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Imaging evaluation of peripheral nerves (PNs) is challenging. Magnetic resonance
imaging (MRI) and ultrasonography are the modalities of choice in the imaging
assessment of PNs. Both conventional MRI pulse sequences and advanced techniques
have important roles. Routine MR sequences are the workhorse, with the main goal to
provide superb anatomical definition and identify focal or diffuse nerve T2 signal
abnormalities. Selective techniques, such as three-dimensional (3D) cranial nerve
imaging (CRANI) or 3D NerveVIEW, allow for a more detailed evaluation of normal and
pathologic states. These conventional pulse sequences have a limited role in the
comprehensive assessment of pathophysiologic and ultrastructural abnormalities of
PNs. Advanced functional MR neurography sequences, such as diffusion tensorimaging
tractography or T2 mapping, provide useful and robust quantitative parameters that
can be useful in the assessment of PNs on a microscopic level. This article offers an
overview of various technical parameters, pulse sequences, and protocols available in

imaging

The clinical and imaging evaluation of the peripheral nerves
(PNs) is challenging. The small size, tortuous course, location
(commonly in the vicinity of vessels or in close proximity to
fibro-osseous tunnels), and nonspecific clinical manifestations
of peripheral neuropathies are among the many challenges
that radiologists face when confronted with PN imaging.' Both
ultrasonography (US) and magnetic resonance imaging (MRI)?
are useful in the evaluation of the PNs. Setting aside the
advantages and disadvantages of MRI and US, the assessment
of PNs using conventional MRI sequences is insufficient. A
more comprehensive assessment of the PNs requires selective
MRI sequences for proper identification, detection, and char-
acterization of PN disorders. In the past 20 years, magnetic
resonance neurography (MRN) techniques now allow a more
meticulous depiction of the PNs. Advanced MR techniques
provide useful insights into their pathophysiology.> We briefly
review conventional nonselective and advanced pulse sequen-
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the imaging of PNs and provides tips on avoiding potential pitfalls.

ces used in PN imaging, focusing on various protocols and
technical adjustments aimed at optimizing image quality.

Magnets and Coils

Magnetic field strength and proper coil selection remain
essential in the evaluation of PNs. In general, 3 T is preferred
because it provides a higher signal-to-noise ratio (SNR) at a
faster pace, particularly important with three-dimensional
(3D) sequences; however, high-resolution images can also be
obtained on 1.5-T field strength magnets with upgraded
software. Two-dimensional (2D) sequences are almost
equally competitive at 1.5 T and 3 T. But when working at
3T, other facts must be considered. Artifacts derived from BO
magnetic field inhomogeneity, fat suppression problems, or
susceptibility artifacts can be more pronounced on 3 T. To
combat such problems, specific sequences were developed to
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Fig.1 T1-weighted (TTW)sequence for the assessment of peripheral nerves. TTW images provide exquisite anatomical details. (a) Axial T1W of the wrist for
assessment of the median nerve (black arrow) in a 24-year-old male health volunteer. (b) Axial T1W of the thigh for assessment of the sciatic nerve (white
arrow) in a 75-year-old male health volunteer. Note the intra-fascicle fat between the nerve bundles.

achieve high-resolution images while mitigating fat or tissue
suppression artifacts.*> When imaging near metallic hard-
ware, 1.5 T is preferred because susceptibility artifacts are
less conspicuous.®’

Certain technical factors, such as field of view (FOV),
should be tailored to the specific anatomical region of
interest. Proper coil selection is also important. For example,
phased array head coils are preferred for the imaging of the
cranial nerves, and dedicated extremity coils should be used
when imaging the PNs in the extremities to achieve higher
SNR and spatial resolution. For plexus imaging, a combina-
tion of coils may be needed to achieve higher and more
homogeneous signal.e'7

Nonselective MRI Sequences for Assessment
of Peripheral Nerves

Despite the latest advances of MRN, conventional nonselec-
tive MRI sequences are of utmost importance in the assess-
ment of PNs. The tissue contrast and the anatomical
information provided by these sequences aid in identifying
various PN pathologies. These sequences provide adequate
spatial resolution to discriminate between PNs and adjacent
structures, such as muscles, bone, or ligaments. The use of
high-resolution 2D morphological MRI sequences with ded-
icated FOV provides excellent anatomical resolution for the
assessment of PN fascicles, especially in pathologic

Fig. 2 Examples of T2 fat suppression techniques. (a) Axial T2 spectral adiabatic inversion recovery (SPAIR) and (b) axial short tau inversion
recovery (STIR) of the knee in a healthy volunteer. The black arrow indicates the common tibial nerve. Note the higher signal-to-noise ratio and
lower flow artifact from the popliteal vessels (white arrow) in SPAIR as compared with STIR.
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Fig. 3 Acquisition of short tau inversion recovery (STIR) sequences after gadolinium-based contrast agent (GBCA) administration in a
57-year-old man who underwent a lumbar plexus study for chronic pubalgia. (a) Coronal maximum intensity projection (MIP) image of the STIR
sequence for assessment of the lumbar plexus. Note the dominance of the iliac vessels (black arrows) that hinder visualization of the lumbar
nerve roots. (b) Coronal MIP image of STIR sequence acquired after GBCA administration. Note the suppression of signal intensity within the iliac
vessels and better visualization of the lumbar nerve roots (white arrows).

conditions.® MR protocols for PN assessment should include
a combination of anatomical and fluid-sensitive images.

The sequences available for PN assessment using conven-
tional MRI sequences range from T1-weighted (T1W) images
to T2-weighted (T2W) images.g'10 T1IW sequences can
provide exquisite anatomical information (~Fig. 1). In gen-
eral, fast spin-echo/turbo spin-echo (FSE/TSE) sequences are
used. Spatial resolution and tissue contrast between sur-
rounding fat and PN fascicles (that are also surrounded by
fat) provided by TIW images are essential for anatomical
evaluation of PNs. T2W images are usually acquired com-
bined with fat suppression techniques. PNs have longer T2
relaxation times compared with muscles and are often
surrounded by fat. These higher T2 relaxation times, com-
bined with strong fat suppression, generate images with
good nerve-to-background contrast, in which abnormal
signal intensities in the nerves are easily identified. Preferred
sequences are FSE/TSE sequences with high TE values, to
maximize contrast with muscle.!!

This fat suppression can be achieved either with a short
tau inversion recovery (STIR) technique or with a spectral

approach, such as spectral presaturation with inversion
recovery or spectral attenuated inversion recovery (SPAIR)
(=Fig. 2). STIR sequences usually enable a more homoge-
neous uniform fat suppression in large FOV, such as the
brachial or lumbar plexus. However, STIR images usually
have a lower SNR when compared with T2W SPAIR. The latter
is recommended for smaller FOV or assessment of localized
neuropathies.’? At 3T, SPAIR is generally preferred because it
provides a more homogeneous fat suppression and higher
SNR. The differentiation between PNs and the adjacent
vascular bundles (especially low-flow veins) is challenging
on STIR. Some authors have proposed acquisition of STIR
sequences after gadolinium-based contrast agents (GBCAs)
to reduce or suppress the signal from adjacent vessels, with
promising results'3 (=Fig. 3). =Table 1 summarizes the
recommended parameters of a clinical routine protocol for
PN assessment.

Fat suppression using Dixon reconstruction technique is
also valuable in the imaging of PNs. Dixon-based techniques
exploit the differences in chemical-shift frequencies
between water and fat, allowing separation of fat and water

Table 1 Conventional MRI protocol for peripheral nerve assessment

T1 TSE T2W TSE T2W SPAIR 3D STIR
TR/TE, ms 550/15 3,000/90 3,500/80 2,200/260
FOV, mm 400 x 250 x 80 400 x 250 x 80 400 x 250 x 80 250 x 400 x 170
Slice thickness/slice gap, mm 3/1.2 3/1.2 3/1.2 2[-1
Acquired voxel size, mm 0.8 x1 0.8 x 1 0.95x 1.2 1.2x1.2x2
Reconstructed voxel size, mm 0.56 x 0.56 0.69 x 0.69 0.69 x 0.69 0.6 x0.6x1
Fat saturation No No SPAIR STIR (TI=220ms)
SENSE acceleration factor No No No 3x1.5
Acquisition time, min:s ~ 4:00 ~ 4:00 ~ 4:00 ~ 6:00

Abbreviations: 3D, three-dimensional; FOV, field of view; MRI, magnetic resonance imaging; SPAIR, spectral adiabatic inversion recovery; STIR, short

tau inversion recovery; T2W, T2-weighted; TSE, turbo spin echo.
Note: FOV and spatial resolution should be adapted based on the region under study.
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signals from in-phase and opposed-phase images.'* This
technique allows a more homogeneous fat suppression,
usually better than STIR or SPAIR. Dixon technique can
be applied on spin-echo and gradient-echo sequences. How-
ever, in MRN, Dixon is usually applied to 2D FSE/TSE pulse
sequences (=Fig. 4). =Table 2 summarizes the recom-
mended parameters for acquisition of TIW and T2W Dixon
sequences for PN assessment.

The 3D FSE/TSE acquisitions have been successfully
improved with new MRI advances, such as modulated refocus-
ing flip angles, longer echo train lengths, and acceleration
techniques, such as parallel imaging or the more recent
compressed sensing methodology.'” In recent decades, other
technological improvements in the design of MRI systems have
allowed the development of advanced 3D neurography mor-
phological sequences. These sequences provide the highest
spatial resolution for PN assessment. As mentioned earlier, 3D
sequences combine very high-resolution acquisitions with
excellent SNR at 3 T. This approach enables isotropic acquis-
itions that will later allow for multiplanar reconstructions.'®

Gadolinium and Peripheral Nerves

PNs should not enhance if the blood-neural barrier (BNB) is
intact, and gadolinium has a limited role in the imaging
assessment of PN disease. The most common indications for
administration of contrast are in the assessment of primary or
metastatic neoplasms, infections, and inflammatory diseases

Fig. 4 T2 Dixon turbo spin-echo (TSE) sequence of the knee for
common tibial nerve (white arrow) and common peroneal nerve
(black arrow) assessment on a 32-year-old healthy volunteer female
T2 Dixon sequence provides four sets of images from one single
acquisition. (a) T2 Dixon in-phase image, with similar contrast to
conventional T2 TSE/fast spin-echo sequences. (b) T2 Dixon out-of-
phase (or opposed-phase) image, with its characteristic Indian ink
artifact due to signal cancellation of voxels located in the interphase
between fat and water. (c) T2 Dixon fat-only image, in which all the
not-containing fat voxels are canceled. (d) T2 Dixon water-only image,
equivalent to a conventional T2 fat-saturated or short tau inversion
recovery sequence but with a higher signal-to-noise ratio and more
homogeneous fat suppression.

Table 2 Dixon parameters for peripheral nerve assessment

T1 TSE Dixon
TR/TE, ms 630/7 3,000/90
FOV, mm 200 x 200 x 100 | 200 x 200 x 100

Slice thickness/ 3/1.2 3/1.2
slice gap, mm

T2 TSE Dixon

Acquired voxel 0.69 x0.9 0.65x0.8
size, mm

Reconstructed 0.6 x 0.6 0.6 x0.6
voxel size, mm

SENSE acceleration | 1.5 1.5

factor

Acquisition ~ 4:30 ~ 4:00
time, min

Abbreviations: FOV, field of view; TSE, turbo spin echo.
Note: FOV and spatial resolution should be adapted based on the region
under study.

that may disrupt BNB integrity. Note that severe trauma may
also result in BNB damage, but the role of contrast administra-
tion in the setting of trauma is not fully established®'”
(=Fig. 5). Postcontrast TIW with fat suppression (usually
spectral fat suppression) or T1 Dixon water-only images can
depict gadolinium uptake in diseased nerves and differentiate
abnormal enhancement from normal high intensity of peri-
neural or even intraneural fat.

Dynamic contrast-enhanced (DCE)-MR perfusion may have
a role in the evaluation of PNs. DCE-MRI sequences are
acquired immediately after contrast injection and enable
evaluation of the microvascular environment surrounding
the PNs. =Table 3 summarizes the protocol parameters for
DCE-MR perfusion. These types of sequences have high tem-
poral resolution that allows radiologists to assess the pass of
GBCAs through the capillary network, detecting contrast
uptake and signal changes within PNs. These sequences are
part of state-of-the-art MRI protocols in the assessment of
lesions in many organs, such as brain, prostate, breast, or liver.

The added value of DCE-MRI for PN assessment is related
to the pathophysiologic information provided in terms of
parameters derived such as Ktrans, Kep, Ve, Vp, wash-in, or
wash-out rates. These parameters may allow noninvasive
ways of differentiating nonaggressive, probably benign,
lesions from more aggressive malignancies. In addition,
these parameters can provide certain quantitative threshold
values useful in follow-up or treatment response. MR signal
intensity of either a single voxel or region of interest can be
plotted over acquisition time, generating time intensity
curves (TICs) or signal-time curves. TICs reflect the changes
in T1 signal intensity with the pass of GBCAs through the
capillary network. The shape and characteristics of TICs are
another physiologic parameter that helps assess lesion
aggressiveness'® (~Fig. 6). The acquisition of DCE-MRI
sequences immediately after GBCAs injection does not influ-
ence the later acquisition of conventional gadolinium-
enhanced T1W (with or without fat suppression) for routine
assessment of GBCA uptake by PNs.
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Table 3 Dynamic contrast-enhanced MRI parameters for
peripheral nerve lesion assessment

15T 3T
TE/TR, ms 2.1/6 1.3/4.0
Flip angle, degrees 10 10
FOV, mm 190 190
Matrix 112 x 149 112 %96
Voxel, mm 1.17 x 2.40 1.90 x 2.30
Thickness, mm 7 3.5
Dynamic time, s 5 5
N° dynamics 50 50
Acquisition time, min:s 4:00 4:00

Abbreviations: FOV, field of view; MRI, magnetic resonance imaging.
Note: FOV and spatial resolution should be adapted based on the region
under study.

Magnetic Resonance Neurography

Morphological MR Neurography

Recent advances in high-field gradients and coil design have
led to the development of advanced 3D neurography sequen-
ces, some of which are summarized here.

Three-dimensional Cranial Nerve Imaging

Three-dimensional cranial nerve imaging (3D CRANI) is a
sequence intended for the visualization of the extraforami-
nal cranial nerves. Imaging of the extracranial nerves is
challenging due to their small diameter, complex shape,
and the potential presence of artifacts caused by motion,
susceptibility, fat suppression, and magnetic field inhomo-
geneities. The 3D CRANI is a black-blood 3D STIR TSE

Update on MR Neurography Martin-Noguerol et al.

sequence that uses pseudo steady-state (PSS) sweep in
combination with a motion-sensitized driven equilibrium
(MSDE) pulse.'® The combination of MSDE and STIR enables
better fat suppression and reduces signal from muscle, and
blood across the FOV. Additionally, the PSS sweep is designed
to keep the signal strength constant. Compressed sensing
and other acceleration techniques can supplement this se-
quence to reduce acquisition time. Maximum intensity
projections (MIPs) and plane reformats can be applied for
better visualization of the evaluated nerve trajectory
(~Fig. 7).° ~Table 4 summarizes the protocol parameters
for 3D CRANI acquisition.

Three-dimensional NerveVIEW

Three-dimensional NerveVIEW is a high-resolution 3D STIR
sequence with a large bandwidth that allows improved fat
suppression in a higher range of frequencies. The addition of
MSDE pulse results in dephasing of the moving spins, nulling
out unwanted signal from blood vessels that run parallel to
the nerves'® and reducing the intralumen signal of vessels.
This technique is especially useful in the evaluation of the
brachial and lumbar plexus, overcoming fat suppression
challenges and flow-related artifacts (~Fig. 8). In addition,
the 3D isotropic imaging method allows for reformats in any
plane (including oblique) without loss of resolution, improv-
ing visualization of intricate spinal nerves. Protocol details
and acquisition parameters are listed in ~Table 5.

Three-dimensional Diffusion-weighted Imaging-PSIF

The 3D diffusion-weighted imaging-PSIF is a balanced gradi-
ent-echo steady-state free precession sequence that has less
influence on local magnetic field inhomogeneity due to
encompassing features of spin-echo pulse sequence.20 It
can be performed with or without fat suppression, although

Fig. 5 Use of gadolinium-based contrast agents for the assessment of peripheral nerve lesions. A 45-year-old man with a recent left knee sprain
refers for left foot drop. (a) Axial T1-weighted turbo spin echo shows enlargement of the common peroneal nerve (black arrow) compared with
the normal common tibial nerve (white arrow). (b) Axial T2 spectral adiabatic inversion recovery (SPAIR) shows an increase of signal intensity
within the common peroneal nerve (black arrow) with normal signal intensity within the common tibial nerve (white arrow). (c) Axial T1 SPAIR
after gadolinium administration demonstrates intense common peroneal nerve enhancement (black arrow) compared with an absence of
enhancement within the common tibial nerve (white arrow). The use of T1 fat suppression sequences such as SPAIR increases the conspicuity of
enhancement. The enhancement within the common peroneal nerve suggests disruption of the blood-nerve barrier.
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Fig. 6 Radial nerve schwannoma in a 45-year-old woman. Dynamic contrast-enhanced magnetic resonance imaging perfusion is useful in
assessing the microvascular environment. (a) The acquisition of multiple consecutive images within the first minutes after gadolinium
administration allows distribution of gadolinium-based contrast agents through the capillary network of the peripheral nerves (white arrows).
This approach is especially relevant in the characterization of benign versus malignant lesions. (b) Parametric maps and (c) the time intensity

curve are useful in lesion characterization.

selective water excitation-type fat suppression is recom-
mended for a better nerve-to-background contrast ratio.*

Vascular signal is suppressed due to the steady-state
nature of this sequence and the use of a low diffusion
moment, combined with intrinsic T2 nerve hyperintensity
resulting in nerve-selective imaging. The 3D DWI-PSIF is
acquired with submillimeter isotropic resolution.?’ Acquired
images can be reformatted in any arbitrary plane, and MIPs
may be used to improve nerve visualization.”? Recom-
mended parameters for a 3-T 3D DWI-PSIF sequence are
summarized in ~Table 6.

Fig. 7 Three-dimensional cranial nerve imaging sequence for the
extracranial assessment of cranial nerves in a healthy 48-year-old
woman. Coronal oblique reconstruction of maximum intensity pro-
jection multiplanar reformation demonstrates proper visualization of
both lingual (white arrows) and inferior alveolar nerves (black arrows).

Functional MR Neurography Sequences

In the last decade, new MRI sequences have been incorpo-
rated that provide higher resolution assessment of the PNs.
Most of these sequences have been imported from other
anatomical areas, such as the central nervous system. These
sequences enable radiologists to evaluate PNs beyond their
morphological properties, providing valuable information
on pathophysiology. The added value of these sequences is to
provide quantifiable data, helping establish threshold values
to discriminate between normal and pathologic conditions,
for example disease grading or treatment monitoring.>3

Diffusion-weighted Imaging Neurography

DWI allows in vivo detection and quantification of water
molecule movement. As in other anatomical areas, the most
common DWI technique is single-shot echo-planar imaging

Table 4 Parameters for three-dimensional cranial nerve
imaging sequence acquisition

TR/TE, ms 2,300/150

FOV, mm 200 x 200 x 100
Slice thickness/slice gap, mm 0.5/— 0.45
Acquired voxel size, mm 0.9x0.9x0.9
Reconstructed voxel size 0.5 x0.5x0.45
Slice oversampling 1.5

BB pulse MSDE

Fat saturation STIR

SENSE acceleration factor 2x1.2
Acquisition time, min:s ~ 8:00

Abbreviations: BB, black blood; FOV, field of view; MSDE, motion-
sensitized driven equilibrium; STIR, short tau inversion recovery; TSE,
turbo spin echo.

Note: FOV and spatial resolution should be adapted based on the region
under study.
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Fig.8 Three-dimensional (3D) NerveVIEW for assessment of the lumbar plexus in a healthy 57-year-old woman. (a) Coronal T2 spectral adiabatic
inversion recovery of the pelvis for lumbar plexus evaluation shows multiple hyperintense structures that correspond with lumbar plexus roots
and sciatic nerves (white arrows). Note that the adjacent pelvic and gluteal vessels (black arrows) may hinder optimal visualization of peripheral

nerves (PNs). (b) The 3D NerveVIEW suppresses the signal from vascular structures and increases the conspicuity of the PNs.

(EPI). This sequence is robust, fast, and commonly available.
The intrinsic structure of PNs facilitate water movement
along its long axis and restrict water diffusion along its short
axis. Thus diffusion motion-probing gradients are applied
perpendicular to the long axis of the PNs. With proper
background signal suppression, high contrast between PNs
and the surrounding structures can be achieved (~Fig. 9).24
Acquisition of at least two b-values is necessary to calculate
the apparent diffusion coefficient (ADC). ADC indirectly
measures the displacement of water molecules in extracel-
lular space. ADC values are helpful in discriminating various

Table 5 Three-dimensional NerveVIEW parameters for peripheral
nerve assessment

TR/TI/TE, ms 2,200/250/170
FOV, mm 300 x390x%x 170
Slice thickness/slice gap, mm 2/—1

Acquired voxel size, mm 1.2x1.2x2
Reconstructed voxel size, mm 0.6x0.6x1
Slice oversampling 1.5

BB pulse MSDE

Fat saturation STIR

SENSE acceleration factor 3x1.3
Acquisition time, min ~ 6:00

Abbreviations: BB, black blood; FOV, field of view; MSDE, motion-
sensitized driven equilibrium; STIR, short tau inversion recovery; TSE,
turbo spin echo.

Note: FOV and spatial resolution should be adapted based on the region
under study.

pathologies. For example, in trauma the ADC values tend to
be increased, due to associated edema or inflammation.
Benign PN tumors, such as neurofibroma, schwannoma, or
neuroma, usually show higher ADC values (> 1.1x 1073
mm?/s) than malignant ones (< 1.1 x 10~ mm?/s). The
optimal b-value for acquiring reliable DWI MRN of the PNs
is between 600 and 800 s/mmz.25 =Table 7 summarizes the
main parameters for acquisition of DWI neurography.

Diffusion Tensor Imaging Neurography

Diffusion tensor imaging (DTI) is an advanced technique that
can be useful in assessing functional neurography of the PNs.
DTI determines a dominant direction in the movement of
water molecules along the axon by using motion-probing
gradients in multiple directions.?®>” This type of diffusion is

Table 6 PSIF parameters for peripheral nerve assessment

TR/TE, ms 10/2.47
FOV, mm 100-320 x 100
Slice thickness/ 0.9

slice gap, mm

0.7-0.8 x 0.7-0.8 x 0.7-0.8
80-90

120-420 x 100-120

Water excitation normal
4:30-6:25

Effective voxel size, mm

b-value, s/mm?

Matrix size, mm

Fat suppression

Acquisition time, min:s

Abbreviation: FOV, field of view.
Note: FOV and spatial resolution should be adapted based on the region
under study.
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Fig.9 Diffusion-weighted imaging (DWI) neurography of the sciatic nerve and lumbar plexus in a healthy 44-year-old woman. (a) Axial short tau
inversion recovery shows the neurovascular bundle at the right greater sciatic notch with sciatic nerve (white arrow) and gluteal vessels (black
arrow). (b) Axial b-value 800 DWI neurography demonstrates only the sciatic nerve as an hyperintense structure due to the restriction of water
diffusion on the axial plane inside the nerve (white arrow). Note the loss of signal intensity from vessels because of the diffusion gradients. (c)
Apparent diffusion coefficient map derived from DWI enables quantification of water movement in the extracellular space (1.4 x 107> mm?/s).
(d) Coronal maximum intensity projection reconstruction of DWI neurography of the lumbar plexus depicts the lumbar roots (arrows) with high
contrast against background structures. Judicious use of the fat suppression pulse technique and high-diffusion gradients are essential.

known as anisotropic and determined by the microstructure of
the PN that facilitates movement of water molecules along the
major axis of the nerve.?®2° In DTI, the images are acquired in
multiple directions to detect a dominant movement. DTI-
based neurography provides various parameters, such as
fractional anisotropy (FA), mean diffusivity (MD), axial diffu-

Table 7 Diffusion-weighted imaging neurography parameters
for peripheral nerve assessment

15T 30T
TR/TE, ms 15,233/65 2,179/72
Flip angle, degrees 90 90
FOV, mm 130 130
Voxel, mm 1.55/1.55/4.00 | 1.55/1.55/4.00
Thickness, mm 4 3
b-values, s/mm? 0, 800 0, 800
Acquisition time, min:s | 3:30 2:50

Abbreviation: FOV, field of view.
Note: FOV and spatial resolution should be adapted based on the region
under study.

sivity (AD), and radial diffusivity (RD), that may prove to be
useful in determining the pathophysiology of PNs.

FA, which ranges between 0 and 1, is considered the most
sensitive parameter in the evaluation of PNs and an index of
fascicular organization. FA was found to be decreased when
there is loss of such neural organization.>® MD (mm?/s) is
somewhat similar to ADC but provides greater precision in
free movement of the water molecules in the extracellular
space. AD (mm?/s) estimates the degree of free movement of
water molecules along the major axis of the nerve, thus
reflecting the degree of axonal conduction.>' RD (mm?/s) can
be considered the most specific indicator of myelin integrity
because it estimates the free movement of water molecules
along the short axis of the nerve. Increase in RD is found in
conditions that involve myelin damage, such as injury to the
nerve sheaths. RD may be decreased when there is a remye-
lination repair.3?-3° Finally, DTI studies allow high-resolu-
tion 3D neurographic reconstructions that provide
additional information on the morphological and functional
characteristics of the PNs, as well as their relationship with
neighboring structures including PN tumors (=Fig. 10).
=Table 8 summarizes the main parameters for acquisition
of DTI neurography studies.3®~4°
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Fig. 10 Diffusion tensorimaging (DTI) neurography for radial nerve assessment in a healthy 21-year-old man. (a) Sagittal T2 spectral adiabatic
inversion recovery shows the normal radial nerve along its long axis (black arrow). The application of multiple motion sensitizing gradient DTI
sequence allows to represent (b) radial nerve (black arrow) using fiber tracking techniques and to obtain (c) fractional anisotropy, mean
diffusivity, radial diffusivity, or axial diffusivity parametric maps for quantification of the radial nerve diffusion features (black arrows).

Table 8 Diffusion tensor imaging neurography parameters for
peripheral nerve assessment

15T 30T
TR/TE, ms 3,210/110 2,500/75
Flip angle, degrees 90 90
FOV, mm 140 140
Voxel, mm 1.50/1.50/3.00 | 1.50/1.50/3.00
Thickness, mm 4 3
No. of directions 12 12
b-values, s/mm? 0, 800 0, 800
Acquisition time, min:s | 7:15 5:25

Abbreviation: FOV, field of view.
Note: FOV and spatial resolution should be adapted based on the region
under study.

Table 9 T2 mapping parameters for peripheral nerve assessment

TE, ms 8, 16, 24, 32, 40, 48,
56, 64, 72, 80

TR, ms 2,000

FOV: AP x RL x FH, mm 16 x 16 x 44

Thickness, mm 3

Matrix, mm 360 x 324

Plane Axial

Acquisition time, min:s 5:34

Abbreviations: AP, anterior/posterior; FH, foot/head; FOV, field of view;
RL, right/left.
Note: FOV and spatial resolution should be adapted based on the region
under study.

T2 Mapping

The T2 mapping sequences are widely used in radiology,
especially in the field of cardiac and cartilage imaging.*!*?
These sequences quantify T2 relaxation times of tissues more
accurately than conventional T2W. For this aim, a multi-echo T2
sequence must be acquired with a range of TEs, generally from

low (10 ms) to high TE (120 ms). After acquisition, T2 relaxation
times are calculated. Information provided by T2 mapping may
be displayed in parametric maps that provide information about
the distribution of T2 relaxation values within PNs. ~Table 9
summarizes the main parameters for the acquisition of DWI
neurography studies. T2 mapping techniques help determine
myelin water fraction within PNs, estimating the myelin water
compartment and intra/extracellular water compartments.
Water molecules bound to myelin sheaths have a shorter T2
relaxation time than those located in the intra- or extracellular
compartments. PNs with myelin damage show larger T2 relax-
ation times than normal. The differences in T2 relaxation times
are due to the slow motion of water bound to macromolecules
compared with free water molecules.

The added value of T2 mapping for PN evaluation is in the
ability to identify subtle changes in T2 signal within apparent
normal PNs, which may be considered as very sensitive but
not a specific indirect sign of PN disease (edema, atrophy, or
gliosis). Preliminary studies have explored the utility of T2
mapping in the assessment of PNs in the settings of chronic
inflammatory demyelinating polyradiculoneuropathy and
lumbar or cervical compressive radiculopathy (=Fig. 11).
These studies showed higher T2 relaxation values in com-
pressive neuropathy compared with normal nerves, empha-
sizing the potential role of this technique as an objective and
reproducible way to evaluate PN pathologies.*>4

Pitfalls and Artifacts

Different artifacts affect MR neurographic images, especially
at 3 T, which is more prone to susceptibility and chemical-
shift artifacts, particularly with large FOVs. Incorrect and
inhomogeneous fat suppression is the most common fre-
quently seen of these chemical-shift artifacts. To minimize
them, shimming must be optimized.?® Other approaches to
reduce BO inhomogeneity or artifacts due to incomplete/
poor fat suppression are to position the area of interest at
isocenter or to perform real-time BO corrections.

The magic angle effect is another source of diagnostic
error because it may produce artifactual hyperintensities
mimicking pathology. To minimize the magic angle effect, a
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TE75 ms ! TE 90 ms

TE 60 ms

Fig. 11 T2 mapping for assessment of the common tibial nerve at the knee of a healthy 35-year-old man. The use of different TEs enables an
estimation of the T2 signal intensity for each echo and calculates minimum (51.51 ms), maximum (144.11 ms), and mean (91.94 ms) T2 values

for the common tibial nerve (black arrows).

high TE parameter should be used. Familiarity with this
artifact is paramount to avoid misinterpretation of spurious
intraneural T2 signal with disease.*34°

When DWI or DTI neurography studies are acquired, it is not
uncommon to identify artifacts related to image distortion. In
this scenario, the use of linear or nonlinear registration tools
and gradient nonlinearity correction may help improve image
quality. Inhomogeneity of the magnetic field due to the
presence of air, bone, or blood products or foreign bodies
presents a problem in single-shot EPI used for DTI acquisition.
In the last decade, several non-EPI-based DTI sequences have
been developed to minimize these artifacts. PROPELLER, multi-
shot, and TSE DTI techniques are preferred when there is
inhomogeneity in the magnetic field.>® Non-EPI sequences
may be useful when hematoma or foreign bodies are suspected
in the setting of trauma or instrumentation.”’

Physiologic motion artifacts, such as breathing or vascular
pulsation, may be minimized using respiratory or cardiac
gating. However, this approach increases the overall sequence
acquisition time. Hyperintense flow-related intravascular sig-
nal can make a correct diagnosis challenging. Shorter echo
train lengths and different phase-encoding gradients can help
mitigate this problem. Specific neurographic sequences have
incorporated different strategies including T2 prepulses to
minimize vascular signal as a source of confusion.”?> Motion
is another source of artifacts that directly degrades image
quality. The use of acceleration techniques to reduce acquisi-
tion time is advised to improve patient experience and de-
crease motion.®>3

MR Neurography Protocols (When, Where,
and How)

There are several clinical indications for performing MRN.
Primary or secondary neuropathies including PN trauma or

compressive neuropathies, tumor, infection, toxic-metabolic
or inherited or autoimmune diseases may benefit from
targeted MR protocols. Depending on the anatomical area
or the peripheral nerve of interest, FOV and MR protocols
should be adjusted to optimize the FOV and SNR. For exam-
ple, assessment of brachial or lumbar plexopathy requires
larger FOV than targeted assessment of a single PN in the
extremities.

Whole-body MRN studies deserve a particular mention
because of the large coverage required for multi-station
(usually four to six) sequence acquisitions. Whole-body
MRN studies are usually indicated for evaluation of diffuse
polyneuropathies (usually inherited, paraneoplastic, or
antibody mediated autoimmune) or for screening of PN
tumors in the setting of systemic neurofibromatosis or
schwannomatosis (=Fig. 12). Generally, whole-body MRN
protocol does not differ from its use for oncologic indi-
cations, such as bone marrow assessment in multiple
myeloma, bone metastasis detection, or lymphoprolifer-
ative disorders assessment. The basic MR protocol re-
quired for whole-body MRN studies should include DWI
and coronal T2 fat suppression sequences, with acquisi-
tion time no longer than 20 minutes. If contrast is needed,
coronal TIW with or without fat suppression should be
acquired.

Radiology departments should have a basic and
advanced MRN protocol for PN assessment. As described
earlier, advanced MRN sequences need to be acquired when
additional information about PNs is needed, such as in cases
of apparent normal PN on conventional studies or when
quantifiable parameters are necessary for treatment moni-
toring or establishing cutoff values between healthy and
diseased nerves. The type, number, and order of MR
sequences may vary depending on clinical suspicion and
radiologist experience.
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Fig. 12 Whole-body magnetic resonance neurography in a 25-year-
old man with neurofibromatosis type 1. (a) Coronal short tau inver-
sion recovery sequence of the whole body acquired with five stations
identifies multiple neurofibromas (black arrows). (b) Coronal diffu-
sion-weighted imaging maximum intensity projection (also acquired
with a five-station strategy) increases the conspicuity of the lesions
due to hypercellularity, noting multiple nodular masses along the
brachial and lumbar plexus in the distribution of peripheral nerves in
the upper and lower extremities.

Conclusion

A wide armamentarium of MR sequences is available for
evaluation of PNs. MR neurographic protocols range from
routine evaluation using conventional MR imaging focusing
on morphological assessment, to advanced MR sequences
that provide valuable information on the pathophysiology of
the PNs. Advanced MRI sequences, such as 3D CRANI, Nerve-
VIEW, DWI, DTI, or T2 mapping, require specific technical
parameters to optimize image quality and to ensure repro-
ducibility. New technical upgrades in the field of MRN are
helpful to minimize artifacts and improve visualization of
PNs. Depending on the PN or the anatomical region to
evaluate, dedicated protocols, sequence selection, and study
planning are needed.
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