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Introduction

Peripheral nerves (PN) and plexus injuries are commonly 
involved in patients with major, or even, minor trauma. The 
overall prevalence of PN injury in patient which suffer multiple 
trauma can reach up to the 5% (1). These lesions usually 
affect upper limbs, especially brachial plexus, but also ulnar or 

median nerves, being less common the lesion of lower limbs 
nerves or lumbar plexus. Clinical and electrophysiological 
exams are usually the first diagnostic step in the evaluation of 
PN or plexus injuries. However, due to the complexity of the 
injury mechanism and the delay in the setting of the symptoms 
and electrophysiological changes, it is not easy to establish 
an accurate diagnosis of the exact injury site and PN damage 
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severity. At this point, morphological imaging techniques, 
such as ultrasonography (US) and magnetic resonance 
imaging (MRI), allow an adequate visualization of PN and 
its pathologic conditions (2). US has the main advantage 
of its accessibility with appropriate spatial and temporal 
resolution, but is highly dependent on the operator skills 
and experience. Moreover, US only allows evaluating 
with confidence, superficial PN or brachial plexus in its 
proximal segments and in patients with major injuries and 
open wounds PN, these structures are not always identified 
by US as desired. Morphological MRI neurography, 
based on high-resolution 3D sequences with or without 
fat suppression techniques, has the potential to provide 
important information for PN assessment. However, 
morphological sequences have shown limitations for PN 
lesion detection or characterization in certain scenarios, 
such as apparent healthy PN with altered function or 
otherwise, areas of increase of signal intensity within PN 
on fat suppression studies influenced by magic angle effect, 
without real clinical relevance (3). In the era of functional 
imaging, new MRI sequences have allowed adding further 
information beyond the conventional morphological 
evaluation, not only of the central nervous system (CNS) (4),  
but also of PN. Recent neurographic techniques based on 
diffusion weighted imaging (DWI) and diffusion tensor 
imaging (DTI) have supposed a qualitative and quantitative 
leap for PN and plexus evaluation using functional 
neurography. 

For traumatic conditions, such as PN extrinsic compression 
or postsurgical status, functional neurography can help to 
identify the specific area of PN injury, and also to assess 
the underlying pathophysiology of the injured nerves. The 
morphological and functional data derived from DWI 
or DTI reflect a wide spectrum of pathophysiological 
conditions and properties within the PN, such as myelin 
integrity, axonal conduction, edema or nerve structure 
integrity, that may be quantified for different clinical 
applications (5,6). Thus, this information may define in 
a more accurate way, crucial questions for the clinician 
dealing with PN injury: (I) the possible etiology of PN 
damage; (II) rule out other potential causes of PN injuries 
and (III) predict or monitor the patient outcome in the case 
of conservative or surgical treatment.

In this review, the physical basis of DWI and DTI for 
functional neurography acquisition is discussed. Moreover, 
the application of these techniques in several clinical 
scenarios is also analyzed, emphasizing on the derived 

quantitative parameters, how to calculate them and their 
biological meaning for PN and plexus injury evaluation.

Technical considerations

DWI neurography

PN are highly anisotropic structures with a marked diffusion 
restriction in its perpendicular plane and facilitated diffusion 
along its main axis (7). These physiological features allow 
to use DWI for the study of PN, lumbar or brachial plexus. 
DW-based neurography (DWN) benefits from the use of 
gradients with the maximum strength to maintain the high 
signal of PN, while reducing the signal of surrounding 
tissues (8). PN and plexus can be highlighted from the rest 
of adjacent structures by applying one or two motion probe 
gradients perpendicular to the course of the nerve (Figure 1).  
In DWN, a high b value between 500 to 1,000 s/mm2, 
usually b 800 s/mm2, is acquired providing a good signal to 
noise ratio (SNR) and adequate suppression of neighboring 
structures (9). The inclusion of a fat-suppression technique 
in DWN sequences is mandatory, which may be performed 
using spectral or non-spectral fat suppression techniques. 
Diffusion weighted imaging with background signal 
suppression (DWIBS), a sequence designed particularly for 
whole-body applications, benefits from the use of short-
tau inversion recovery (STIR), a non-selective, non-spectral 
fat suppression technique to increase the contrast of nerve 
structures with background structures, allowing at the same 
time to studying wider fields of view than DWN sequences 
based on spectral fat suppression techniques such as spectral 
presaturation with inversion recovery (SPIR) or spectral 
attenuated inversion recovery (SPAIR), which can be used 
for specific evaluation of determined anatomical regions (10). 

DWN provides quantitative data by means of the 
apparent diffusion coefficient (ADC). For this aim, it is 
necessary to include in the acquisition a low b value, usually 
ranging between 0 to 50 s/mm2. ADC may help to confirm 
and quantify the presence of edema in PN trauma or 
compression (11) and characterize tumoral lesions (12).

DWN allows an accurate anatomical representation 
of PN by means of a fast and easy post process. Using 
an algorithm with maximum intensity projection (MIP) 
reconstruction of the obtained dataset, the PN are nicely 
shown, employing either conventional grey scale, or in the 
case of brachial or lumbar plexus inverted grey scale can be 
used for a better display.
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DTI neurography

A different approach for the study and representation of 
PN is the use of DTI, a technique that has been widely 
used for the assessment of CNS, and in recent years, also 
in spinal cord (13-15). As discussed above, PN are highly 
anisotropic structures, presenting a facilitated diffusion 
along its longitudinal axis and a marked restriction of the 
free movement of water in the transverse plane. In order 
to characterize and quantify the water movement within 
nerves, it is necessary to acquire at least six diffusion 
directions with a maximum b value ranging from 800 to 
1,200 s/mm2. The dominant direction is given by the 
principal eigenvector, and the other two perpendicular 
directions by two secondary eigenvectors (16). With these 
eigenvectors, which are the directional expression of a 
certain eigenvalues, several parameters can be calculated 
(Figure 2). Fractional anisotropy (FA) is the commonest 
used by radiologists. Other derived parameters from DTI 
are mean diffusivity (MD), axial diffusivity (AD) and radial 
diffusivity (RD), each one of those reflects a different 
property of the PN as it will be described below, and can be 
used as biomarkers of PN damage or regeneration (17). 

The evaluation of the fibers compounds of PN with 
DTI-neurography (DTN) is useful in the study of traumatic 
or tumor conditions. 3D neurographic reconstructions 
can be performed from DTI data, in a similar fashion 
to tractography of the CNS, helping for PN structure 
evaluation and assessment of its relationship with other 

neighboring structures. 

DWN vs. DTN

DTN can be considered as an upgraded evolution of DWN.  
DWN provides mainly information about axonal fibers 
integrity from a qualitative point of view. However, 
DWN and ADC, its main derived parameter, offer scarce 
information regarding the movement direction of water 
within the axon. The acquisition of multiple diffusion 
directions in DTN provides more complex parameters, 
such as FA or MD, that allow a more precise understanding 
of the pathophysiology of water diffusion and axonal flow 
direction. In addition, 3D neurographic reconstructions 
suppose an added value that gives novel information of 
PN microstructure that can be used to evaluate their 
relationship with normal or abnormal neighboring 
structures, the presence of neurogenic tumors or traumatic 
lesions (18). 

DWN can be integrated in conventional protocols, 
especially for brachial and lumbar plexus evaluation, 
thanks to its faster acquisition, larger coverage area and 
easier post process in comparison to DTN. DTN provides 
multidirectional information and more robust data for 
quantification. In clinical practice, DTN should be used 
when a precise anatomical detail of nerve structure or 
more accurate quantification is needed. Table 1 resumes 
the main advantages and disadvantages for using DWN  
and DTN.

Figure 1 Water diffusion within PN scheme. (A) Water diffusivity is facilitated along the main (longitudinal) axis of PN; (B) if motion probe 
gradients are applied perpendicular to the course of these PN, DWI will show restriction of water molecule movement in the short axis due 
to the presence of physiological barriers such as myelin sheaths. PN, peripheral nerves; DWI, diffusion weighted imaging.
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Biological meaning of derived parameters 

Several parameters are derived from DWN and DTN 
studies, which allow quantifying diverse pathophysiological 
conditions in PN (Figure 3).

ADC

ADC results from the difference in signal intensity terms 
between both the low and the high b values. ADC reflects 
the water displacement in the extracellular space without 
consideration of water molecules motion direction (19). 
High ADC values are consistent with increase of this 
extracellular space, usually representing edema regardless 

of its origin (i.e., trauma, compression or fiber disruption). 
ADC is expressed in mm2/s, and allows quantifying 
and monitoring the edema within PN or plexus. In PN 
pathology, it is less common to find low ADC values, which 
usually indicates the presence of a solid lesion with reduced 
extracellular space such as neurogenic tumors (20).

FA

FA is an index of fiber organization, which reflects the 
integrity of axonal bundles and the directionality of water 
movement delimited by physiological barriers such as 
myelin sheaths, endoneurium, perineurium or epineurium. 
FA is a dimensionless parameter, which values vary from 

Figure 2 DTI for PN evaluation. The use of motion probing gradients in multiple (at least 6) directions allows assessing the main direction 
of water diffusion that correlates with the main eigenvector (red arrows), as well as the other two perpendicular minor eigenvectors (green 
arrows). DTI, diffusion tensor imaging; PN, peripheral nerves.

Table 1 Advantages and disadvantages of functional neurographic sequences

Neurographic sequence Advantages Disadvantages

DWI neurography High background signal contrast ratio Low spatial resolution

Allows large field of view with short acquisition 
times

Contamination with other hyperintense structures 
on DWI

Easy post process T2 shine-through effect 

Quantification: ADC Low specificity of ADC

DTI neurography High anatomical detail Prone to artifacts

Quantification: FA, MD, AD and RD which increase 
sensitivity and specificity

Small field of view with long acquisition times

Time consuming post process

DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; FA, fractional anisotropy; MD, mean 
diffusivity; AD, axial diffusivity; RD, radial diffusivity.
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0 to 1. An FA value of 0 is considered the lowest level 
of fiber organization, the highest isotropic diffusion. A 
FA value of 1 is related with the maximum anisotropy or 
the highest level of fiber organization (21). PN usually 
don’t show the highest FA values because, as previously 
explained, there are other directions of water movement 
within the nerve fibers. However, healthy PN usually 
point FA values of about 0.6 with physiological variations 
depending on the evaluated (proximal or distal) area, 
the patient age and other factors. Previous reports have 
demonstrated that there is a variation in FA values that 
correlates with the age of the studied subjects (22). These 
variations have to be taken into account when DTI studies 
are used for PN evaluation in order to avoid false positive 
or negative results. FA has a very high sensitivity for lesion 
detection, even in apparent normal PN on conventional 
morphological studies (2). 

MD

MD is a parameter derived from DTI that is the result 
of the average of the three main eigenvalues (23). As MD 
considers the main three directions of the space, allows 
assessing more accurately the water displacement at 
extracellular space in comparison to ADC, which does not 
consider any water direction. It is measured in the same 
units than ADC (mm2/s), with parallel behaviour of both 
parameters in different clinical scenarios. 

AD

AD (mm2/s) corresponds to the measure of the main 
eigenvector. It reflects the water diffusion along the main 
nerve direction and can be consider a surrogate biomarker 
of axoplasmic flow integrity. In the main direction of PN, 
water can move freely as no barriers exists that impede its 
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Figure 3 DWI and DTI derived parametric maps and values in a healthy sciatic nerve (arrows). (A) Axial STIR of proximal right thigh 
shows normal sciatic nerve (white arrow); (B) ADC and (C) MD maps show values of 2.20×10−3 and 2.10×10−3 mm2/s, respectively; (D) 
FA demonstrates a value of 0.6 within normal limits for a healthy PN; (E) AD value corresponds to 3.01×10−3 mm2/s as water diffusivity is 
facilitated along the main axis of sciatic nerve; (F) however, RD shows a value of 1.03×10−3 mm2/s due to the restriction of water diffusion 
within the perpendicular axis; (G) DTI also permits to perform a 3D neurographic reconstruction using a ROI based model, which shows a 
well delimited fibrillar structure at the posterior aspect of the thigh, coded with blue color by consensus (head to toe main direction of water 
diffusion), consistent with sciatic nerve. STIR, short-tau inversion recovery; ADC, apparent diffusion coefficient; MD, mean diffusivity; 
FA, fractional anisotropy; PN, peripheral nerves; AD, axial diffusivity; RD, radial diffusivity; DTI, diffusion tensor imaging; ROI, region of 
interest.
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motion, thus AD values are usually higher than ADC or 
MD ones (24). AD values may vary according to the type 
of PN injury and its location; in fact, theoretically, low 
AD values reflects a proximal interruption of axonal flow. 
However, it is not uncommon to find an increase of AD 
values secondary to the overall increase of water diffusion in 
neural damage (25,26).

RD

RD (mm2/s) is the average of the two perpendicular (minor) 
eigenvalues. It reflects the degree of restriction or freedom 
of water diffusion within the short nerve axis. Due to 
the presence of myelin sheaths, the movement of water 
molecules in the perpendicular (short) axis is very limited (24). 
Thus, normal PN will show low RD values as they have 
it physiological barriers intact. In the other side, PN with 
traumatic or other kind of myelin damage will show higher 
RD values than normal PN as water molecules find no 
obstacles for free diffusion. In these terms, several studies 
have proposed to consider RD as a potential biomarker of 
myelin integrity not only for lesion detection but also for 
treatment monitoring. Normalization (decrease) of RD 
values in a damaged nerve may reflect a re-myelination 
process (27).

Clinical scenarios

The use of DWI based neurographic sequences has 
demonstrated several advantages over conventional 
morphological  neurographic studies  (9,18,28,29). 
The strength of these techniques relies on providing 
functional and quantitative information, allowing a correct 
understanding of the normal physiology of PN and the 
pathophysiological processes that underlie the different 
conditions involving PN, with potential influence to 
improve their diagnosis and therapy monitoring.

Peripheral nerve traumatic lesions

The diagnosis of traumatic injury of PN, including brachial 
and lumbar plexus is normally performed by a clinical 
examination followed by electrophysiological studies, mainly 
electroneurography. This latter type of exams is invasive, 
operator dependent and may show false negative results in 
the first phases after a PN injury. They are also limited to 
determine either the severity of a neural injury in the first 6 
weeks following a nerve trauma (1), or the prognosis of that 

lesion, which includes the differentiation between those 
that will recover spontaneously or those other which will 
require a surgical intervention. Signal intensity changes and 
patterns of denervation at muscular groups do not follow 
the same time course of nerve injuries and correlation 
between both findings is not always straightforward (30). 
Thus, morphological MRI is only able to show the presence 
of edema, and nerve thickening or disruption. DWN 
and DTN have also shown their ability to detect these 
morphological abnormalities in animal models, but adding 
pathophysiological and functional data (27). Further studies 
are needed to determine if these functional techniques may 
even detect abnormalities in PN without relevant findings 
on the conventional morphological studies as occurs in 
other anatomical areas such as in CNS or spinal cord (31,32).

PN can be injured by diverse external mechanisms such 
as compression, traction or transection (33), that may 
lead to different degrees of axonal lesion that in growing 
order of severity ranges from neuropraxia, axonotmesis 
to neurotmesis. The morphological classification of PN 
injuries performed by Seddon (34) and the histological 
adaptation carried out by Sunderland (35), are widely 
used for morphological evaluation of PN injuries and 
their pathophysiological changes are well described. For 
functional evaluation of PN using MRI, it is essential to 
correlate the pathophysiological changes that occur in 
each stage of PN injury with the parametric data derived 
from DWI and DTI studies. These data provide us 
valuable information about PN integrity or damage, nerve 
conduction capacity and involvement of myelin and collagen 
support structures such as perineurium, epineurium or 
endoneurium. DTN can also help to monitor PN damage 
as well to decide further therapeutic options (conservative 
treatment or surgery). 

After PN trauma there is an increase of the water content 
at the extracellular space and a disruption of the collagen 
structure support. In this scenario, DWN may demonstrate 
thickening and focal increase of signal intensity of PN 
at higher b values compared with normal PN (Figure 4). 
ADC parametric maps demonstrate increase of ADC 
values reflecting the increase of water movement within 
the extracellular space at the site of nerve damage (36). In 
a similar manner, an increase of MD values will be found 
at the injured nerve segment. However, these parameters 
may appear insufficient for an adequate nerve evaluation 
and may not show statistically significant differences 
between each nerve segments. Thanks to the development 
of DTN sequences, diverse studies have demonstrated a 
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decrease of FA values, due to the loss of fiber anisotropy 
and the presence of edema (37). At the same nerve segment, 
an increase of RD is depicted due to the existence of a 
facilitated diffusion within the perpendicular plane owing 
to the disruption of physiological barriers that impeded 
the motion of water molecules in the short PN axis, mainly 
myelin sheaths but also endoneurium and perineurium (38) 
(Figure 5). This decrease of FA values and increase of RD 
values becomes more conspicuous at the compression site or 
traction/transection point, as well as in the distal segment, 
probably due to a Wallerian degeneration mechanism (39). 
These changes are less evident at proximal segments of the 
damaged nerve (37). Respecting AD, it might theoretically 
decrease at the distal segment of a damaged PN as there 
is interruption of the normal axonal flow (27). However, 
further studies are needed to confirm or reject this 
assumption (Figure 6).

In the continuum from neuropraxia to neurotmesis, a 

variation in FA and RD values may be found from subtle 
changes to more evident differences, finding lower FA 
values and higher RD values at more severe PN damage. 
This range of FA and RD values may help not only for the 
assessment of the severity of a PN injury, but also to suggest 
the time from trauma and also to sketch out the outcome 
of the nerve injury, even determining the choice between 
conservative or surgical treatment (38). Further experience 
with the use of this technique in a multidisciplinary team 
composed of neurosurgeons, neuro-electrophysiologists 
and radiologists is needed to establish cutoff points that 
can help in the decision between the different therapeutic  
options.

DTI has the added value to perform 3D reconstructions 
of PN. For PN injuries, 3D neurographic reconstructions 
may represent the structure of the damaged nerve. This 
representation may be useful for surgeons for treatment 
planning and assessment of the relationship of PN with 

Figure 4 Sciatic nerve compression by femoral osteochondroma. A 26-year-old female with paresthesia at right lower limb underwent a 
MRI with DWN sequence. (A) Coronal TSE T1-weighted image shows a pedunculated lesion in the posterior aspect of the distal femur, 
which shows normal bone marrow content and a cartilage cap (black arrows) consistent with osteochondroma. This tumor contacts and 
displaces the sciatic nerve (white arrows); (B,C) axial TSE T2-weighted and STIR images confirm the compression of the sciatic nerve 
that shows moderate increase of its signal intensity (white arrows); (D,E) DWI with a b value of 800 s/mm2 and corresponding ADC map 
demonstrate focal hyperintensity of sciatic nerve (white arrow), more evident at the site of compression by the osteochondroma, where 
an increase of ADC value (2.0×10−3 mm2/s) is depicted consistent with edema; (F) coronal MPR of DWI with b value of 800 s/mm2 allows 
obtaining a neurographic view of the sciatic nerve, demonstrating focal hyperintensity at the compression site (white arrow) and confirms 
its relation with the cartilaginous cap (black arrows); (G) fusion image of coronal T1-weighted sequence and DWI better shows all the 
described findings. MRI, magnetic resonance imaging; DWN, DW-based neurography; TSE, turbo-spin-echo; STIR, short-tau inversion 
recovery; DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient; MPR, multiplanar reformation.
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neighboring structures (Figure 7). In cases of severe PN 
damage, a decrease of FA values under the determined 
threshold in the software for its 3D representation, may 
lead to an underestimation of its structure (40).

Plexus evaluation and degenerative disk nerve roots 
entrapment assessment

Most clinical studies with DWN have been performed 
on brachial and lumbar plexus (17,41). In brachial plexus, 
DWN and DTN have demonstrated their ability to evaluate 
degenerative, compressive and traumatic conditions (42,43).

Brachial and lumbosacral plexus have been widely studied 
by DWN, in fact the first DWN sequences, described 
by Takahara et al. (10) were based on the visualization of 
either the brachial plexus or whole body neurography using 
DWIBS (diffusion-weighted imaging with background body 

signal suppression) (44). Brachial and lumbar plexus have also 
been studied by DTI. The presence of multiple interfaces 
between bone, fat, water and air conditions inhomogeneity of 
the magnetic field and suppose a challenge for the application 
of Echo-Planar-Imaging (EPI) sequences such as DTI, 
which requires strong motion gradients and the acquisition 
of several directions of diffusion signal. Besides, involuntary 
movements such as breathing, bowel loop motion, neck or 
abdominal vessel pulsation, swallowing or salivation can also 
lead to poor quality images. The use of parallel acquisition 
techniques or turbo-spin-echo (TSE) based DWI can help to 
improve the image quality.

Brachial plexus
In spite of the limitations referred above for this anatomical 
area, brachial plexus has been one of the most studied 
regions for morphological and functional neurography 

Figure 5 Pathophysiology of DTI findings in normal and injured PN. (A) Normal PN shows preserved axonal integrity with high FA values 
thanks to proper fiber organization with one main direction of water molecules movement (red arrows) and low RD values (green arrow) 
due to the presence of physiological barriers that impede the diffusion in the perpendicular plane; (B) an injured PN demonstrates decrease 
of FA, related to loss of fiber organization and increase of the extracellular space with no clear directionality of water molecules movement 
(red arrows). Also, there is an increase of RD (green arrows) reflecting loss of myelin sheath integrity. DTI, diffusion tensor imaging; PN, 
peripheral nerve; FA, fractional anisotropy; RD, radial diffusivity.
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applications (45,46). The prevalence of nerve root or trunk 
traumatic lesions at brachial plexus is much higher than in 
lumbosacral region and it is commonly related to direct 
trauma, upper limb or neck traction or torsion mechanism. 
Also, extrinsic compression either by degenerative disk 
disease at the level of the cervical spine or peripherally at 
the upper thoracic outlet or scalene triangle of the neck 
can also be found (47). Evaluation of birth-related brachial 
plexus injuries with MRI neurography is also raising interest 
due to its clinical and legal implications (48).

The avulsion of preganglionic nerve root at the cervical 
region after traction trauma is hard to evaluate using DWI 
or DTI techniques due to its small size, so they are usually 
studied by morphological heavily T2 weighted sequences 
with high resolution (49). The rest of the nerve roots and 
trunks can be adequately visualized both in DWI or DTI 

acquisitions (45). DWI allows for a fast and comprehensive 
evaluation of the brachial plexus helping in the detection 
of traumatic plexopathy, and with a potential impact in the 
selection of therapeutic options (50).

Radiation induced brachial plexus damage in oncological 
patients is another not uncommon clinical scenario (51). 
In spite of new modulated radiation therapy techniques for 
head and neck or breast cancer treatment, post-radiotherapy 
brachial plexus neuropathy has to be considered when 
oncological patients with suspicion of brachial plexus 
involvement are evaluated (Figure 8). DWN shows nerve 
root thickening with increased signal intensity on high b  
values and also increase of ADC. Moreover, in these 
patients, DWI has the added value to rule out malignant 
infiltration of brachial plexus which typically shows 
lower ADC values with or without associated soft tissue 
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Figure 6 Evaluation of PN transection with DTI. A MRI is carried out in a 23-year-old male with previous reconstruction surgery of 
posterior cruciate ligament, refers weakness and impossibility for active feet dorsal flexion. (A-C) Axial SPAIR T2-weighted images 
demonstrate denervation signs within the anterior leg compartment (black arrow) with thickening of the distal common peroneal nerve 
(straight white arrow) and interruption of its visualization where it shows a nodular well-delimited appearance in vicinity of a surgical scar 
area (curved white arrow); (D) axial postcontrast fat suppressed T1-weighted image demonstrates peripheral enhancement of the PN lesion 
(curved arrow), consistent with terminal neuroma, and diffuse pseudonodular enhancement of distal biceps femoris muscle that suggest 
scarring tissue (arrowhead); (E,F) AD parametric maps under and above the lesion, respectively, show lower AD values of peroneal nerve 
below the neuroma (1.2×10−3 mm2/s) in comparison to the ones above the injury (1.9×10−3 mm2/s)), suggesting decrease of the normal axonal 
flow; (G) 3D DTI neurographic reconstruction demonstrates the absence of common peroneal nerve fibers below the neuroma (arrow) 
probably related to low distal FA values which conditions an underrepresentation of those nerve fibers under the same threshold value set. 
PN, peripheral nerves; DTI, diffusion tensor imaging; MRI, magnetic resonance imaging; SPAIR, spectral attenuated inversion recovery; 
AD, axial diffusivity; FA, fractional anisotropy.
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abnormalities. Besides, DTI through 3D neurographic 
reconstructions is able to demonstrate infiltration, 
disruption or displacement of the involved nerve roots (43). 

Brachial plexus roots and trunks on DTI after a direct 
or an indirect trauma demonstrate similar variations of FA 
or RD values to those described above for PN injuries. 
Neuropraxia of brachial plexus roots will show a decrease 
of FA values, due to loss of fiber organization, and increase 
of RD values (Figure 9). The amount of these changes is 
directly related to the severity of the neural damage and 
may be consider as a complementary tool to the clinical and 
electrophysiological evaluation (52). 

Lumbar plexus
Due to its deep location and complex anatomy, the 

evaluation of lumbosacral plexus by conventional ultrasound 
techniques or electrophysiological studies is very limited. 
MRI morphological and functional neurographic techniques 
have demonstrated high accuracy for the evaluation of 
this anatomical area (53). The incidence of nerve root, 
trunks or PN injuries at the pelvic region is usually linked 
to peripartum or surgical (intraoperative or postoperative) 
related complications. Adnexal lesions, complicated 
prolonged partum or gravid uterine extrinsic compression 
may also induce lumbosacral roots injuries, particularly 
involving the sciatic nerve during its course above the sacral 
wings or the iliac crests (54). The sciatic nerve, due to its 
length and course is usually involved in peripartum trauma 
mainly by traction or extrinsic compression mechanisms (55). 
DWN studies may provide useful information about the 

Figure 7 Evaluation with DTI of PN acute trauma. A 21-year-old male with a stab wound at forearm, who refers paresthesias and weakness 
at 4th and 5th fingers is studied with MRI. (A) Axial SPAIR proton-density images located below, at the level and distal to the injury site 
show diffuse increase of signal intensity within forearm flexor muscles (black arrow) as well as thickening of ulnar nerve (white arrows); (B) 
axial TSE T1-weighted image demonstrates a hemorrhagic collection close to the flexor carpi ulnaris (curved arrow); (C) axial DWI with a 
b value of 1,000 s/mm2 shows an increase of signal intensity within the ulnar nerve (white arrow), representing nerve edema and increase of 
signal intensity within the hematoma, with peripheral low signal rim, due to susceptibility artifact (curved arrow); (D) 3D DTI neurography 
demonstrates absence of continuity between both segments (white arrow). DTI, diffusion tensor imaging; PN, peripheral nerves; MRI, 
magnetic resonance imaging; SPAIR, spectral attenuated inversion recovery; TSE, turbo-spin-echo; DWI, diffusion weighted imaging.
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nerve continuity and the presence of edematous changes, 
which can be quantified by ADC values. The most common 
lesion in these patients is neuropraxia, and treatment 
monitoring can be performed using DWN as a progressive 
normalization of signal intensity and decrease of ADC 
values will occur during the recovery of the normal nerve 
function (Figure 10). Pudendal nerve may also be involved 
in peripartum trauma, however, due to its small diameter is 
hardly identified by DWN or DTN techniques, playing a 
major role for its evaluation high resolution morphological 
sequences (56). 

Compressive pathology and entrapments at lumbar 
spine are the other source of neuropathies in these patients, 
mainly related to degenerative disk disease. Specific PN 
entrapment, such as piriformis syndrome, will be discussed 
in the following section.

Derived parameters from DWN or DTN, such as 
ADC or FA, have proved its usefulness to identify the 

involved lumbar nerve roots in cases of lumbar pain (57,58). 
An increase in ADC and a significant decrease in FA of 
compressed nerve roots compared with contralateral ones 
are detected in cases of symptomatic lumbar disk disease. 
This increase of ADC values is secondary to the venous 
congestion and edema that occurs in both pre-ganglionic 
and ganglionic segments of nerve lumbar roots (41). 
The decrease of FA values is also related to a loss of fiber 
anisotropy (Figure 11). At this point, it is important to 
remember that normal preganglionic nerve roots usually 
show physiologically lower FA values than PN, probably 
due to the absence of a complete neural fiber structure. 
This data has to be taken into account when quantification 
is performed at this small nerve structure, avoiding false 
positive results in patients without nerve compression. 
This quantitative assessment shows potential to form 
part shortly of the clinical lumbar spine MRI protocols 
as a tool to detect functional changes within the lumbar 

Figure 8 Brachial plexus post-radiation neuropathy. A MRI is performed in a 64-year-old female with history of radiotherapy 5 months 
before, as part of her treatment for left breast carcinoma, refers left arm numbness and pain. (A) Coronal TSE T2-weighted image does not 
reveal significant anomalies at brachial plexus trunks; (B) sagittal STIR demonstrates mild thickening of brachial plexus nerve trunks above 
left subclavian artery (arrow); (C,D) coronal MPR of high b value DWI with conventional and inverted gray scale windowing allow obtaining 
a neurographic view of brachial plexus, which depicts an increase of signal intensity and asymmetric thickening of left brachial plexus trunks. 
MRI, magnetic resonance imaging; STIR, short-tau inversion recovery; MPR, multiplanar reformation; DWI, diffusion weighted imaging.
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roots in patients with symptoms but without obvious disc 
protrusions (41).

Peripheral nerve tunnel syndromes and entrapments

Median nerve and carpal tunnel syndrome
Assessment of the median nerve for the study of carpal 

tunnel syndrome has classically been a challenge for 
the radiologist. Numerous studies have demonstrated 
with proper results the utility of ultrasound (59) and 
conventional MRI studies to evaluate median nerve at 
flexor retinaculum (60). However, in some patients there 
is not apparent cause of median nerve compression despite 
the presence of clinical symptoms. It is in this group of 

Figure 9 Assessment by DWI neurography of brachial plexus neuropraxia. A MRI is carried out in a 42-year-old female with right arm 
weakness and cervical pain. (A) Sagittal STIR of cervical spine shows multiple disk-osteophyte complexes (white arrows) compressing the 
spinal cord; (B) axial STIR at C6-C7 level demonstrates denervation signs within right splenius capitis muscle (black arrow); (C) no clear 
asymmetries are identified between both brachial plexus at coronal STIR neurography sequence; (D) axial DWI with a b value of 800 s/mm2  
shows higher signal intensity within right nerve root and ganglionic segment (white arrow) compared with left one; (E) ADC map 
demonstrated higher ADC values at right nerve root (1.55×10−3 mm2/s) compared with the contralateral one (1.41×10−3 mm2/s) consistent 
with edema; (F) fusion of morphological and functional (DWI) neurography demonstrated focal asymmetric increase of signal intensity 
within right C6 nerve root (arrow). DWI, diffusion weighted imaging; MRI, magnetic resonance imaging; STIR, short-tau inversion 
recovery; ADC, apparent diffusion coefficient.
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Figure 10 Partum related neuropraxia of sciatic nerve. A MRI is performed in a 32-year-old female with severe limitation of movement 
and deep tendon reflexes at right lower limb after prolonged partum. (A) Coronal SPAIR T2-weighted sequence shows a diffuse increase 
of signal intensity especially at the right gluteus medium muscle (curved arrow) without other relevant findings; (B) axial DWI study with a 
high b value of 800 s/mm2 demonstrates severe thickening and hyperintensity of right sciatic nerve (white arrow) compared with left sciatic 
nerve (black arrow); (C,D) coronal MPR and sagittal MIP of high b value image confirm this asymmetry between both sciatic nerves and 
points out the relationship between right sciatic nerve (white arrow in D) and the sacral wing, as the prolonged compression of this nerve 
by uterus against this bone structures is the main cause of neuropraxia in this case. MRI, magnetic resonance imaging; SPAIR, spectral 
attenuated inversion recovery; DWI, diffusion weighted imaging; MPR, multiplanar reformation; MIP, maximum intensity projection.
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patients where neurographic techniques based on DWI and 
DTI are showing promising results, not only in diagnosis 
but also in monitoring the results of surgical treatment. 
Median nerve has been one of the first PN deeply studied 
by DTI. Several studies have detailed the technical 
optimizations for DTN comparing healthy controls with 
patients with carpal tunnel syndrome (22,61,62). These 
studies have shown a reduction in FA values in patients 
with symptoms consistent with carpal tunnel syndrome, 
suggesting that due to compression, the median nerve loses 
its physiological anisotropic structure as the extracellular 
space increases, Also, DTN can detect long-standing neural 
changes (63). An increase of ADC values is also depicted 
due to the presence of edema (64).

The decrease of FA values has demonstrated to be more 
sensitive to changes in median nerve than ADC, especially at 
the distal carpus, after its path under the flexor retinaculum, 

where the most significant variation with regard to healthy 
volunteers is detected (63) (Figure 12). Other parameters 
such as MD, RD and AD have also been tested with 
promising results for carpal tunnel syndrome evaluation and 
with proper correlation with electrophysiological studies (5). 
Several cut-off points for FA values have been proposed for 
carpal tunnel syndrome diagnosis (65). However, differences 
due to technical factors such as acquisition protocols, 
magnet field strength (1.5 vs. 3.0 T), threshold FA values, 
reconstruction algorithms and even patient’s age can act 
as potential bias and limit reproducibility (66). So, until 
a greater degree of standardization is achieved and based 
on the existing scientific literature, it seems reasonable to 
perform measures of the different parameters at least within 
carpal tunnel as well as at its proximal and distal segments.

In patients undergoing surgical decompression of the 
median nerve, DTN has also been used for assessment 
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Figure 12 Carpal tunnel syndrome evaluation with DTN. Carpal tunnel syndrome in a 56-year-old female with numbness of 1st, 2nd and 
3rd right hand fingers is studied with MRI. (A) Axial STIR at the flexor retinaculum level does not demonstrate any relevant alteration of 
neither the median nerve (white arrow) nor the ulnar nerve (black arrow); (B) fusion of axial STIR and MD color parametric map shows 
a moderate increase of MD values at median nerve (white arrow) within extensor retinaculum compared with ulnar nerve (black arrow) 
consistent with edema due to compression; (C) 3D DTI neurography depicts a slight change in angulation of median nerve path and a 
decrease of FA values (white arrows) suggesting focal loss of fiber integrity. DTN, DTI-neurography; MRI, magnetic resonance imaging; 
STIR, short-tau inversion recovery; MD, mean diffusivity; DTI, diffusion tensor imaging; FA, fractional anisotropy.

A B C

Figure 11 Lumbar root disk compression. A 56-year-old male with left sciatica is submitted to perform a MRI. (A) Sagittal STIR shows 
a left subarticular disk protrusion at L4–L5 level (curved arrow) that contacts with left L5 nerve root at its intracanal segment; (B) axial 
postcontrast THRIVE demonstrates moderate thickening and enhancement of left L5 nerve root (white arrow); (C) ADC map shows a 
moderate increase of ADC value at left L5 nerve root (white arrow, 1.7×10−3mm2/s) in comparison to the contralateral root (black arrow, 
1.4×10−3 mm2/s); (D) FA map demonstrates also a decrease of FA values at left nerve root (white arrow, 0.3) compared with right one 
(black arrow, 0.5). All these findings are consistent with edema and fiber disorganization due to disk compression at left L5 nerve root; (E) 
coronal MPR of high b value allows obtaining a neurographic view of lumbosacral plexus, which shows an increase of signal intensity of the 
preganglionic segment of left L5 nerve root with moderate deviation of its normal path (white arrow). MRI, magnetic resonance imaging; 
STIR, short-tau inversion recovery; THRIVE, T1 High-Res Isotropic Vol Excitation; ADC, apparent diffusion coefficient; FA, fractional 
anisotropy; MPR, multiplanar reformation.
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Figure 13 Piriformis syndrome assessment by DWN. (A,B) Axial and coronal SPAIR T2-weighted sequences show increase of signal 
intensity within right sciatic nerve (white arrow) as it crosses above piriformis muscle compared with contralateral sciatic nerve (black arrow). 
Note also the presence of denervation changes within the right piriformis muscle (curved arrow); (C,D) DWI study with a high b value of 
800 s/mm2 and corresponding ADC map demonstrate both hyperintensity of sciatic nerve (white arrows) with regard to contralateral nerve 
(black arrows), and also an increased ADC value of 1.8×10−3 mm2/s) at the right sciatic nerve in comparison to the ADC value of left sciatic 
nerve (1.3×10−3 mm2/s) consistent with edema and increase of extracellular space at right sciatic nerve. Besides, a moderate restriction of 
diffusion is also seen at right piriformis muscle (curved arrows); (E) coronal MPR of high b value shows a neurographic view of lumbosacral 
plexus and lumbar roots confirming the asymmetry between both sciatic nerves. DWN, DW-based neurography; SPAIR, spectral attenuated 
inversion recovery; DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient; MPR, multiplanar reformation.

of changes in FA before and after the intervention. It has 
been shown that there is a progressive increase of FA values 
within the first 6 weeks to 6 months after surgery in patients 
with clinical improvement. This increase was identified in 
both the proximal and distal segment of the median nerve at 
the wrist (67).

Sciatic nerve and piriformis syndrome
The sciatic nerve is the major PN in the body, both for 
its length and its width. Clinical manifestations of sciatic 

nerve are common, and are challenging to study with MRI 
due to its length. Sciatic nerve entrapment usually occurs 
at a pelvic level, the so-called piriformis syndrome, due to 
a mass compression, trauma or a compression neuropathy 
(68,69). According to some authors, the existence of 
a piriformis hypertrophy, as may occur in runners, or 
accessory muscle can condition compression on the sciatic 
nerve and justify the symptoms (70,71). Morphological MRI 
is able to determine the anatomy of the piriformis muscle 
and its relation with the sciatic nerve, bur may not always 
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Figure 14 Piriformis syndrome evaluation with DTN. A 29-year-old female with clinical suspicious of right piriformis syndrome underwent 
a MRI study. (A) Axial TSE T1-weighted image shows thickening of left piriformis muscle (white arrow) in comparison to the contralateral 
one (black arrow); (B) MPR of THRIVE acquisition parallel to the path of both sciatic nerves identifies the presence of a left accessory 
piriformis muscular fascicle (white arrow); (C) DTN demonstrates the split of left sciatic nerve in two bundles (white arrow) surrounding 
both sides of the previously referred accessory muscular fascicle, consistent with type B variation of the classification of Beaton and Anson. 
DTN, DTI-neurography; MRI, magnetic resonance imaging; TSE, turbo-spin-echo; MPR, multiplanar reformation; THRIVE, T1 High-
Res Isotropic Vol Excitation; DTI, diffusion tensor imaging. 
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show enough accuracy for detecting changes at the sciatic 
nerve that justify the symptoms. However, DWN allows 
multiplanar reconstructions that facilitate the qualitative 
assessment of the nerve in almost its entire length, 
detecting differences in signal intensity of the sciatic nerve 
in comparison to the contralateral, healthy one (Figure 13).  
Furthermore, at the point of nerve compression, ADC 
shows higher values than in the rest of the nerve, 
presumably due to the coexistence of edema (40,72). 3D 
neurographic reconstructions from DTN data may help 
in the assessment of the relationship between sciatic nerve 
and piriformis muscle and its several variants that may 
help clinicians to establish a most certain diagnosis of this 
underdiagnosed entity (73) (Figure 14).

Distal sciatic neuropathy with peroneal nerve compression as 
it crosses around the knee by extrinsic lesions or the insertion 
of flexor muscles is not uncommon, and functional MRI 
neurography may help to clarify the potential involvement of 
this nerve and its correlation with electrophysiological studies 
and clinical symptoms (Figure 15). 

Treatment monitoring and post-surgical evaluation

Functional MRI neurography can be a useful tool to 
determine the diverse therapeutic options after PN trauma. 
Besides the assessment of nerve continuity by morphological 
and also functional neurographic techniques, the evaluation 
of the several derived parameters from DWN and DTN may 
help to decide further therapeutic options (74). Also, these 
techniques may have a potential role for in vivo surgery 
planning and selection of the segments of PN candidates for 
autologous nerve graft or to discard them in basis to their 
functional characteristics (75). 

Theoretically, PN or brachial or lumbar nerve trunks 
with scarce decrease of FA values or minimum increase of 
RD values after trauma, consistent with neuropraxia, should 
recover ad integrum in a lesser time period with conservative 
treatment and rehabilitation than nerves with a more 
evident decrease of FA values and increase of RD, associated 
to an axonotmetic or neurotmetic injury (33). However, 
further studies are needed to confirm this hypothesis.



414

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2017;7(4):398-421qims.amegroups.com

Martín Noguerol et al. Quantitative MR neurography for peripheral nerve injuries

B D

E

A

C

Figure 15 Common peroneal nerve neuropraxia evaluation with DTN. A 50-year-old male with right paresthesias at right lower limb 
after prolonged right knee flexion position was studied with a MRI. (A,B) Axial and sagittal STIR show mild increase of signal intensity of 
common peroneal nerve as it passes between the peroneal head and the insertion of the peroneus longus muscle; (C,D) DWI with a high b 
value of 800 s/mm2 and corresponding ADC map demonstrate hyperintensity of common peroneal nerve (white arrows) with increased ADC 
values of 1.6×10−3 mm2/s consistent with edema; (E) FA map also reveals decrease of FA values (0.3) suggesting focal loss of fiber integrity 
(white arrow). DTN, DTI-neurography; MRI, magnetic resonance imaging; STIR, short-tau inversion recovery; DWI, diffusion weighted 
imaging; ADC, apparent diffusion coefficient; FA, fractional anisotropy.

From a quantitative point of view, the regeneration 
process consists in a progressive increase of FA values and 
decrease of RD values, which reflects a remyelination and 
reorganization of the fascicular structure with restoration 
of the normal anisotropic configuration of PN, thanks to 
the ability of PN axons to grow and regenerate after their 
section (76-78). Also, ADC and MD values will normalize 
due to the decrease of edema within the nerve and 
surrounding structures (79). For all these reasons, derived 
parameters from DWN or DTN may be considered in a 
near future as biomarkers and potential predictors of the 
outcome of this type of patients.

In those PN or trunks with more severe neural 
damage indicated by FA or RD, or with no functional 
(motor, sensitive or quantitative) recovery after 3 months 
of conservative treatment, a surgical approach may be 
considered. It is out of the aim of this paper to enumerate 
or detail the different surgical techniques for PN injuries 

treatment. However, it is important to recognize the post-
surgical changes that can be found in control studies and 
the potential role of functional MRI neurography for their 
evaluation (80). 

Neurolysis, neurorrhaphy using nylon suture or fibrin 
glue, as well as autologous nerve graft have the goal of 
restoring the nerve continuity and thus, its axonal flow 
and function (75). DWI and DTI are sequences prone to 
suffer from susceptibility artifacts. Suture material or blood 
products, especially in the first weeks after surgery, used for 
PN reconstruction may condition important local magnetic 
field inhomogeneities that would cause image distortion or 
poor quality and inaccurate parametric maps. To the best 
of our knowledge, no studies have previously evaluated 
the potential limitation or interference caused by these 
external materials at the surgery site for DWN or DTN 
evaluation. We recommend to evaluate also the proximal 
and distal segments, where the quantification of the diverse 
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parameters should be more reliable. 
After surgical repair, FA values should progressively 

increase at the distal site of the nerve injury reflecting 
restoration of nerve continuity. Changes in RD may depend 
on the severity of the previous nerve trauma, which may 
induce distal nerve damage due to the disruption of vasa 
nervorum. In this field, the recovery (with increase) of AD 
values at the distal segment would be a potential biomarker 
of axonal flow restoration. However, further studies are 
needed to confirm the usefulness of this approach. DTN 
studies may also assess the existence of growing neural 

fibers during the regeneration process (80).
One of the most characteristic lesions associated to 

previous surgery are neuromas. These lesions may appear at 
the proximal terminal edge of PN after a total nerve section, 
which is the rule after limb amputations or total transections 
without surgical repair. Other neuromas usually appear 
around surgical sutures or tissue scars in the continuity 
of the nerve path, or after a traction injury of PN. These 
neuromas usually appear in DWN studies as hyperintense 
structures at high b values with low ADC values usually 
between 1.1 and 1.2×10−3 mm2/s (20). Neuromas are a solid 

A B C
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Figure 16 Terminal neuroma. A 34-year-old male with soft tissue sarcoma at proximal thigh was studied with MRI. A nodular lesion 
is identified at morphological sequences. (A) Coronal TSE T1-weighted image and (B) axial STIR show a focal lesion in the vicinity 
of surgical scar tissue (white arrow) that forces to rule out malignancy recurrence; (C,D) DWN study with a high b value of 800 s/mm2 
and corresponding ADC map demonstrate moderate restriction of water diffusion within this lesion, with ADC value of 1.3×10−3 mm2/s 
consistent with a benign nature (white arrow); (E,F) coronal MPR of the high b value presented with conventional grey scale and inverted 
one, respectively, allow obtaining a neurographic view of the whole course of left sciatic nerve demonstrating both morphological and 
functional continuity and dependence of the suspicious lesion with the nerve (white arrows), being consistent, with amputation or terminal 
neuroma. MRI, magnetic resonance imaging; TSE, turbo-spin-echo; DWN, DWI-neurography; ADC, apparent diffusion coefficient; MPR, 
multiplanar reformation.
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lesion with decrease of extracellular space, leading on 
less freedom of water molecules movement (Figure 16).  
Thus, DWI may help in an easy and fast manner within a 
single exam to establish both morphological and functional 
continuity between the neuroma and the rest of the PN 
and to characterize, in basis of its ADC values, the lesion 
as a benign tumor related to previous surgery or trauma. 
Neurofibromas may show similar ADC values than 
neuromas, but without previous history of PN trauma or 
surgery. Neuromas show lower FA values than the rest 
of the nerve due to absence of fiber organization. DTN 
and derived 3D neurographic reconstructions may help to 
demonstrate the dependence or continuity of neuromas 
within the rest of the PN (Figure 17).

Hematomas, seromas and abscesses are other kind of 

lesions that can be found at the surgical bed. Abscesses will 
appear hyperintense on DWI with very low ADC values 
due to the presence of pus and debris that conditions water 
diffusion restriction. Moreover, the typical appearance of 
these lesions at morphological MRI sequences can also help 
to narrow this differential diagnosis.

Fibrotic changes after PN nerve trauma or surgery, 
usually involve the suture place and condition a retraction, 
thickening or irregularity of the nerve that has undergone 
surgical repair. Fibrosis may interfere with the normal 
axonal conduction and distort the normal PN shape with 
decrease of FA values, both at the suture place and also 
distally. However, large multicenter studies are needed 
to confirm these possible applications. 3D neurographic 
reconstructions from DTI may also allow evaluating the 

Figure 17 Median nerve continuity neuroma evaluation with DTN. A MRI is performed in a 45-year-old male with stab injury at the 
palmar surface of the distal forearm that refers paresthesias at 1st and 2nd fingers. (A) Axial SPAIR proton-density image shows focal 
thickening and a nodular lesion at median nerve (white arrow) at the same site of the previous stab injury; (B) ADC map demonstrates low 
ADC values (1.1×10−3 mm2/s) of this lesion (white arrow); (C) sagittal SPIR T2-weighted; (D) MPR in sagittal plane of high b value DWI 
and (E) 3D DTI neurographic reconstruction demonstrate morphological and functional continuity between the lesion and the median 
nerve (white arrows), findings consistent with neuroma-in-continuity. DTN, DTI-neurography; MRI, magnetic resonance imaging; SPAIR, 
spectral attenuated inversion recovery; ADC, apparent diffusion coefficient; MPR, multiplanar reformation; DWI, diffusion weighted 
imaging; DTI, diffusion tensor imaging.
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integrity and displacement of the sutured nerve (Figure 18).

Conclusions

DTI and DWI neurographic studies provide both valuable 
morphological and functional information in several 
clinical scenarios, that helps to understand the different 
pathophysiological process that occurs in PN injury related 
lesions. Parametric data derived from these sequences 
add quantitative information to PN study, helping in 
the detection and characterization of neural damage 
and grading its severity. Besides, these data can help to 
determine the most appropriate therapeutic option, as well 
as to monitoring the response to conservative or surgical 
treatment. In spite of the time penalty, the introduction of 
these techniques in routine MRI protocols for PN injury 
evaluation should be strongly considered. However, further 
prospective multicenter studies are needed to confirm 
parameters such as FA or RD as real biomarkers of neural 

damage. Finally, the standardization of both the acquisition 
and analysis protocols is key to obtain more reproducible 
and robust results.
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