but is operator dependent (22). US, however, can sometimes 
better follow the course of a nerve and better define the soft tis-
sue–metal interface (Fig 1), more reliably depicting the spatial 
relationship between hardware and adjacent nerves.

Technical Considerations for MR Neurography
MR neurography has evolved through continuous technologic 
developments over the past decade (50). Most importantly, the 
availability of 3.0-T magnets and multichannel surface coils en-
abling high spatial resolution and parallel image acquisition of 
nerves enabled routine use of MRI to evaluate PNI in the clinical 
setting (50,59–62). However, due to the need for advanced plan-
ning and oversight by radiologists familiar with nerve anatomy 
and interpretation, widespread clinical use of MR neurography 
has remained limited.

MR neurography typically comprises two-dimensional high-
spatial-resolution proton density or T1-weighted images to accen-
tuate anatomic details, including fascicular architecture of nerves, 
as well as T2-weighted fat-suppressed sequences (Tables 2, 3).  
As proton density sequences inherently provide higher SNR 
than T1-weighted sequences, proton finishdensity sequences 
can achieve higher spatial resolution for a given acquisition time. 
Additionally, as the proton density sequences applied in our pro-
tocols have some inherent T2 weighting (echo time, 35 msec), 
they provide additional contrast resolution to depict abnormal 

the nerve microstructure (32). The mildest type of PNI is neu-
ropraxia, in which segmental myelin damage leads to partial or 
complete conduction block but structural integrity of the nerve 
is preserved; in this scenario, symptoms typically resolve sponta-
neously within weeks or months after remyelination (33). Axo-
notmesis is more severe and involves axonal injury with intact 
connective tissue and nerve continuity; this type of PNI can be 
reversed, albeit slowly and sometimes incompletely, via Wallerian 
degeneration and axonal regeneration at an approximate rate of 
1 mm per day (34). However, in severe cases of axonotmesis, 
surgery may be required. The most severe type of PNI is neurot-
mesis, typically secondary to nerve transection or severe stretch 
injury, and necessitates surgical intervention for recovery (34).

Diagnosis: History, Physical Examination, and 
Electrodiagnostic Studies
Detailed history taking includes time of symptom onset, which 
is especially relevant given the temporal importance of nerve 
regeneration and potential intervention (35). For example, pri-
mary nerve repair is often preferred within the first 3 weeks af-
ter complete nerve transection to minimize complications, such 
as nerve retraction and fibrosis associated with delayed repair 
(36–42). Physical examination entails careful assessment for any 
sensory or motor deficits (35). Electrodiagnostic studies, com-
prising both nerve conduction studies and electromyography 
(EMG), are important diagnostic adjuncts commonly used to 
localize and grade severity of nerve injury. However, the diag-
nostic utility of EMG is limited by its lack of sensitivity within 
the first 2 weeks of nerve injury, as Wallerian degeneration and 
subsequent muscle denervation may take up to 4 weeks to ap-

Abbreviations
EMG = electromyography, FSE = fast spin echo, MAVRIC = multiple 
acquisition variable-resonance image combination, MSDE = motion-sen-
sitized driven equilibrium, MSI = multispectral imaging, PNI = periph-
eral nerve injury, PSIF = reversed free-induction steady-state precession, 
SNR = signal-to-noise ratio, STIR = short tau inversion recovery, 3D = 
three-dimensional

Summary
MR neurography is a useful modality with which to assess peripheral 
nerve integrity adjacent to orthopedic hardware when imaging proto-
cols are appropriately optimized.

Essentials
 n Technical considerations for reducing susceptibility effect from 

metal include field strength, bandwidth, section thickness, fre-
quency acquisition matrix, and use of dedicated 3D multispectral 
imaging pulse sequences.

 n Technical considerations for MR neurography that are relevant to 
evaluation of nerves in the presence of metal include performance 
of high-spatial-resolution, T2-weighted, fat-suppressed, and some-
times vascular-suppressed sequences.

 n The combination of technical considerations for metal artifact 
reduction and high-spatial-resolution peripheral nerve imaging 
increases the potential diagnostic yield of MR neurography in pa-
tients with orthopedic hardware.

 n Radiologists must evaluate each case individually to select the ap-
propriate modality, field strength, pulse sequence type, and acqui-
sition parameters.
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changes in nerves when compared with T1-weighted sequences. 
T2 weighting accentuates nerve abnormality, and fat suppression 
provides an appropriate intensity range for high conspicuity of 
nerves relative to background soft tissues. Images orthogonal to 
the longitudinal axis of the nerve are routinely acquired to con-
fidently assess fascicular architecture and morphology given the 
sometimes circuitous course of peripheral nerves.

For fat suppression in two-dimensional imaging, a Dixon 
method–based (63) fat-water separation fast spin-echo (FSE) 
technique is often preferred due to its high signal-to-noise ra-
tio (SNR) and robustness to B1 inhomogeneous anatomies, 
such as the curvature at the neck and shoulder junction and 
at the ankle that create challenges for chemical fat-saturation 
techniques (63,64). Dixon fat-suppression sequences, typically 
performed with two echoes, usually require coupling with par-
allel imaging to decrease long acquisition times (48,65). Short 
tau inversion recovery (STIR) sequences also provide robust fat 
suppression relative to chemi-
cal fat saturation but suffer 
from lower SNR (64).

Vascular suppression is im-
portant for visualization of cer-
tain branch nerves off the bra-
chial and lumbosacral plexi, as 
well as smaller peripheral nerves 
that run alongside blood vessels 
that can be confounders due to 
their similar size and signal in-
tensity. In the periphery, a use-
ful sequence is a fluid-sensitive 
FSE three-dimensional (3D) 
gradient-echo–based technique 
known as reversed free-induc-
tion steady-state precession 
(PSIF) (66,67) that uses fre-
quency selective fat suppression 

on Siemens Healthineers platforms but that has been combined 
with a Dixon fat-suppression scheme as a prototype on GE 
Healthcare platforms. Regardless of the fat-suppression scheme, 
PSIF is motion sensitive and therefore tends not to work well 
around the chest wall and pelvic regions. Thus, it may be ad-
vantageous to use FSE readouts in these regions, as FSE not 
only boasts higher SNR but is also less prone to motion artifacts 
due to refocusing of dephased spins with the application of re-
focusing pulses. When 3D images are acquired with a variable 
flip angle (68), the technique is known by various vendor acro-
nyms, including CUBE (General Electric), SPACE (Siemens), 
or VISTA (Philips). The 3D FSE sequences can yield images 
with isotropic high in-plane resolution for reconstruction in ar-
bitrary planes to depict frequently tortuous nerve trajectories. In 
combination with 3D FSE, a standard chemical fat-saturation 
preparation pulse could be used to suppress fat, but it often suf-
fers from incomplete fat suppression due to highly varying B0 

Table 1: Comparison of Clinical Considerations for MR Neurography and US for Evaluating 
Peripheral Nerve Injury

Consideration MR Neurography US
Real-time or dynamic study Inferior Superior
Easy to compare with contralateral side Inferior Superior
Contrast resolution Superior Inferior
Spatial resolution (for superficial nerves) Inferior Superior
Visualization of deeper nerves (axillary, long thoracic) Superior Inferior
Simultaneous visualization of multiple nerves Superior Inferior
Motion artifact susceptibility Inferior Superior
Metal (susceptibility) distortion Slightly inferior Superior
Muscle evaluation Superior Inferior
Quantitative analysis Superior Inferior
Operator dependency Slightly superior Slightly inferior
Cost Inferior Superior
Patient access Slightly inferior Slightly superior

Figure 1: Images in a 41-year-old man with radial nerve palsy after internal fixation of a humerus shaft fracture. (a) Axial short inversion time 
inversion-recovery and (b) coronal proton density 1.5-T images show signal hyperintensity of the radial nerve (arrowheads) as it courses through the 
spiral groove at the level of the humeral plate (*). On b, the nerve appears entrapped at the fracture site (arrow). (c) Gray-scale US image enables 
confirmation of entrapment (arrow) of the radial nerve (arrowheads) within a cortical fracture window in the humerus (H). (Precise parameters were 
not available for these images).
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Table 2: Unilateral Brachial Plexus/Bilateral Lumbosacral Plexus Example MR Neurography Protocols for Imaging Near Metal 
at 3.0 T

Sequence 
Parameter

2D Proton Density FSE 2D T2-weighted FSE 3D T2-weighted FSE

3D Proton 
Density 
MAVRIC-
SL

3D IR MSI 
MAVRIC-
SL

Metal 
Absent

Metal 
Present Metal Absent Metal Present

Metal 
Absent

Metal 
Present

Metal 
Present 

Metal 
Present

Repetition time/
echo time 
(msec)

3500–
6000/35

3500–
6000/35

3500–
6000/85

3500–
6000/85

3000–
4000/60–
80

3000–
4000/60–
80

3500–
6000/8

3500–
6000/60

Field of view (cm) 28–30 28–30 16–28 16–28 25.6–29 25.6–29 25–30 25–30
Matrix size* 512  352 512  352 320  

192–224
320  

192–224
256  

256–292
256  

256–292
320  

256
320  256

No. of sections 54–70 54–70 30–40 30–40 90–120 90–120 36 36
Section thickness 

(mm) (no gap)
3.5–4.5 2.5–3.5 2.5–3.0 2.5–3.0 1.0–1.4 1.0–1.4 3.5 3.5

Echo train length 10–15 10–15 12–16 12–16 130 130 48 20
Bandwidth (Hz/

pixel)
195 313–488 391 absent, 391–500 343–391 343–391 781 781

Fat-suppression 
technique

None None Dixon absent, Dixon or 
STIR 
(inversion 
time =  
250 msec)

STIR 
(inversion 
time = 
250 msec)

STIR 
(inversion 
time 
= 250 
msec)

None STIR 
(inversion 
time = 
250 msec)

No. of excitations 
or phase 
oversampling

2 2 2 2 1 1 0.5 
(partial 
Fourier 
factor)

0.5 (partial 
Fourier 
factor)

Parallel imaging 
factor

1.75 1.75 1–1.5 None 1.5–2.0 1.5–2.0

Imaging plane Axial Axial Brachial-
plexus: 
coronal, 
oblique 
sagittal; 
lumbosacral 
plexus: 
axial, 
oblique 
coronal, 
oblique 
sagittal

Brachial-
plexus: 
coronal, 
oblique 
sagittal; 
lumbosacral 
plexus: 
axial, 
oblique 
coronal, 
oblique 
sagittal

Oblique 
coronal

Oblique 
coronal

Axial, 
oblique 
coronal, 
oblique 
sagittal

Axial, 
oblique 
coronal, 
oblique 
sagittal

Other parameters None None Brachial-
plexus: 
respiratory 
triggering 
(optional)†

Brachial-
plexus: 
respiratory 
triggering 
(optional)†

Saturation 
bands

Saturation 
bands

No. of 
bins up 
to 24, 
12-kHz 
offset

No. of bins 
up to 24, 
12-kHz 
offset

Acquisition time 
(min)

3–5 3–6 4–7 
depending 
on use of 
respiratory 
triggering

4–7 
depending 
on use of 
respiratory 
triggering

7–10 7–10 6–8 6–8

Note.—For both the brachial plexus and lumbosacral plexus, 32-element receive-only coils are preferable. FSE = fast spin echo, IR = 
inversion recovery, MAVRIC-SL = Multiple-acquisition variable-resonance image combination (GE Healthcare platforms), SE = section 
encoding, STIR = short tau inversion recovery, 3D = three-dimensional, 2D = two-dimensional.
* Matrix size = frequency encoding  phase encoding.
† Source.–Reference 96.
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Table 3: Extremity Example MR Neurography Protocol for Imaging Near Metal at 3.0 T

Sequence Parameter

2D Proton Density FSE 2D T2-weighted FSE

3D T2-weighted  
Gradient Echo 
(PSIF)

3D Proton 
Density 
MAVRIC-SL

3D IR 
MAVRIC-SL

Metal 
Absent

Metal 
Present Metal Absent Metal Present Metal Absent Metal Present Metal Present

Repetition time/echo 
time (msec)

3500–
6000/35

3500–
6000/35

3500–
6000/80

3500–6000/80 9.5/5 3500–6000/8 3500–6000/60

Field of view 
(cm) (variable 
depending  
on size of 
extremity)

6–16 6–16 8–16 8–16 10–12 18 18

Matrix size* 512  352 512  352 320  224 320  224 320–224 320  256 320  256
No. of slices 54–70 54–70 30–40 30–40 90 36 36
Section thickness 

(mm) (no section 
gap)

2.5–3.5 2.0–3.0 2.5–3.0 2.5–3.0 2.0 3.5 3.5

Echo train length 10–15 10–15 12–16 12–16 1 48 20
Bandwidth (Hz per 

pixel)
195 313–488 391 391–500 122 781 781

Fat-suppression 
technique

None None Dixon Dixon or STIR  
(TI = 250 
ms)

Dixon None STIR (TI = 250 
ms)

No. of excitations 
or phase 
oversampling

2 2 2 2 1 0.5 (partial 
Fourier 
factor)

0.5 (partial 
Fourier 
factor)

Parallel imaging 
factor

1.75 1.75 1–1.5 1–1.5 2 1.5–2.0 1.5–2.0

Imaging plane Axial Axial Axial Sagittal or 
coronal

Axial Axial Axial

Other parameters None None None None None No. of bins up 
to 24, 12-kHz 
offset

No. of bins  
up to 24,  
12-kHz offset

Acquisition time 
(min)

3–5 3–6 4–6 4–6 6 8 8

Note.—Sixteen-channel receive-only coils are preferable. FSE = fast spin echo, IR = inversion recovery, MAVRIC-SL = multiple-acquisition 
variable-resonance image combination (GE Healthcare platforms), PSIF = reversed free-induction steady-state precession (prototype 
sequence on GE Healthcare platforms, courtesy of Daehyun Yoon from Stanford University), SE = section encoding, 3D = three-
dimensional, 2D = two-dimensional.
* Matrix size = frequency encoding  phase encoding.

inhomogeneities in the chest and pelvic regions. Therefore, in 
these regions, a 3D gadolinium-enhanced, STIR fat-suppressed 
long-echo-time FSE sequence (69) could be used to achieve ro-
bust fat suppression by nulling longitudinal magnetization of 
fat while suppressing signal arising from blood vessels contain-
ing gadolinium (70,71). While the STIR fat-suppressed long-
echo-time FSE sequence could also be effectively used without 
contrast agents, vascular suppression would need to be affected 
to avoid confounding vascular signal that bears resemblance to 
that of nerves. One way is to add additional crusher gradients 
alongside the refocusing pulses, effectively providing diffusion 
weighting that suppresses flow in vessels. Another method is to 
use a motion-sensitized driven equilibrium (MSDE) technique, 
which applies an additional preparation pulse prior to the FSE 
readout (72). The downside of noncontrast vascular suppression 

is increased sensitivity to B1 inhomogeneities (MSDE), reduced 
SNR (crushers and MSDE), reduced sensitivity to bulk motion 
artifacts (crushers and MSDE), and increased blurring from in-
creased FSE echo spacing (crushers), all of which make higher-
spatial-resolution imaging more challenging. In our practice, 
vascular-suppressed 3D sequences are used as adjuncts to stan-
dard two-dimensional FSE sequences when visualization of 
smaller caliber nerves is needed.

Intravenous gadolinium-containing contrast agents for pur-
poses other than vascular suppression and angiography are 
frequently not needed for MR neurography. Circumstances in 
which T1-weighted contrast-enhanced sequences can be helpful, 
however, are evaluation of the presence and extent of a postopera-
tive fluid collection (eg, seroma or abscess) or scar tissue, which may 
entrap nerves, compress them, or both. Postcontrast T1-weighted 
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imaging also helps provide an appropriate intensity 
contrast range for delineating soft-tissue anatomy (eg, 
nerves and muscles) in the presence of adjacent me-
tallic hardware. For instance, T1-weighted postcon-
trast images can sometimes be helpful to determine 
the presence of a neuroma, a disorganized and unsuc-
cessful attempt by a nerve to regenerate, which may 
sometimes enhance (73).

MR Neurography in the Presence 
of Metallic Hardware: Suggested 
Parameter Modifications and 
Techniques
It is challenging to perform MRI near orthope-
dic hardware due to strong magnetic susceptibil-
ity artifacts (74–78), which manifest as in-plane 
and through-plane image distortions, voxel pile-
up image artifacts, ripples, and signal voids (74). 
The extent of and technical considerations for 
mitigating these artifacts increase with (a) in-
creased magnetic susceptibility of the hardware 
and (b) increased proximity of the imaged tissue to  
the metal (79–81). Image quality, however, has 
improved over the past 2 decades due to several 
technical advancements, which are summarized in 
Table 4 (24,80,82–84).

Literature on the use of MR neurography in the 
presence of metal is sparse, but early reports have described sensi-
tivities of 86%–93% and positive predictive values of 87%–97% 
for imaging of the lumbosacral plexus and sciatic nerve (28,30). 
Suggested parameter modifications for MR neurography in the 
presence of metal are summarized in Tables 2 and 3. By integrat-
ing technical considerations for MR neurography with those for 
MRI around metal, MRI examination of a patient with indwell-
ing hardware suspected of having PNI can be optimized via two 
separate but interrelated aspects: (a) a prescan assessment and (b) 
imaging protocol modifications.

Prescan Assessment
Clinical notes, electrodiagnostic reports, and results of prior 
imaging should be reviewed to determine the nerve or nerves 
in question, the expected location of the nerve injury, and the 
expected position of the nerve (based on its known anatomic 
course) relative to the hardware. This information then guides 
customized planning of the type or types of examination to be 
performed, including if MRI is the most appropriate modality, 
and if so, the appropriate field strength and scan coverage to 
maximize diagnostic yield.

Table 4: Summary of General Technical Considerations for MRI Around Metal

Technical Parameter Description of Considerations
Field strength 1.5 T generally preferable to 3.0 T as susceptibility is directly proportional to magnetic field strength 

(B0) (97). 3.0 T, however, provides higher SNR than 1.5 T. 3.0 T generally preferred in MR 
neurography due to higher spatial resolution requirements, particularly when the nerve or nervess in 
question are sufficiently distant from hardware (Fig 2)

Position of hardware in magnet Image distortion can be reduced by directly aligning hardware with B0 and placement of anatomy at 
isocenter. Ability to freely position is limited due to hardware location and constraints from finite 
magnet bore diameter (24)

Readout bandwidth Increasing bandwidth reduces distortion. Increased bandwidth reduces signal-to-noise ratio, which can 
be mitigated by increasing the number of acquisitions (24)

Voxel size Decreasing section thickness or increasing the frequency acquisition matrix will decrease voxel size, 
which reduces local B0 variation within each voxel and intravoxel signal decay (24)

Use of specialized pulse sequences, 
such as multispectral imaging

Three-dimensional multispectral imaging techniques, such as multiple-acquisition variable-resonance 
image combination (MAVRIC), section encoding for metal artifact correction (SEMAC), and their 
hybrid sequence (MAVRIC-SL) can be applied to generate images with high signal-to-noise ratio 
with high spatial and contrast resolution and section location selectivity (99)

Note.—SNR = signal-to-noise ratio.

Figure 2: Images in a 19-year-old man with fixation plates in the radius and ulna (transected 
by white line) 1 year after a motor vehicle collision who presented with persistent ulnar neuropathy 
after nerve grafting. (a) Review of radiographs during a prescan assessment and clinical notes 
suggested that the nerve in question was sufficiently distant from the metal (white line) and would 
likely not require 1.5-T or specialized metal artifact reduction sequences. (b) Axial 3.0-T Dixon 
(repetition time msec/echo time msec, 5734/81; bandwidth, 244 Hz per pixel; spatial resolution, 
0.31  0.45  2 mm; acquisition time, 4.0 minutes) water image enables clear visualization of an 
enlarged hyperintense ulnar nerve (arrow).
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Figure 3: Images in a 52-year-old woman presenting with paresthesia in the toes after left total ankle arthroplasty 5 years earlier. A 1.5-T field strength 
was chosen to start, as the susceptibility effect of the arthroplasty was predicted to obscure the tibial nerve at 3.0 T. (a) Axial 1.5-T Dixon water image 
(repetition time msec/echo time msec, 5895/90; bandwidth, 325 Hz per pixel; resolution, 0.59  0.78  2.5 mm; acquisition time, 6.5 minutes) shows 
susceptibility effect obscuring the tibial nerve (arrow). Axial (b) short tau inversion-recovery (5422/14; bandwidth, 651.016 Hz per pixel; resolution, 
0.59  0.78  3.0 mm; acquisition time, 6.8 minutes) and (c) proton density (6014/25; bandwidth, 488 Hz/pixel; resolution, 0.29  0.47  3.3 
mm; acquisition time, 7.4 minutes) images show the tibial nerve was best visualized where the nerve demonstrated fascicular enlargement and hyperin-
tensity of indeterminant origin. Note the sharper image quality due to lower interecho spacing and higher in-plane resolution on (d) conventional sagittal 
proton density image (4025/24; bandwidth, 488 Hz per pixel; resolution, 0.33  0.56  3.0 mm; acquisition time, 6.5 minutes) compared with (e) 
the multiple-acquisition variable-resonance image combination (MAVRIC-SL) proton density image (4000/8.1; bandwidth, 488 Hz per pixel; resolution, 
0.43  0.98  3.0 mm; acquisition time, 4.7 minutes) that makes the dense epineurial scar (brackets) of the tibial nerve more conspicuous. Decreased 
susceptibility artifact on e, however, better shows the perineural fat and spatial resolution of the arthroplasty relative to the tibial nerve.

Modality.—After reviewing all available documents, the radiolo-
gist setting the protocol may decide that US or CT is more ap-
propriate than MRI, at least initially. US may be recommended 
after review of the radiographs and patient history if magnetic 
susceptibility effects are expected to overwhelm visualization of 
the nerve despite modifications to the MRI protocol. Addition-
ally, if extensive heterotopic ossification is seen on radiographs, 
CT may be recommended to determine the extent of this ossi-
fication and its relationship to adjacent nerves. In cases with no 
apparent contraindications and when superior contrast resolution 
is desired, MRI is the preferred modality for PNI assessment and 
can be optimized through careful planning by the radiologist.

Field strength.—Imaging orthopedic hardware at both 1.5 
and 3.0 T is subject to MRI safety recommendations accord-

ing to the manufacturer’s guidelines. Most orthopedic hard-
ware is safe from projectile risk due to the fixed nature of 
these implants (85). MRI conditional hardware is also subject 
to radiofrequency heating or spontaneous absorption rate and 
gradient slew rate limitations; however, implant heating is a 
nonissue for clinical imaging at both 1.5 and 3.0 T (86). At 
3.0 T, MRI affords almost double the SNR as 1.5-T MRI, 
which helps facilitate optimal spatial resolution (Fig 2). At 
our institution, 1.5-T MRI is the first choice when the pri-
mary clinical goal is to evaluate osseous integration of arthro-
plasties and surrounding soft tissue, as 1.5-T MRI minimizes 
the susceptibility effect of the implant (Fig 3). However, 
when the primary concern is PNI, the field strength is cho-
sen based on the nerve in question, the adjacent hardware, 
and the spatial relationship between the two. For brachial 
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plexus evaluation in the presence of a shoulder arthroplasty 
(Fig 4) and for evaluation of the femoral (Fig 5) and sciatic  
(Fig 6) nerves in the presence of a hip arthroplasty, 3.0-T 
MR neurography is favored over 1.5-T MR neurography, 

as nerves can be better visualized at 3.0 T despite increased 
artifacts from adjacent hardware. For PNI adjacent to knee 
and ankle arthroplasties, 1.5-T MR neurography is prefer-
able, as susceptibility effect in the axial plane (orthogonal to 

Figure 5: Images in a 52-year-old man with 
right quadriceps weakness after right total hip arthro-
plasty via anterior approach 5 months earlier. (a) 
Axial proton density (repetition time msec/echo time 
msec, 4458/29; bandwidth, 391 Hz per pixel; res-
olution, 0.43  0.69  2 mm; acquisition time, 5.5 
minutes) and (b) coronal Dixon (4124/89; band-
width, 326 Hz per pixel; resolution, 0.68  0.98  
1.5 mm; acquisition time, 3.2 minutes) 3.0-T images 
show the femoral nerve proper (arrow) is well de-
picted and hyperintense as it leaves the pelvis. Distal 
muscular branches (not shown) of the femoral nerve 
were entrapped by scar tissue (bracket).

Figure 6: Images in a 79-year-old woman who 
presented with difficulty walking thought to be due 
to iliopsoas bursitis after right total hip arthroplasty 
via a posterior approach 9 years prior. Axial (a) 
proton density (repetition time msec/echo time 
msec, 5683/31; bandwidth, 326 Hz per pixel; 
resolution, 0.45  0.72  4.5 mm; acquisition time, 
4.7 minutes) and (b) inversion recovery (4526/19; 
bandwidth, 488 Hz per pixel; resolution, 0.90  
1.2  4.5 mm; acquisition time, 5.7 minutes) 3.0-T 
images show the sciatic nerve (oval) within the 
greater sciatic foramen, and it appears normal. For 
MR neurography, and for musculoskeletal imaging 
in general, fluid-sensitive sequences (eg, inversion 
recovery sequences) are used to increase sensitivity 
to pathologic changes but are combined with higher 
spatial resolution proton density images to delineate 
morphology.

Figure 4: Images in a 21-year-old woman with pain radiating down her right arm after resurfacing shoulder arthroplasty 15 months prior. Coro-
nal (a) water and (b) fat 3.0-T reconstructed Dixon (repetition time msec/echo time msec, 4823/88; bandwidth, 488 Hz per pixel; resolution, 
0.91  1.5  3.0 mm; acquisition time, 6.8 minutes) images show most of the brachial plexus, with the exception of terminal branches due to distor-
tion from the arthroplasty (dashed arrow) but demonstrate a complete fat-water swap (solid arrow) due to the presence of metal (compare a and b). 
(c) Multiple-acquisition variable-resonance combination inversion recovery (5138/8.5; bandwidth, 488 Hz per pixel; resolution, 0.94  1.6  3.5 
mm; 6.8 minutes) dramatically reduces the susceptibility effect and facilitates visualization of the terminal branches (arrowhead).
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most nerves in these regions) can be overwhelming at 3.0 T 
(Fig 3). However, a protocol for each examination is estab-
lished on a case-by-case basis, and exceptions to these general 
guidelines can be made. Occasionally, if susceptibility effect 
unexpectedly obscures visualization of a nerve during a case 
that was started at 3.0 T, the patient can be reimaged at 1.5 T 
as time and scanner availability allow (Fig 7). As such, all MR 
neurography examinations, particularly those around metal-
lic hardware, may require careful real-time monitoring by a 
radiologist specializing in MR neurography.

Scan coverage.—When iatrogenic injury is suspected, it is 
critical to scan the appropriate anatomic region to evaluate the 
nerve in question and the surgical site. For example, brachial 
plexus MRI may be ordered to evaluate the axillary nerve after 
glenohumeral capsular repair, as the standard coverage for bra-
chial plexus MRI may cover only the extraforaminal roots to 
the beginning of the terminal branches. However, upon care-
ful review of the surgical history and inspection of the surgical 

site, coils can be placed in the appropriate position over the 
shoulder region to properly depict the axillary nerve as it enters 
the quadrilateral space, and the field of view prescribed can be 
minimized to maintain high spatial resolution. Skin markers 
are typically placed at the proximal and distal ends of a surgical 
incision as a guide to the technologist and supervising radiolo-
gist to focus on the imaged region.

Optimization of Imaging Protocols
Radiologists must also be proactive in optimizing imag-
ing protocols before and during the examination. In some 
practices, it may not be feasible for radiologists to routinely 
monitor studies in real time, and as such, technologists 
should also be educated on relevant anatomy and protocol 
optimization to ensure that the clinical question is appro-
priately addressed. We have outlined some common sce-
narios in this article; however, exceptions are likely to occur 
in the clinical setting, and radiologists must be prepared to 
adopt a creative approach.

Figure 7: Images in a 73-year-old man with left lower extremity pain, left foot burning sensation, and gluteal weakness after left acetabular fixation 
and posterior approach total hip arthroplasty. (a) Pelvic radiograph shows left total hip arthroplasty in the expected position, along with the fixation 
hardware.  (b) MR neurography at 3.0 T (repetition time msec/echo time msec, 4487/34; bandwidth, 488 Hz per pixel; resolution, 0.43  0.63  
3.0 mm; acquisition time, 7.9 minutes) is generally chosen as the optimal field strength to evaluate the sciatic nerve after arthroplasty, but the nerve was 
obscured by artifact at the level of the greater sciatic foramen (s) due to an additional artifact from acetabular fixation hardware. (c) The patient was sub-
sequently imaged at 1.5 T (4432/26; bandwidth, 488 Hz per pixel; resolution, 0.43  0.86  3.0 mm; acquisition time, 7.8 minutes), and the nerve 
(arrow) was only partially visualized using a conventional oblique proton density sequence. Oblique sagittal (d) multiple acquisition variable-resonance 
image combination (MAVRIC) proton density (3500/10; bandwidth, 488 Hz per pixel; resolution, 0.78  0.78  3.0 mm; acquisition time, 4.9 min-
utes) and (e) MAVRIC short inversion time inversion-recovery (4234/7.6; bandwidth, 488 Hz per pixel; resolution, 0.75  1.9  3.0 mm; acquisition 
time, 9.2 minutes) sequences at 1.5 T cleared up all distortion and depicted a hyperintense and mildly swollen sciatic nerve (arrow) not impinged on by 
metal within the foramen, presumably related to retraction injury at the time of acetabular fixation hardware placement.
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Use of metal artifact reduction techniques in MR neu-
rography.—The first step in metal artifact mitigation is to 
increase the readout bandwidth. Non-negligible magnetic 
susceptibility from metal results in localized frequency 
off resonance that in turn results in susceptibility effects, 
such as image distortion and signal void. Therefore, dou-
bling the receiver bandwidth would proportionately di-
minish susceptibility effects by half (Fig 8). However, dou-
bling the bandwidth without changing the field of view  
or spatial resolution would decrease SNR by 30%, as SNR 
is inversely proportional to the square root of bandwidth. 
Therefore, if metallic artifacts are severe, it would be im-
practical to use too large a bandwidth, as SNR would be 
severely diminished.

Another option is to use specialized 3D multispectral im-
aging (MSI) sequences (eg, multiple acquisition variable-
resonance image combination [MAVRIC] or slice encoding 
for metal artifact correction, or SEMAC (Fig 9). Although 
these sequences were primarily developed to assess osseous 

integration of implants and surrounding soft tissues, they can 
also be used in MR neurography to reduce artifacts caused by 
orthopedic hardware in cases where an artifact obscures direct 
visualization of the nerves being interrogated (Fig 3). However, 
if the nerves in question are not expected to be affected by 
image distortion, these sequences may not be necessary, and 
standard MR neurography sequences can be applied (Fig 10). 
The decision to employ specialized sequences relies on the ra-
diologist’s experience in anticipating the severity of the artifact 
produced by a particular hardware type and its proximity to 
the nerve or nerves. The disadvantage of 3D MSI sequences, 
as compared with traditional two-dimensional ones, is that 3D 
sequences typically suffer from lower in-plane resolution. Ad-
ditionally, 3D MSI necessitates longer scan times due to the 
need for multiple acquisitions corresponding to the number 
of frequency bins that must be acquired. To mitigate lengthy 
scanning times, longer echo train lengths are used; however, 
this results in longer interecho spacing and blurring (Fig 3). 
Spatial resolution may also be reduced relative to non-MSI 3D 

Figure 9:  Images in a 19-year-old man with suprascapular neuropathy after Bristow-Latarjet coracoid transfer procedure performed 3 months 
earlier show a fixation screw (arrow) projecting into the spinoglenoid notch on (a) axial CT and (b) 3.0-T proton density MRI scans. Note selective 
denervation edema pattern of the infraspinatus muscle (⋆). (c) Coronal multiple acquisition variable-resonance image combination inversion recovery 
image shows direct focal impingement by the screw (arrow) on the suprascapular nerve (arrowhead). (Precise parameters were not available for 
these images.).

Figure 8: Images in a 46-year-old man with low back pain radiating down both legs after L4–5 intervertebral disc replacement. (a) Lateral lumbar spine radiograph. (b, 
c) Axial proton density (repetition time msec/echo time msec, 5290/29 msec; resolution, 0.57  0.91  4.5 mm; acquisition time, 7.2 minutes) images of the lumbar plexus at 
3.0 T obtained with different bandwidths (325.5 Hz per pixel in b, 976.6 Hz per pixel in c) show visualization of the extraforaminal L4 nerve roots (arrows) only on c.
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Figure 10: Images in a 52-year-old woman who is unable to move her left hand and fingers after clavicular plate fracture fixation. (a) Frontal radio-
graph shows left clavicular plate and screw fixation in the expected position. (b) Conventional coronal 3.0-T inversion recovery (repetition time msec/
echo time msec, 4106/11; bandwidth, 163 Hz per pixel; resolution, 0.69  0.86  3.5 mm; acquisition time, 3.9 minutes) image shows the brachial 
plexus (arrow) was not well visualized. Oblique sagittal sequences, as part of a routine plexus protocol, are prescribed orthogonal to the long axis of the 
plexus (white lines) (c) The multiple acquisition variable-resonance image combination (MAVRIC) inversion recovery (5130/9.1; bandwidth, 488 Hz 
per pixel; resolution, 0.69  0.86  3.5 mm; acquisition time, 7.7 minutes) enabled the radiologist to identify diffuse thickening and signal hyperintensity 
of the plexus, thought to reflect stretch injury (bracket). T2 Dixon sequences were obtained (d) proximal (6006/81; bandwidth, 244 Hz per pixel; reso-
lution, 0.5  0.71  2.5 mm; acquisition time, 4.6 minutes) and (e) distal (10 000/89; bandwidth, 244 Hz per pixel; resolution, 0.5  0.71  2.5 
mm; acquisition time, 5.0 minutes) to the metal, and (f) MAVRIC IR technique (4376/9.7; bandwidth, 488 Hz per pixel; resolution, 0.56  0.70  3.0 
mm; acquisition time, 8.2 minutes) was used at the level of the plate to minimize susceptibility effect and image the plexus (о).

sequences, and a fast calibration scan can be prescribed to re-
duce the number of frequency bins required (87).

Use of Dixon versus inversion recovery sequences.—Some 
cases may permit evaluation of peripheral nerves with two-point 
Dixon sequences at either 3.0 or 1.5 T when metal is present. 
For example, if a radiologist determines that MAVRIC is not 
needed due to the spatial relationship between the nerve of inter-
est and the metallic artifact, the Dixon sequence may be allow-
able without a substantial susceptibility effect impacting nerve 
visualization (Fig 2). Susceptibility effects may cause the image 
phase to be wrapped or aliased, but phase unwrapping algo-

rithms are often robust in unaliasing the phase (88). The Dixon 
FSE sequence works by acquiring two or more sets of FSE read-
outs, whereby one or more readouts are shifted by the appropri-
ate interval to provide out-of-phase images (89). One important 
phenomenon to be cognizant of when using Dixon sequences 
is complete fat-water swaps (Fig 4). These can occur when the 
magnetic field becomes inhomogeneous due to the presence of 
metal, causing the fat to appear as if it were replaced by the water 
signal and vice versa due to the dominance of the off-resonant 
signal, which confuses the Dixon algorithm. Nevertheless, this 
problem can be easily mitigated by interpreting the fat image 
rather than the water image.
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Avoidance of gradient-echo sequences near metal.—Gener-
ally, gradient-recalled-echo sequences are not used when the 
presence of metal is known, especially when the nerve of interest 
is directly adjacent to orthopedic hardware. This is because the 
gradient-recalled-echo readout is not rephased as compared with 
FSE and is hence more susceptible to metal-related artifacts. 
However, when metal is not near, PSIF can be used for vascu-
lar suppression, which is particularly useful for visualization of 
small nerves that course along the blood vessels (Fig 11). The 
determination of whether a PSIF image will be clinically useful 
relies again on the prescribing radiologist’s careful evaluation of 
each case and his or her understanding of the spatial relationship 
between the indwelling hardware and the nerve in question.

Future Directions
Interest in quantitative methods for PNI has increased in recent 
years. Diffusion-tensor imaging of the peripheral nerves may 
provide information related to their structural integrity (90). 
Quantitative muscle mapping with fat fraction mapping (91), 
T2 mapping, and diffusion imaging (92,93) may enable charac-
terization of the extent of denervation to complement nerve im-
aging. However, quantitative MRI methods typically are not per-
formed with 3D MSI; diffusion images are frequently acquired 
with echo-planar imaging readout and suffer from strong image 
distortions related to B0 susceptibility. Fat fraction methods rely 
on accurate phase unwrapping, which can be challenging in the 
presence of strong B0 susceptibility. In all, quantitative methods 
performed with conventional readouts would result in strong 

signal dropout and image distortions that confound quantitative 
results. The 3D MSI methods for quantitative methods, such 
as diffusion imaging (94) and T2 mapping (95), have also been 
proposed for joint arthroplasty evaluation and would be promis-
ing methods for PNI evaluation near metal.

Conclusion
In conclusion, MR neurography is a useful and effective imag-
ing modality with which to assess peripheral nerves adjacent to 
orthopedic hardware when pulse sequences are appropriately op-
timized. The techniques suggested here are guidelines, however, 
as each case must be considered individually, given the potential 
complexity of the artifact arising from the hardware and its spa-
tial relationship to the nerves being evaluated.
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