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years. In addition to the classical and still valid study by ultrasound, new neurographic
techniques developed from conventional morphological sequences (including 3D isotropic stud-
ies with fat suppression) are making it possible to assess different peripheral nerves and
plexuses, including small sensory and/or motor branches, with great precision. Diffusion-
weighted sequences and diffusion tensor imaging have opened a new horizon in neurographic
studies. This new approach provides morphological and functional information about the inter-
nal structure and pathophysiology of the peripheral nerves and diseases that involve them.
This update reviews the different MR neurography techniques available for the study of the
peripheral nerves, with special emphasis on new sequences based on diffusion.
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Actualizacion en la valoracién de los nervios periféricos mediante resonancia
magnética: de la neurografia morfolagica a la funcional

Resumen El estudio los nervios periféricos (NNPP) mediante técnicas de imagen ha experi-
mentado un notable crecimiento en la Ultima década. Mas alla del abordaje clasico y todavia
vigente mediante ecografia de los NNPP, el desarrollo de nuevas técnicas neurograficas a partir
de secuencias morfoldgicas convencionales (incluyendo estudios 3D isotropicos con supresion
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grasa) esta permitiendo valorar los distintos NNPP y plexos incluyendo pequefas ramas termi-
nales sensitivas y/o motoras con gran precision. El uso de secuencias potenciadas en difusion
(DWI) y tensor de difusion (DTI) ha permitido abrir un nuevo horizonte en los estudios de neu-
rografia. Este nuevo abordaje proporciona informacion morfoldgica y funcional acerca de la
estructura interna y fisiopatologia de los NNPP y las distintas patologias relacionadas con ellos.
En esta actualizacion realizamos una puesta al dia de las distintas modalidades de neurografia
mediante resonancia magnética disponibles para el estudio de los NNPP, con especial atencion
a las nuevas secuencias basadas en difusion.

© 2019 SERAM. Publicado por Elsevier Espana, S.L.U. Todos los derechos reservados.

Introduction

Considerable advances have been made in the study of
peripheral nerves, brachial and lumbar plexuses using
imaging techniques in recent years, thanks to the devel-
opment of specific neurographic imaging techniques.’ Until
recently, nerve conduction inside peripheral nerves could
only be evaluated by performing neurophysiology studies,
mainly electroneurography and electromyography. These
techniques are still valid today, and are very useful for study-
ing neuropathies; however, they are invasive, and can be
prone to considerable intersubject variability.? Peripheral
nerves can be evaluated using different imaging techniques,
such as ultrasound, computed tomography (CT) or mag-
netic resonance imaging (MRI). The main characteristics of
these techniques are summarised in Table 1. In the case of
CT, the low contrast resolution of this technique, together
with the inherent use of ionising radiation, limits its use to
very specific situations, such as assessing the relationship
between peripheral nerves and bone structures, and study-
ing peripheral nerve calcifications or muscle fat infiltration.*
For this reason, the imaging techniques of choice for study-
ing peripheral nerves are ultrasound and MRI. The main
advantages of ultrasound are its accessibility, spatial res-
olution, and its ability to provide real-time, dynamic data
by performing certain bodily movements.> One of the main
limitations of ultrasound is its high dependence on oper-
ator training and experience, which can increase the rate
of false negatives and false positives.? In addition, many
peripheral nerves are located deep in the body, or adjacent
to bone structures or abdominal viscera such as the lumbar
plexus, making it difficult to evaluate them accurately using
ultrasound.

The introduction of MRI to evaluate normal and patho-
logical peripheral nerves gives higher sensitivity and
specificity in different clinical scenarios, in many of which
it improves the benefits hitherto offered by conventional
techniques.® With the introduction of magnetic resonance
neurography (MRN) (which identifies and visualises, both
selectively and non-selectively, peripheral nerve path-
ways and morphological or functional characteristics),
radiologists can now obtain high-resolution images of
peripheral nerves, regardless of their anatomical location.
These images show the morphological and pathological

characteristics of peripheral nerves in great detail, and are
very useful in the study of peripheral neuropathies.”-® The
development of new, advanced MRN techniques has allowed
radiologists to progress from a morphological, qualitative
assessment to a functional, quantitative assessment of
peripheral nerves and peripheral nerve plexuses.”® This
has been made possible by functional MRI sequences based
on diffusion-weighted imaging (DWI) and diffusion tensor
imaging (DTI)."" These techniques have been applied in
recent decades with excellent results, particularly in the
evaluation of ischaemic and tumour pathology in the central
nervous system.'? The extrapolation of these peripheral
nerve study techniques presents both a technical and diag-
nostic challenge, since the signs and parameters obtained
from the images must be evaluated in the clinical context
and anatomical characteristics of each region to be studied.
In this article, we will describe the latest types of
morphological and functional sequences, selective and non-
selective, for the assessment of peripheral nerves. We will
also update the potential clinical uses of MRN in terms of
evaluating not only the morphology, but also the pathophys-
iology of peripheral nerves and peripheral nerve plexuses.

Morphological MRN

The evaluation of peripheral nerves using non-selective or
selective MRI sequences is called magnetic resonance neu-
rography. Non-selective MRN sequences are those that show
not only the peripheral nerves but also bone or muscle struc-
tures. To obtain selective sequences, different technical
adjustments are made that eliminate the background struc-
tures and/or enhance the signal of the peripheral nerves to
make them more easily identifiable.’

These studies are based on conventional T1- and T2-
weighted sequences, with some technical peculiarities.
Isotropic voxel acquisitions make it possible to obtain 3
D images that can be reconstructed in different planes,
including oblique or curved planes.® This makes it possi-
ble to identify peripheral nerve pathways, even in complex
anatomical regions, such as the osteotendinous plexuses
or outlets.’ T1-weighted sequences provide a great deal
of detail about the structure of the nerve, since their
high resolution can delimit the different nerve fascicles,
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Table 1 Imaging techniques for the evaluation of peripheral nerves.

CcT Ultrasound MRI
Spatial resolution Good Excellent Very good
Contrast resolution Poor Good Excellent
Dynamic data No Yes No
Functional data No No Yes (DWI and DTI)
Reconstruction Multiplanar No Multiplanar
lonising radiation Yes No No
Operator-dependence Low Maximum High
Muscle evaluation Limited Moderate Optimal

Availability Widely available

Widely available Limited

DTI: diffusion tensor imaging; DWI: diffusion-weighted imaging.

Figure 1

Evaluation of peripheral nerve structure using conventional neurography sequences. A) Axial T1-weighted TSE image.

B) T2-weighted SPAIR fat suppression image of the tibial nerve in the popliteal hollow, showing preserved fascicular pattern that
is easily evaluated due to the connective and fatty tissue that separates the endoneurium from the perineurium (black arrow) and

epineurium (white arrow).

and distinguish between the endoneurium, perineurium and
epineurium, which often contain thin layers of connective
tissue and fat (Fig. 1). In the last decade, the acquisition
of high-resolution T2-weighted images with isotropic voxels
and fat-suppression techniques has improved the anatomical
resolution of peripheral nerves and heightened the contrast
with the adjacent structures.'® These fat suppression pulses
are usually performed using SPAIR or 3 D SPIR sequences,
which have a good signal/noise ratio; however, they also sup-
press fat located far from the isocentre of acquisition due
to the lower homogeneity of the magnetic field. This can be
resolved by using fat suppression sequences based on Dixon
techniques which, being less sensitive to the heterogeneities
of the magnetic field, obtain more homogeneous fat sup-
pression. Dixon techniques also obtain four sets of images
with a single acquisition (in-phase, out-of-phase, water only
and fat only), thus reducing the time needed to complete
the scan.

Other technical optimisations, such as the use of multi-
channel coils, coils tailored to the anatomy of the area to be
studied (including surface coils), have improved image qual-
ity by obtaining high-resolution isotropic sequences. The use
of parallel acquisition techniques, in 1.5T or, in particular,
3.0T scanners, can also be used to reduce scan time and
even increase the signal-to-noise ratio of the acquisitions
and reduce the risk of artefacts.

The use of specific pulses to suppress the signal inside
the vessels or the application of diffusion gradients with low

b values (50s/mm?) is part of a new range of technically
optimised sequences for selective evaluation of peripheral
nerves.”” These sequences facilitate visualisation of the
peripheral nerves by reducing the possibility of false pos-
itives due to the presence of adjacent vascular structures
(Fig. 2). In the case of morphological MRN, gadolinium is
only used in special circumstances in which infection or
inflammation is suspected, or when the scan is performed for
tumour characterisation.? In these patients, rupture of the
blood-nerve barrier will result in pathological uptake. The
imaging appearance and differentiating factors of tumours
associated with peripheral nerves have also been described
in detail, including schwannomas, neurofibromas and malig-
nant tumours of the neural sheath, or pseudotumours such as
neuromas. Identification is based on the degree of displace-
ment of the nerve fascicles or preservation of fat planes with
adjacent structures.'®

The appearance of pathological peripheral nerves in MRN
studies may vary, depending on different clinical scenarios
(compression, traction, section, inflammation and infiltra-
tion). As a general rule, a pathological peripheral nerve
will have a larger diameter and a higher signal intensity
in T2-weighted sequences, which will become more appar-
ent if fat suppression pulses are applied. This increase in
signal intensity and nerve volume can be easily evaluated
when compared with other adjacent nerves or even with
the vascular bundle (artery and vein) that usually accom-
pany the nerve of interest, and that can serve as an internal
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Figure 2

Examples of neurographic techniques for evaluating the brachial plexus. The morphological sequences obtained using

fat suppression (A), coronal STIR in this case, show the trunks and roots of the brachial plexus. The image, however, is not selective,
since other structures such as muscles, blood vessels (white arrows), bone or lymph nodes (black arrows) are also visible. In the case
of hybrid techniques, such as 3D Nerve View (coronal plane) (B), the use of selective pulses to suppress the signal from blood vessels
(main source of false positives) gives a more accurate assessment of the nerves; however, it does not eliminate other structures,
such as lymph nodes (black arrows). Functional selective sequences, DWI with coronal multiplanar reconstruction (C), show the
peripheral nerves almost exclusively (with the exception of some lymph nodes [black arrows], which also show normal diffusion
restriction in the axial plane) with good suppression of the background signal.

Figure 3 A 38-year-old man who presented with paraesthesia
in the territory of the left median nerve. An axial proton den-
sity (PD) SPAIR sequence showing fascicular thickening of the
median nerve (white arrow). There is an increase in the volume
and intensity of the nerve signal with respect to the adjacent
vessel (black arrow), compatible with neuritis, and diagnosed
as nonspecific vasculitis on biopsy.

reference."” In the case of the sciatic nerve, for example,
an increase in the nerve-to-vessel diameter ratio of over
0.89 should be considered pathological.'® This increase in
signal intensity and diameter is mainly due to an increase in
the volume of water between the different nerve fascicles
as a result of venous congestion, oedema, ischaemia, and
ultimately, Wallerian degeneration changes' (Fig. 3).
Variations in the expected anatomical location of each
peripheral nerve, or the presence of adhesions with adja-
cent osteotendinous structures, should raise suspicion of
peripheral nerve pathology.?’ In the case of neural injury,
Seddon and later Sunderland classified the type of neu-
ral damage on the basis of the extent of peripheral
nerve involvement.?"?> For example, the mildest degree
of involvement is neurapraxia (grade 1), which is identified

by a discrete alteration in peripheral nerve signal intensity
in T2-enhanced sequences (with and without fat sup-
pression). Next comes axonotmesis, which involves axonal
damage with probable changes due to Wallerian degenera-
tion, although the peripheral nerve is preserved. According
to Sunderland, axonotmesis can be subdivided into three
stages, depending on whether the damaged structure cor-
responds to the axon (grade Il), the endoneurium (grade
Ill) or the perineurium (grade IV). And finally, there is neu-
rotmesis, in which the peripheral nerve is severed, usually
due to dissection or traction of the nerve, with damage of
the epineurium (grade V).?* Grade IV and V injuries usually
require surgery.

A secondary sign that usually accompanies pathological
peripheral nerves is the existence of muscular denervation
(acute, subacute or chronic) due to changes in signal inten-
sity in the distal muscle groups dependent on the nerve,
particularly in cases of mixed sensory and motor injury?*
(Fig. 4). MRN mapping of muscular denervation can often
indicate the type of peripheral nerve affected.

Functional diffusion-based MRN

This is a type of selective MRN, and is based on the use
of DWI and DTI sequences. DWI sequences are capable of
assessing and quantifying, in vivo, the movement of water
molecules inside biological structures. Water diffusion can
be restricted to a greater or lesser extent by the pres-
ence of biological barriers (membranes) or by an increase
or decrease in extracellular space.

Diffusion-based techniques are suitable for evaluating
both the macro and microscopic structure of peripheral
nerves. Peripheral nerves present a highly organised struc-
ture with numerous barriers, such as the epineurium, the
perineurium and the endoneurium. These layers, together
with the myelin sheaths that surround the axons, deter-
mine the two types of movement within peripheral nerves.
The first takes place along the short (perpendicular) axis
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Figure 4  Extrinsic compression of the ulnar nerve in a 32-
year-old man with loss of strength in the fingers of the right
hand lasting several months. A) The PD SPAIR sequence shows
a ganglion lesion (white arrow) at the entrance of the Guyon
canal impinging on the ulnar nerve (black arrow), which is
thickened and hyperintense, suggesting extrinsic compression
neurapraxia. B) The same study showing extensive alteration
of the signal intensity of the lumbar muscles (white arrows),
compatible with changes due to subacute muscle denervation.

of the nerve, where the movement of water molecules is
highly limited due to the existence of the aforementioned
physiological barriers. This movement, known as isotropic
diffusion, can be studied by conventional DWI sequences
that are capable of detecting limited water movement in
the axial plane.”

In the second type of movement, water moves along the
axons and the major axis of the nerve. This type of move-
ment is known as anisotropic diffusion, in which the water
molecules are displaced in a single, dominant direction. It
is mainly this property that allows DTI to identify periph-
eral nerves using the same technique applied to the study of
white matter tracts in the central nervous system. DTl allows
3 D visualisation of peripheral nerves, showing both their
relationship with adjacent structures and their intrinsic and
extrinsic lesions?® (Fig. 5).

As far as the technical specifications are concerned, DWI-
neurography sequencing is based on the classic single-shot
echo-planar imaging (EPI). In the case of diffusion-based
neurography, most studies recommend acquiring maximum
b values of between 600 and 800 s/mm?2.7-?” This will identify
the peripheral nerves, plexus roots or trunks while sup-
pressing the background signal of other structures. However,
signal intensity in DWI sequences is increased in some nor-
mal structures in certain anatomical areas, such as the neck
or pelvis; these include lymph nodes, attachments or slow-
flow vessels such as pelvic varicose veins. Therefore, careful
postprocessing using multiplanar reconstruction (MPR) tech-

)
— ‘ R
- =
e o
“T W o -
it /)
— -/
<, —s
=

Normal peripheral nerve Pathological peripheral nerve

Figure 5 Behaviour of water molecules inside the peripheral
nerves. In a normal peripheral nerve, the presence of phys-
iological barriers, such as the myelin sheath and the layered
structure of the peripheral nerves, limits the movement of
water in the axial plane (transverse, red arrows), thus allow-
ing them to be studied using standard DWI sequences that
show normal diffusion restriction in that plane. In addition,
water molecules also move along the major axis of the periph-
eral nerves (blue arrows). This dominant (anisotropic) diffusion
along the major axis of the nerve allows these structures to be
studied using DTI sequences.

In a pathological peripheral nerve, the existence of intrinsic
or extrinsic damage in the structure of the nerve will lead to
oedema, with an increase in the extracellular space, or loss
of myelin. In this case, water diffusion in the axial plane will
increase (red arrows), and will be shown as an increase in appar-
ent diffusion coefficient (ADC)/average diffusivity and radial
diffusivity (RD) values, as well as a decrease in the level of
axonal organisation, which will be shown by a decrease in frac-
tional anisotropy (FA) values. This process can be reversible if
the neural damage is repaired, and will be shown by normalisa-
tion of the aforementioned values, in other words, increase in
FA and decrease in ADC/mean diffusivity and radial diffusivity
values.

niques is essential to differentiate between both structures,
taking as a reference the morphological image.?®

With regard to DTl studies, which are also based on single
shot EPI acquisitions, maximum b values of 600—800s/mm?
and between six and 32 directions should be used. This
sequence is more sensitive to the heterogeneities of the
magnetic field, which are accentuated in the assessment of
certain anatomical areas such as the brachial plexus due
to the existence of multiple interfaces between water, fat,
bone and air. As such, they make it difficult to obtain func-
tional neurography studies with adequate diagnostic quality.
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Table 2 DTIl-derived parameters for the evaluation of peripheral nerves.

Fractional anisotropy (FA)

Mean diffusivity (MD)

Axial diffusivity (AD) Radial diffusivity (RD)

Units 0-1 mm2/s

Formula \/%»*/W*WZHM*MZHM —)? MH;H:
\/ a2l

Evaluation Fascicular organisation

Extracellular compartment

mm?/s mm?/s

M =4 Aq = Vaths)

Axonal integrity Myelin Integrity

ADC: apparent diffusion coefficient; DTI: diffusion tensor imaging; A1: main eigenvalue; \; y3: minor eigenvalues.

When deciding whether to perform DWI or DTI, certain
factors must be taken into account. DWI neurography can
give a large field of view with a short acquisition time and
with good background signal suppression. DTI studies take
longer, so they should only be used, a priori, for targeted
studies in specific, smaller, anatomical areas. DTI studies
provide a greater number of parameters with respect to DWI
neurography, as described below. As for the type of magnet,
as a general rule, studies using 3 T devices will have greater
spatial resolution and will require less time than 1.5T scan-
ners; however, they are more susceptible to artefacts,?’
particularly in anatomical regions where the magnetic field
is more heterogeneous, such as in the brachial plexus. As
mentioned above, the use of coils specific to the anatomy
of the study area, as well as parallel acquisition techniques,
will help reduce these artefacts.

In addition to visualising the morphology of peripheral
nerves, DWI and DTI neurography sequences also provide a
large number of quantifiable parameters. These parameters,
which are obtained during post-processing, show different
characteristics of the peripheral nerves.

The apparent diffusion coefficient (ADC) is derived from
conventional DWI studies. This parameter quantifies the
degree of water molecule displacement in the extracellu-
lar space; high ADC values reflect increased water content
between axons, and can therefore identify peripheral nerve
oedema. If, on the contrary, the extracellular space is
reduced, either due to fibrosis or cell proliferation, as in
the case of peripheral nerve tumours, the ADC values will
decrease.

By means of diffusion gradients in multiple spatial direc-
tions, DTI studies can identify eigenvectors and calculate
their corresponding values (eigenvalues). The combination
of these eigenvalues increase the number of quantifiable
parameters obtained in comparison with conventional DWI
studies. This gives a clearer picture of the pathophysiolog-
ical characteristics of the peripheral nerves. Table 2 lists
these parameters and summarises their main characteris-
tics. Among them, the parameters most widely studied and
used in routine clinical practice are fractional anisotropy
(FA) and radial diffusivity (RD). FA is the most sensi-
tive marker of loss of fascicular organisation in peripheral
nerves, and is diminished in the presence of neural damage.
RD is the most specific marker of myelin sheath involve-
ment, which determines the diffusivity of water molecules
in the short (transverse, perpendicular or radial) axis of
the peripheral nerve. RD will increase in the presence of
damage or loss of myelin integrity in the peripheral nerves.
Another less widely used parameter is axial diffusivity (AD),
which is equivalent to the greatest eigenvalue, and shows
axonal conduction along the peripheral nerve. AD will, hypo-

thetically, be diminished distal to the site of the lesion,
particularly in patients with grade IV and V peripheral nerve
damage according to the Sunderland classification. Finally,
mean diffusivity (MD) is a more accurate measure of the
extracellular space than ADC, since it is based on all three
main eigenvalues. MD will be increased when the extracel-
lular space is increased, such as in the case of oedema, and
will decrease in the presence of tumours, because tumour
hypercellularity reduces the extracellular space.?”

In our opinion, caution is needed when using these param-
eters as cut-off points to differentiate between healthy and
pathological peripheral nerves for diagnostic and therapeu-
tic decision-making. Very few studies have been performed
to establish the threshold values of these parameters.
Parameters derived from the same peripheral nerve or
plexus root in the apparently healthy contralateral limb can
sometimes be taken as a point of reference. Bear in mind
that the values may vary depending on the type of magnet
used, the b values, or the number of directions acquired.

Clinical applications

The use of both morphology MRN and more advanced DWI
and DTI techniques to evaluate peripheral nerve compres-
sion or damage, such as the median nerve in carpal
tunnel syndrome or other types of nerve entrapment, has
increased exponentially in recent years.?*° These tech-
niques have also shown promising results in the study of
various types of neuropathies, including monitoring post-
surgical changes.?”*" MRN studies can also be used to study
tumours, since they facilitate their differential diagnosis.'®
For practical purposes, a basic protocol for an adequate
diagnostic approach to these pathologies with both morpho-
logical and functional techniques is proposed in Table 3.
Some of these parameters may vary or will need to be
adjusted, depending on the technical characteristics of each
MRI device, in order to obtain interpretable and repro-
ducible results in the evaluation of peripheral nerves.

Compressive and traumatic pathology

The diagnosis of traumatic or compressive damage of
the peripheral nerve, including the brachial and lumbar
plexus, is usually made using morphological neurographic
sequences.*? However, diffusion-based neurography studies
are able to detect functional abnormalities in patients with
no relevant findings in conventional morphological studies.?”
As a general rule, the existence of a traumatic or com-
pressive process on a peripheral nerve will result in the
disorganisation of its fibre structure, which translates into a



96

T. Martin Noguerol, R. Barousse

Table 3  Basic neurography protocol and acquisition parameters.
Parameters T T2 PD SPAIR 3D STIR DWI DTI
Plane Axial Coronal Axial Axial Axial
TR (ms) 633 7,312 2,200 2,179 10,861
TE (ms) 20 24 261 72 95
Thickness (mm) 4 3.5 1 4 4
GAP (mm) 1 1 0 0 0
Voxel (mm) 0.57/0.57/3.91 0.56/0.56/3.50 0.60/0.60/1.00 1.55/1.51/3.00 2.00/2.00/2.00
Fat suppression No SPAIR STIR SPIR SPIR
Directions - - - - 16
b values (s/mm?) - - - 0 and 800. 0 and 800.
SENSE No 1.6 3 2 2
NEX 1 1 2 3 2
Acquisition time (min) 2:28 7:00 6:16 2:50 4:50
Figure 6 A 47-year-old man in follow-up for paraesthesia and loss of strength in the territory of the ulnar nerve of the right

hand 3 months after blunt force injury to the volar side of the ipsilateral wrist. A) Morphological study using T2-weighted Dixon
water-only axial sequences shows signs of subacute/chronic denervation in the lumbrical muscles (black arrows), with interruption
of the ulnar nerve pathway and presence of a small end-bulb neuroma in the proximal extremity (white arrow) (B), also visualised
on T2-weighted Dixon water-only coronal sequence (C). Diffusion tensor imaging (DTI) (D) neurography study was requested in order
to plan surgery and predict response to neurorrhaphy. In addition to showing interruption of the ulnar nerve, DTI neurography can
also help evaluate functional integrity of the distal segment (white arrow) in order to predict a favourable response to surgery.
The fact that the structure can be visualised on reconstructed DTI neurological images suggests that its fractional anisotropy (FA)
values, and therefore its fascicular structure, are preserved, and there are obvious changes in its parameters that would suggest

Wallerian degeneration.

decrease in FA values and an increase in RD values.** These
data can quantify the severity of peripheral nerve damage,
and can therefore be used to establish a prognosis, plan
the appropriate treatment and monitor its effectiveness.
Functional neurographical sequences, in comparison with
the morphological techniques used in conventional MRI and
electrophysiology studies, can give earlier diagnosis of the
type of lesion involved before denervation or other changes
can be detected by other neurophysiological imaging or test
techniques.* However, larger studies are needed to confirm
the validity of the parameters derived from DWI and DTI
studies as potential biomarkers of neural damage (Fig. 6).
Evaluation of the median nerve in general, and particu-
larly in carpal tunnel syndrome, has always been a challenge
for radiologists. Several studies have shown that ultrasound
can be a valid tool for preliminary studies, and in many cases

can even provide a definitive diagnosis.*® However, in some
patients, despite their symptoms, there is no apparent cause
of median nerve compression, even when they are stud-
ied using conventional MRI. This is where diffusion-based
neurography techniques are showing promising results in
diagnosis and post-treatment monitoring.?*” Several stud-
ies have reported that FA values decrease by up to two
standard deviations below normal levels in patients with
symptoms compatible with carpal tunnel syndrome. These
findings suggest that the physiological fibre structure of
the nerve is disrupted due to compression, which in turn
increases the extracellular space and axonal disorganisation
secondary to oedema and/or congestion.*® Recent studies,
meanwhile, have evaluated the pre- and postoperative vari-
ations in FA and ADC in patients undergoing median nerve
release surgery, and have shown a progressive increase in
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Figure 7 A 41-year-old woman presenting symptoms compatible with right pyramidal syndrome. The axial T1-weighted TSE
morphological study (A) shows slight asymmetric thickening of the right pyramidal muscle (black arrow) with respect to the left
one (white arrow). The diffusion-weighted sequences (DWI) neurography study (B) identified a slight asymmetric increase in the
signal intensity of the right sciatic nerve (black arrow) with respect to the left (white arrow) at the level of the sciatic foramen.
The diffusion tensor imaging (DTI) neurographic study (C) showed an increase in the mean diffusivity values of the right sciatic
nerve (1.44 x 10~3mm?/s) with respect to the left sciatic nerve (1.15 x 10-3mm?2/s) and a decrease in the fractional anisotropy
(FA) values of the right sciatic nerve (0.5) with respect to the left one (0.7). These findings suggest the presence of oedema with
increased extracellular space and partial loss of fascicular organisation, compatible with right sciatic neurapraxia. The neurographic
reconstruction of the DTI studies (D) (based mainly on the FA threshold value) confirms this asymmetry, with less visualisation of
the right sciatic nerve (due to decreased FA values) compared to the left one.

FA values six weeks and even up to six months after the
operation, accompanied by a decrease in ADC values.*’

Interest in the use of advanced DTl neurography tech-
niques in evaluating and monitoring surgical treatment of
peripheral nerve disorders has grown in recent years.>' Sur-
gical techniques such as neurolysis, grafts, transposition
or neurotisation can be adequately assessed by DTI neu-
rography, providing additional morphological and functional
information about postoperative outcomes. The viability of
sutures or grafts, as well as the most frequent surgery-
related complications (dehiscence, fibrosis or neuromas) can
be studied with these advanced imaging techniques.“

The sciatic nerve, one of the most important periph-
eral nerves due to both its length and its importance in
routine clinical practice, has also been assessed using MRN
techniques. The presence of intrinsic or extrinsic lesions
at the lumbar level or along its pelvic or extra-pelvic tra-
jectory may be caused by compression-related symptoms.
There has recently been growing interest in piriformis syn-
drome and subgluteal sciatic compression as a cause of
symptoms related to sciatic neuropathy in patients with no
apparent associated disc pathology.”' The existence of an
accessory piriformis muscle or hypertrophy of the piriformis
muscle, which occurs in long-distance runners for example,
can generate sciatic nerve compression, and would explain
the patient’s symptoms. This evaluation is usually performed
using conventional MRI.“>** However, morphology studies

frequently fail to show anomalies that would justify the
patient’s symptoms. This is where diffusion-based neurog-
raphy techniques can provide additional information on the
functional characteristics of the sciatic nerve as it passes
through the sciatic foramen.

In these patients, maximum intensity projection (MIP)
rendering of diffusion-based MRN images allow radiologists
to evaluate the nerve along its entire path, by detecting dif-
ferences in signal intensity quality of the affected nerve with
respect to the contralateral nerve. Furthermore, the nerve
will show higher ADC values at the point of compression due
to the coexistence of oedema.*

The brachial and lumbosacral plexus have also been
studied using DWI and DTI neurography sequences.*>“ DTI
studies have shown they can be useful in evaluating trau-
matic and neoplastic lesions of the brachial and lumbar
plexus roots, as well as lesions derived from degenerative
disc disease.” Regarding lumbar radiculopathy, several stud-
ies have evaluated the use of DTI for evaluating lumbar
nerve roots in patients with disc pathology based on FA
and ADC values, which are significantly lower and higher,
respectively, in compressed lumbar roots compared to the
contralateral nerve root.*3*° In the not-too-distant future,
this quantitative evaluation may be used to detect func-
tional lumbar root alterations in symptomatic patients,
although routine studies do not show clinically relevant find-
ings (Fig. 7).
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Figure 8 Use of MRI neurography and diffusion tensor imaging (DTI) to evaluate neuropathies. A 64-year-old woman with type 2
diabetes and a 1-year history of paraesthesia in the lower limbs. T2-weighted TSE (A) sequence at the popliteal hollow identified the
tibial nerve with preserved morphological features (black arrow). The radial diffusivity (RD) map derived from the MR-neurography
study using DTI showed high RD values of the nerve (white arrow points to the red area in the parametric map superimposed on the
morphological image) of over 1.9 x 10-3 mm?2/s (see colour scale attached to the figure), suggesting myelin sheath involvement.
Bear in mind that one the main mechanisms of diabetic neuropathy is myelin loss secondary to diabetes-induced microvascular
damage.

Other peripheral neuropathies nerves with apparently normal morphological structure® >
(Fig. 8).

Functional neurography studies can also obtain parameters
to help evaluate various types of infectious, inflamma-
tory or metabolic peripheral neuropathies. In these cases,
the aim is not to evaluate the integrity of the nerve
fascicles, but to complement clinical, analytical and elec- DTl neurography with 3 D visualisation of peripheral nerve
trophysiological data by determining whether the pathology pathways has been a breakthrough in the evaluation of nerve
predominantly affects axonal conduction or the integrity ~ tumour pathology. This technology is particularly useful for
of myelin sheaths. This, for example, will accurately show evaluating the continuity roots or relationship between the
changes in patients with diabetic neuropathy or chronic lesion under study and the trunks of the plexus or peripheral

Tumour pathology

inflammatory demyelinating polyneuropathy, and allow clin- ~ nerve on which it depends, thus significantly narrowing down
icians to monitor the evolution of these diseases or evaluate  the differential diagnosis of such lesions.”" Secondly, once
patient response to treatment. In the case of the loss of pri-  dependence has been demonstrated, tractography can eval-

mary or Secondary myelin that occurs in diabetes due to vasa uate the relationship between the nerve fibres and the lesion
nervorum ischaemia, DTI-based neurography studies cannot Dby showing whether they have been destroyed, displaced or
only detect decreases in FA values, but also a more spe- have become disorganised. In the case of neurofibromas,
cific parameter, namely, increased radial diffusivity, evenin ~ for example, the lesion usually causes a fusiform involve-

Contour 1 P

Area: 310 mmig

Figure 9 A 57-year-old patient describing a palpable mass in the posterior aspect of the right thigh. The conventional magnetic
resonance imaging study using coronal STIR (A) shows a solid fusiform mass impinging on the pathway of the sciatic nerve. Multiplanar
reconstruction (MPR) of diffusion-enhanced image (DWI) acquisition (B) confirms the morphological and functional continuity with
the mass (white arrows), which shows low apparent diffusion coefficient (ADC) of 1.3 x 10~3 mm?/s (C). We also performed a diffusion
tensor imaging (DTI) study, that showed a marked decrease in fractional anisotropy (FA) values, close to 0 (black arrow), compared
to the rest of the nerve, 0.6, in green-yellow range (white arrow) (D) due to absence of fibrillar organisation inside the lesion and
eccentric arrangement of the nerve fascicles around the main lesion in the neurological reconstruction (E). A schwannoma was
suspected.
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Mean: 2,365.5
StdDev: 198.7

Figure 10 A 33-year-old man with left lower limb amputation due to osteosarcoma. The T2 TSE axial sequence (A) shows a nodular
lesion near the surgical bed (white arrow) with heterogeneous signal intensity. MR neurography study with diffusion-enhanced image
(DWI) and sagittal multiplanar reconstruction (B) showed anatomical and functional continuity of the sciatic nerve with the lesion
(black arrows). The sagittal reconstruction of the ADC map (C) shows values of 1.8 x 10~3 mm?/s, which was compatible with

end-bulb neuroma.

ment of the nerve with diffuse loss of fibres. Schwannoma,
however, is usually associated with eccentric displacement
of the nerve fascicles'®>? (Fig. 9). Another type of periph-
eral nerve lesion that can be studied using these techniques
are neuromas-in-continuity or end-bulb neuromas associ-
ated with traumatic injury.>?

As a general rule, malignant tumours have a larger cell
population that predominates in the extracellular space,
resulting in lower ADC and FA values due to a more disor-
ganised fibre structure (Fig. 10). Benign tumours, however,
such as neuromas, neurofibromas or schwannomas, usually
show higher ADC values of over 1.1 x 10~3 mm?/s."® Neurog-
raphy studies can also show invasion of nerve structures by
other tumour lesions, or post-radiotherapy changes, such as
those that occur in the brachial plexus.>

Conclusion

The use of imaging techniques to evaluate peripheral nerve
pathology has increased significantly following the develop-
ment of specific sequences for visualising these structures.
Morphological and functional MRI techniques can now be
used to reliably characterise the peripheral nerve lesions.
DWI and DTl sequences provide additional quantitative infor-
mation through parameters such as FA or RD, which increase
the sensitivity and specificity of MRN studies. However, addi-
tional studies are needed to fully validate these techniques.
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