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OcHoBbI CTaHAapPTHOM BU3yanu3auum nepudepuueckon - Sl
HepBHOU cucteMbl: MP-Helporpadus

C.H. MoposoBa, B.B. CunbkoBa, [.A. TpuwwmnnHa, T.A. Tymunosuy, A.O. HeyeTkuH,
M.B. KpoTtenkoBa, H.A. CynoHeBa

HayuHblit LieHTp HeBponorum, Mocksa, Poccuitckas Pepepauns

AHHOTALMA

Mepudepuyeckue HeliponaTUM OTHOCATCA K OAHWM U3 Hanbonee YacTo BCTPEYAIOLLMXCA HEBPONOTMYeCKUX paccTpoicTs. He-
CMOTPA Ha Ha/M4Me XOPOLLO 3apeKOMEHA0BaBLLMX cebsi M AONOMHAIOLLMX APYr Apyra METOLL0B UHCTPYMEHTaNbHO ANarHoCTM-
KM, TaKWUX KaK 3eKTpoHelipoMmorpadms 1 ynbTpasByKoBOe UCCe0BaHUe, AMarHocTuKa u anddepeHumanbHas AuarHocTmka
nopaxeHus nepuepnyecknx HepBoB PasfIMYHOrO reHes3a, 0C0OEHHO UX MPOKCUMATIbHBIX OTAEN0B, MOXET bbITb 3aTpyAHEHa.
MarHuTHo-pe3oHaHcHas ToMorpadus nepudepuyecknx HepBoOB B HACTOALLEE BPEMA aKTUBHO BHEAPSETCA B KIMHWUYECKYH
NPaKTUKY B Ka4ecTBe LIeHHOr0 AOMOJHUTENbHOMO AUArHOCTUYECKOr0 MHCTPYMEHTA.

AkueHT B NpeacTaBneHHol paboTe fienaeTca Ha 0CHOBHbLIX MPEMMYLLECTBAX M OFPaHMYEHUAX YNOMSHYTbIX METOAO0B McChe-
[0BaHUS, UCTOPUM WCMONB30BAHUA MarHWUTHO-PE30HAHCHOW ToMorpaduu Ans BU3yanusaumuu CTPYKTYp nepudepuyeckon
HEPBHOM CMCTEMbI, OCHOBHbIX TPEOOBaAHMAX K MPOTOKONY MarHWTHO-pe30HaHCHOW ToMorpaduu nepudepuyeckux HepeoB
Pa3fIMYHONA JIOKaNU3aLMK C YHETOM COBPEMEHHbIX TEXHUYECKUX BO3MOXKHOCTEN, B TOM YuCile NoApobHO paccMaTpuBaloTcs
ucnonb3yeMble AN CTaHAAPTHOrO UCC/e0BaHNUA NOCNEL0BATEIbHOCTU MarHUTHO-Pe30HAHCHOM ToMorpadmmn 1 UX AnarHo-
CTUYECKOe 3HayeHne, PeKOMeHAALMN N0 UCMO/b30BaHUK0 KOHTPACTUPOBAHNA, NPEMMYLLECTBA U HeLOCTATKW Pa3fNyHbIX Me-
XaHW3MOB JKMPOMOLABNEHMS.

B HacTosee BpemA MpaKTUYECKW OTCYTCTBYIT CTaHAAPTU3MPOBaHHblE OMMCaHMS nepudepuyecknx HepBoB B HOPMe
W NpX PasnnyHbIX NATONOMUAX, YTO CHUXXAET AMarHOCTUYECKYI0 LIeHHOCTb MeToAa. llepcneKTiBa NoBbilLeHUs ero MHdopMa-
TUBHOCTU 1 PacLUMPeHns UCMOfb30BaHNsA CBA3aHa, B TOM YMCIie, C MPoBeAEHNEM UCCnefoBaHMIA Ha 6ONbLLIMX rpynnax 34,0po-
BbIX MCMbITYEMbIX M NALMEHTOB C Pa3fIMiHBIMK NATONOMUAMK NepudepuiecKon HepBHOI CUCTEMBI.

KnioueBble cnoBa: MarHUTHO-pe3oHaHCcHas ToMorpadus; nepudepuyeckue Heiiponatu; MPT-npoToKon; )XUponoAaBneHue;
TPEXMepHas BU3yanu3aums.
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Conventional magnetic resonance imaging
of peripheral nerves: MR-neurography
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ABSTRACT

Peripheral neuropathy is known to be one of the most common neurological disorders. Despite the great diagnostic value of
electroneuromyography and ultrasound, addressing the diagnostics and differential diagnostics of peripheral nerve diseases
of different origin could be challenging. In recent years, magnetic resonance tomography has been increasingly used for
evaluating cases of suspected or established peripheral neuropathy with excellent results.

This manuscript mainly deals with the advantages and limitations of the aforementioned diagnostic instruments, technical
considerations according to different anatomy of peripheral nerves, along with state-of-the-art technical decisions, frequently
used magnetic resonance imaging sequences and their diagnostic value based on own observation, and recommendations for
contrast enhancement use and different methods of fat suppression.

Currently, there is practically no standardized description of normal magnetic resonance imaging features of peripheral nerves,
as well as their changes in different diseases. The evaluation of images is mainly based on the radiologist experience, which
obviously decreases method’s diagnostic value. Studies of large numbers involving healthy volunteers and patients with
peripheral neuropathies of different origin are required to address this issue.

Keywords: magnetic resonance imaging; peripheral nervous system diseases; MRI scans; fat suppression; imaging;
three-dimensional.
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INTRODUCTION

Peripheral neuropathy, one of the most common
neurological conditions, is an umbrella term covering
peripheral nerve diseases [1]. It is classified as
mononeuropathy, multiple (multifocal) mononeuropathy, or
polyneuropathy based on the number of nerve fibers involved.
Ischemia and compression, trauma, infections, neoplasms,
dysmetabolism, disimmunity, toxicity, and insufficiency can
all contribute to peripheral neuropathy [2, 3].

If peripheral neuropathy is suspected, a complete medical
history and complaints, including a family history, should be
obtained [4]. In most cases, the cause may be determined
using laboratory tests. At present, electroneuromyography
is the gold standard of research. It evaluates the conductive
function of upper and lower extremity motor and sensory
nerves, their proximal sections (indirectly), and innervated
muscles (denervation activity) [5]. These studies can help
determine the location, extent, degree, and lesion type [6, 7].

However, electrophysiology has several limitations, such
as the inability to diagnose difficult-to-reach proximal areas
of the peripheral nervous system [8]. Furthermore, in acute
and chronic peripheral neuropathies with previously affected
distal parts, they are often highly degenerated at the first
visit of a patient, making diagnosis challenging (this is the
so-called floor effect that occurs when a data-gathering
instrument has a lower limit to the data values it can reliably
specify) [3]. For the same reason, certain complications
can arise when attempting to differentiate between the
entirely afflicted cross-section of the distal nerve and the
more proximal lesion of the peripheral fascicle [9]. Another
important limiting factor is that results are operator-
dependent, which refers to variations in effects caused by a
healthcare professional’s (HCP) levels of competence when
doing an electroneuromyography.

High-resolution ultrasonography is a highly
informative, supportive approach for real-time prolonged
imaging of peripheral nerve conditions, identifying
intraneural changes, and evaluating perineural tissues
[10, 11]. Ultrasound of the peripheral nerves is now
widely used to diagnose post-traumatic, compression,
dysimmune, hereditary neuropathies, and nerve tumors
[12]. However, the efficiency and reproducibility of this
procedure largely depend on HCP experience [13], the type
of ultrasound device, and the transducer frequency used.
Unlike electrophysiological techniques, ultrasound does
not identify the type of nerve fiber injury. Furthermore,
deep-lying peripheral nerves near bone structures and
internal organs may be difficult to see or inaccessible to
ultrasonography [14].

Magnetic resonance imaging (MRI) is not commonly
used to diagnose peripheral nervous system problems.
The reasons for this are as follows: (a) the need to obtain
very high-resolution 3D images to visualize morphological
changes in the nerve structure, which lengthens the
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examination and increases the potential of artifacts, and
(b) the lack of detailed description of the normal state of
the peripheral nervous system visualized that complicates
interpretation of the data obtained. However, with recent
technological advances, MRI is now considered an alternative
modality for diagnosing peripheral nerve disorders and can be
recommended in cases of suspected lesions that are difficult
to reach with conventional methods, surgical procedure
planning, controversial electroneuromyography, ultrasound
data, trauma, radiation therapy, and surgery history [15].

USE OF MRI FOR PERIPHERAL
NERVOUS SYSTEM VISUALIZATION

Although even today, MRI is prescribed to patients with
suspected peripheral neuropathy rather to exclude a mass
lesion inside or directly adjacent to the nerve [16], as early
as in the 1990s, a research group led by Filler and Howe
[17, 18] developed the first MR sequences with higher spatial
resolution, and increased the contrast of peripheral nerves
for their optimal visualization. This procedure was known as
magnetic resonance neurography (MR neurography).

Magnetic resonance neurography is used in clinical
practice to diagnose traumatic nerve injuries and carpal
tunnel syndromes and plan the treatment. In the first case,
MR neurography distinguishes a complete nerve transection
with all supporting connective tissue structures affected
(neurotmesis), requiring surgical intervention and damage
to the axon without its sheath destruction (axonotmesis)
or local demyelination due to compression or traction with
axonal structures preserved (neuropraxia), which can recover
spontaneously [19]. MR neurography may also be used
for nerve recovery monitoring in controversial cases. This
approach is often used to locate and determine the specific
location of a lesion in tunnel syndromes (compression
neuropathies). If surgical treatment fails, MR neurography is
also recommended.

This diagnostic area is developing more rapidly than other
areas related to the peripheral nervous system [3]. Therefore,
plexus MRI is now part of the confirming diagnostic criteria
for chronic inflammatory demyelinating polyneuropathy and
multifocal motor neuropathy [20, 21]. Noninvasiveness, low
operator dependency, the specific location of pathological
alterations and their clear relationship with adjacent
anatomical structures, a full assessment of all anatomical
structures in the area studied, and monitoring over time are
all advantages.

BASIC TECHNICAL REQUIREMENTS
FOR MRI PROTOCOL

Magnetic resonance neurography is a technique for
optimizing peripheral nerve visualization that uses nerve-
selective (imaging nerve trunks with suppressed signals
from surrounding tissues and vasculature [22]) and
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nerve-nonselective sequences with high-resolution and
contrast augmentation.

There are also some limitations. First, because the
transverse size of a nerve is typically only a few millimeters
and the thickness of individual fascicles is approximately
<1 mm, individual nerve trunks may only be visualized using
high-resolution techniques. Longer acquisition periods and
lower signal-to-noise ratios are required for such images.
Furthermore, adipose tissue around and inside neural
systems makes qualitative and quantitative examinations of
peripheral nerve structures challenging. Therefore, various
fat suppression techniques are used to visualize them,
which can also affect the image evaluation and the signal-
to-noise ratio. Because of the intricate anatomical course of
some peripheral nerves, three-dimensional sequences are
required; however, images may become noisy and grainy
due to overlapping vascular signals. In contrast, MRI of the
peripheral nervous system is currently being intensively
developed [23, 24].

To visualize individual nerve fascicles within the nerve,
equipment with a magnetic field of 3 Tesla (T) [3] provides
sufficient spatial resolution. They have a higher signal-to-
noise ratio, allowing for stronger contrast, higher resolution
in the scan plane, and the smallest slice thickness. The
smallest slice thickness is required for higher end-to-end
resolution in 2D sequences and higher isotropic resolution
in 3D sequences [25]. However, 1.5-T MRI tomographs can
be used, particularly in patients with metallic implants in the
scanning field [26].

To reduce the effect of partial volume, and to visualize
individual nerve structures surrounded by loose connective
and fat tissues, the spatial resolution should be =0.1-
0.4 x 0.1-0.4 mm, and slice thickness for two-dimensional
sequences should be >2.0-3.5 mm for plexuses and 4-5 mm
for extremities, with minimal or no interslice gap [3, 25].
Although 2D sequences are still the gold standard for the
first evaluation, 3D sequences (with the ability to reconstruct
images in different planes) are critical for viewing and
addressing difficulties when the anatomical nerve course is
convoluted, and the available data are contentious. Slices
should be designated relative to the long axes, that is,
parallel or perpendicular to the nerve’s extremity or course
as far as feasible [25].

Optimal imaging results are achieved by using
multichannel coils for specific body parts, but other solutions
are possible by replacing missing coils with existing coils,
provided that the patient is positioned correctly. Special
multichannel coils with accelerating factors can be used with
soft surface coils to increase the field of view. A combination
of spinal embedded and soft surface coils is recommended
for performing examinations at the trunk level [27].

Before organizing an examination, consider the broadest
possible covering area, and that the more slices there are the
longer the examination will last. The field of view should be
restricted as much as possible to achieve improved spatial
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resolution, with the empty space around the area of interest
being no more than 20% of its size for effective assessment
of small-diameter nerves [25].

To eliminate motion artifacts, the patient should be
appropriately and comfortably positioned [3]. To avoid
interference with the bladder signal on maximum intensity
projection reconstructions, the bladder should be emptied
before studying the lumbar and sacral plexuses.

CONVENTIONAL MR NEUROGRAPHY
TECHNIQUES AND THEIR CLINICAL USE

The most commonly used techniques in routine clinical
practice include qualitative assessment of T1- and T2-
weighted images and proton density-weighted images,
which are contrasted using T1 and T2 relaxation processes
and proton density localization in human tissues with spin or
gradient echo sequences. Various fat suppression strategies
are used (discussed in more detail below). Regardless of the
area of interest, at least two scanning planes, preferably with
at least one 3D sequence, are recommended.

T1-weighted images

These images are essential for neurography and can be
acquired using spin echo or free fluid suppression inversion
recovery sequences in the axial plane for extremity nerves
and the coronal plane for plexuses. The length of the echo
complex varies from three to eight for 2D images and from
33 to 68 for 3D images. A scanning plane resolution of 0.3 to
0.4 mm ensures optimal visibility of intraneural fat, epineurium
thickening, and elimination of perineural fat due to mass
lesion development or fibrosis (Fig. 1) [28]. Furthermore,
these images are critical for determining fatty infiltration and
muscular atrophy. They are also less susceptible to motion
and magnetic susceptibility aberrations and can typically detect
edema, tract interruption, or changes in cross-sectional nerve
configuration due to compression [3].

Contrast-enhanced MR neurography

T1-weighted 3D gradient echo sequences with fat tissue
signal suppression and possible subsequent image removal are
recommended for pre- and post-contrast imaging. Otherwise,
their use for 3D imaging can be limited due to greater artifact
susceptibility and lower contrast enhancement.

After intravenous contrast agent injection, a blood-nerve
barrier prevents intact nerve signals from altering [24].
Contrast enhancement has little diagnostic benefit in the case
of traumatic alterations or carpal tunnel syndromes because
these conditions are often investigated with MRI in the
subacute period. Only denervated muscles can be increased
under these conditions. However, they are well visualized
on fat-suppressed images sensitive to fluid signals [25].
Contrast enhancement is related to nerve signal alterations
in hereditary and demyelinating polyneuropathies; this is also
unnecessary.

360


https://doi.org/10.17816/DD430292

REVIEWS

Vol. 4 (3) 2023

Digital Diagnostics

Fig. 1. Magnetic resonance imaging of the brachial plexuses in 3D-T1 mode. A coronal projection: (1) the upper trunk, (2) the middle trunk, (3) the lower
trunk, (&) the perineural fatty tissue, (5) the endoneurial fat, (6) a mass lesion (schwannoma), and (7) the intact fatty tissue around the lesion.

In some circumstances, such as a suspected neural or
perineural mass lesion, lymphoma, inflammatory processes
related to perineural infection, and other disorders associated
with damage to the blood—nerve, a contrast-enhanced
examination may be recommended [29]. In addition to the
disorders listed, a contrast-enhanced examination may be done
following decompressive surgery to rule out the overproduction
of fibrous tissue if clinical symptoms persist [30].

Nerve-specific contrast agents, such as agents with
selective accumulation in areas of demyelination that

gradually decreases as the fiber regenerates, are currently
being developed, but related MRI techniques have not yet
been approved for clinical use [24].

T2-weighted images

Early observations showed that T2 images are the most
important for diagnosing peripheral nerve injuries [31].
Non-fat-suppressed sequences, typically 2D, are useful
for observing the epineurium (Fig. 2). Fat suppression
differentiates the relatively high nerve signal and the

Fig. 2. Magnetic resonance imaging of the hand in T2 mode in a patient with carpal tunnel syndrome. An axial projection: (a) at the level
of proximal epiphyses of metacarpal bonesand (b) at the level of distal parts of the capitate bone (1: individual fascicles as part of the

median nerve, 2: epineurium, and 3: flexor retinaculum with a thickness of up to 1.29 mm).

DOl https://doiorg/10.17816/DD430292
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surrounding fat tissue. For T2-weighted images without
fat suppression, the recommended echo time is >90 ms
(milliseconds), ideally 100-105 ms. For fat-suppressed
sequences, it can be reduced to 60-80 ms. The latter, so-
called fluid-sensitive images, provide ideal nerve visualization
(Fig. 3) with increased signals in the area of pathological
changes [32]. Fat suppression strategies are based on the
difference in water—fat precession frequency and fat tissue
having a longer T2 relaxation time and shorter T1 relaxation
time than muscle tissue or nerve fibers [2].

The required fat suppression can be performed by
spectrally selective fat suppression (FatSat) in T2-weighted
spin echo sequences with high contrast, nearly no pulsation
artifacts, and reduced magnetic susceptibility artifacts [33].
However, if there are metal structures in the field of vision,
this technique should be avoided. The main disadvantage is
poor fat suppression away from the center of the field of
view or inhomogeneous fat suppression along the curves of
the body [25].

Short-Tl inversion recovery (STIR, where Tl is the inversion
time in milliseconds) provides excellent homogeneous fat
suppression at various levels of magnetic induction and field
homogeneity, but it is nonselective (it suppresses signal
from all, not only fat, tissues with short T1). It cannot be
used following intravenous contrast enhancement (as this
sequence sums T2 and T1 contrast, providing only T2-
weighted images). In many circumstances, it is susceptible to
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pulsation artifacts, erroneous nerve signal augmentation due
to increased signal from intraneural fluid, and a low signal-
to-noise ratio. Therefore, this sequence is more commonly
used for plexus visualization, where spectrally selective fat
suppression is ineffective for a variety of reasons, including
the presence of metal in the field of view, using various
modifications, such as shorter echo time (30-40 ms), a
greater number of echo times, and a wider transmission
frequency (400-500 Hz/Px).

T2 SPAIR (T2-weighted SPectral Attenuated Inversion
Recovery), a combination of FatSat and STIR techniques, is
the best sequence for extremity MR neurography because it
suppresses fat signals similarly to STIR, but it is more selective
in the center and periphery of the field of view with higher SNR
and fewer pulsation artifacts. The signal from a normal nerve
usually is isointense to the signal from skeletal muscle on
T2-SPAIR images. Depending on the user’s preferences, weak
and strong contrast types are available, with the weak giving
higher signal homogeneity and the strong providing greater
isointensity of the nerve signal. The main disadvantage of this
sequence is the possibility of poor fat suppression in some
edge slices, particularly along the scanning area’s boundary,
and the inability to use this technique with low-field devices and
significant magnetic field inhomogeneity. Although T2-SPAIR is
less sensitive to metal artifacts than frequency-selective fat
suppression sequences, the STIR sequence should still be used
if the metal is in the scanning area.

Fig. 3. Various techniques of fat suppression for magnetic resonance imaging: (a) brachial plexuses in T2-FatSat mode, an axial projection:
the anterior branches of C5, Cé, and C7 spinal nerves are noted, without abnormalities, with a slightly increased signal; heterogeneous fat
suppression with unsatisfactory signal along the periphery of the area of interest (arrowed); (b) brachial plexuses in STIR mode, a coronal
projection: homogenous fat suppression throughout the entire field of view, typical elements of brachial plexuses with a slightly increased
signal (arrowed); and (c) sciatic nerves in T2-Dixon mode, a coronal projection: homogenous fat suppression, normal sciatic nerves with

a slightly increased MR signal (arrowed).
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The Dixon approach achieves optimal fat suppression,
but image quality may be reduced from the central scanning
area [25]. Thomas Dixon proposed this approach in 1984 [34].
The chemical shift effect was predicated on a difference in
the resonance frequency of fat and water protons. A two-
echo sequence is used. Water and fat signals occur in-phase
and antiphase during the first and second echo times. Dixon
demonstrated that additional images can be computationally
created based on these images with simply the water
signal (dixonW) and the fat signal (dixonF). The fat signal is
suppressed in dixonW images. These images are commonly
used in clinical practice because they provide homogeneous
fat suppression, and the only notable artifact is a fat-water
exchange caused by magnetic field inhomogeneity, which
occurs frequently around the coil coverage area's border
[35]. However, due to the long scanning time, the use of this
neurography technique is limited to 2D imaging.

On T2-weighted images, a diseased peripheral nerve has
a larger diameter and higher signal intensity, which is more
visible with various fat suppression approaches. The structure
and size of the nerve can be evaluated in comparison with
surrounding nerves and a vascular fascicle, which can be
used as an internal reference [36]. For the sciatic nerve,
for example, an increase in the nerve diameter to vessel
diameter ratio of >0.89 can be considered abnormal [37]. In
addition to the nerve signal, special attention should be paid
to signals from the adjacent muscles; increased intensity of
such signals is an imaging correlate of denervation changes
that can be noticed 5 days after nerve injury [3].

Some potential problems should be noted while
interpreting MR neurography data. First, most healthy
volunteers (approximately 60%) have locally increased
signal intensity at sites of physiological constriction on fluid-
sensitive images; hence, in addition to signal changes, it is
necessary to evaluate their prevalence and swelling and
thickening of the corresponding nerve. Another important
factor is a so-called “magic angle” effect, which means the
increased intensity of MR signal from structures located at
the angle of 55° relative to the direction of the magnetic field
BO in short TE sequences (<32 ms) [3].

Increased signal on T2-weighted images is a sensitive
but nonspecific marker of peripheral nerve injury that cannot
be quantified and requires careful interpretation considering
diverse patterns of lesions, including their magnitude and
changes in diameter.

NS-RADS SCALE

There are guidelines for using the MRI-based Neuropathy
Score Reporting and Data System (NS-RADS) scale [39].
According to the authors, it can be used for more standardized
measurement of the type and severity of peripheral neuropathy
using medical history and examination data. This scale is
used to assess the severity of traumatic injuries (NS-RADS
[1-5), compression syndromes (NS-RADS E1-3), neoplasms
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(NS-RADS N1-4), diffuse neuropathies (NS-RADS D1, 2), and
postoperative conditions (NS-RADS PI1-3). Furthermore, it
can be used in the setting of denervation changes in regional
muscles (NS-RADS M0-3), insufficient data to assess changes
(NS-RADS 0), and absence of changes or minor clinically
insignificant changes (NS-RADS U). Furthermore, NS-RADS
NOS (not otherwise specified) is a separate category for
patients with clinically suspected neuropathy and contentious
medical history or examination data. This classification is
expected to provide the standardized assessment of MRI
changes in peripheral nerves and improve interdisciplinary
collaboration for optimal clinical and research outcomes. The
original publication contains a more complete classification,
but the authors believe that following active implementation,
new categories and sections may be established to optimize
its use in clinical practice [40].

CONCLUSION

Despite the possibility of greater metal artifacts,
3-T tomographs are preferable for peripheral nerve
visualization due to their higher S/N ratio. It is proposed
that minimum MRI protocol requirements be established.
Three-dimensional sequences are indicated for plexus
imaging, whereas 2D images with a small slice thickness
(2.5-3.5 mm) are appropriate for extremities nerve viewing.
It is important to ensure high resolution of evaluated data
(0.2-0.8 mm in the scanning plane). The protocol should
include fat-suppressed, fluid-sensitive imaging sequences
(STIR, T2SPAIR, T2FatSat, and T2Dixon) and T1- and T2-
weighted images, with at least one mode with slices
perpendicular to the long axis of nerves.

Despite all the difficulties and limitations, MRI remains
the highly informative method for peripheral nervous system
examination, and it is increasingly being introduced into clinical
practice due to its ability both to detect pathological changes
in the peripheral nerves and to perform a comprehensive
assessment of the surrounding structures, as well as to
make a differential diagnosis in some diseases. The use of
standard MR neurography techniques is related to increased
informative value and wider usage of MRI, beginning with
forming a population-based age normative base with a
description of nerve signal sizes and characteristics. A
detailed description of nerve damage patterns in various
disorders is still required.
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